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We analyzed the defensive role of the cytosolic innate recognition receptor nucleotide oligomerization
domain 1 (NOD1) during infection with Listeria monocytogenes. Mice lacking NOD1 showed increased suscep-
tibility to systemic intraperitoneal and intravenous infection with high or low doses of L. monocytogenes, as
measured by the bacterial load and survival. NOD1 also controlled dissemination of L. monocytogenes into the
brain. The increased susceptibility to reinfection of NOD1�/� mice was not associated with impaired triggering
of listeria-specific T cells, and similar levels of costimulatory molecules or activation of dendritic cells was
observed. Higher numbers of F480� Gr1� inflammatory monocytes and lower numbers of F480� Gr1�

neutrophils were recruited into the peritoneum of infected WT mice than into the peritoneum of infected
NOD1�/� mice. We determined that nonhematopoietic cells accounted for NOD1-mediated resistance to L.
monocytogenes in bone marrow radiation chimeras. The levels of NOD1 mRNA in fibroblasts and bone
marrow-derived macrophages (BMM) were upregulated after infection with L. monocytogenes or stimulation
with different Toll-like receptor ligands. NOD1�/� BMM, astrocytes, and fibroblasts all showed enhanced
intracellular growth of L monocytogenes compared to WT controls. Gamma interferon-mediated nitric oxide
production and inhibition of L. monocytogenes growth were hampered in NOD1�/� BMM. Thus, NOD1 confers
nonhematopoietic cell-mediated resistance to infection with L. monocytogenes and controls intracellular bac-
terial growth in different cell populations in vitro.

Innate immunity initiates defense mechanisms on the basis
of nonclonal recognition of microbial components. Microbial
identification involves host receptors that recognize conserved
molecular motifs present on a wide range of different mi-
crobes. Toll-like receptors (TLR) and nucleotide oligomer-
ization domain (NOD)-like receptors (NLR) form two mo-
lecular host protein families involved in innate immune
detection. The TLR are a family of membrane-bound re-
ceptors, whereas NLR molecules occur in the cytoplasm and
detect microbial motifs that gain entry into the host cell
(22).

NOD1 and NOD2 are two NLR proteins that sense bacterial
molecules produced during the synthesis and/or degradation of
peptidoglycan (PGN) (2, 20). NOD1 is expressed ubiquitously
in adult tissues and recognizes a meso-diaminopimelate (DAP)-
containing structure that is found mainly in the PGN of gram-
negative bacteria but also is found in the gram-positive bacte-
rium Listeria monocytogenes (3, 8, 13–15). Both NOD1 and
NOD2 signal via the adaptor protein RIP2 (also designated
RICK or CARDIAK) (55). Like TLR signaling, NOD signal-

ing can activate transcription factors, such as NF-�B and var-
ious mitogen-activated protein kinases. The signals induce a
variety of inflammatory cytokines, including tumor necrosis
factor alpha (TNF-�), interleukin-1 (IL-1), IL-6, and IL-12,
and expression of costimulatory molecules, such as CD40,
CD80, and CD86, on the surface of antigen-presenting cells
(42).

While the NODs formally constitute a recognition system
for innate defense, few studies have shown an actual role for
NOD proteins in the control of infectious diseases. Several
reports have shown that NOD1 and NOD2 contribute to the
innate immune responses induced by various pathogenic bac-
teria in vitro (9, 23, 34, 35, 50). The evidence that NOD1 or
NOD2 is important in host defense in vivo is restricted mainly
to evidence obtained with experimental models of gastrointes-
tinal infection, where the pathogen interacts with cells largely
devoid of TLR signaling (26, 54). Thus, the importance of
NOD1 and NOD2 in regulation of systemic bacterial infections
is still unknown.

We have analyzed the role of NOD1 in resistance to L.
monocytogenes infection. L. monocytogenes is a facultative
intracellular pathogen that escapes from phagosomes and
replicates in the cytosolic compartment of hematopoietic
and nonhematopoietic cells. L. monocytogenes may cause
severe infections in the nervous system and also causes
systemic disease, showing a preference for macrophage-rich
organs, such as the liver and spleen.
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Here we demonstrate that NOD1 has a protective role dur-
ing infection of mice with L. monocytogenes and can control
intracellular bacterial growth in different populations of cells in
vitro.

MATERIALS AND METHODS

Mice. A mutant mouse strain without NOD1 (4) was generated by homologous
recombination in embryonic stem cells. Animals were bred and kept under
specific-pathogen-free conditions. NOD1�/� mice used in this study were back-
crossed with C57BL/6 mice for six generations as heterozygotes. Then heterozy-
gous mice were bred, and NOD1�/� and NOD1�/� littermates were genotyped
by using PCR and selected. The following primers were used for genotyping:
Sense NOD1 WT (5� GCT TGG CTC CTT TGT CAT TG 3�), Antisense NOD1
WT (5� ACT GCT GCT TGG CTT TAT TCT C 3�), Sense mutant (5� TTG
GTG GTC GAA TGG GCA GGT A 3�), and Antisense mutant (5� CGC GCT
GTT CTC CTC TTC CTC A 3�).

All experiments were conducted by using protocols that received institutional
approval and were authorized by the local animal ethics committee (Stockholms
Norra Djurförsöksetiska Nämnd).

Generation of mouse BMM. Mouse bone marrow-derived macrophages
(BMM) were obtained from 6- to 10-week-old mice as described previously (40).
Mice were euthanized, and the femurs and tibias of the hind legs were dissected.
Bone marrow cavities were flushed with 5 ml cold, sterile phosphate-buffered
saline (PBS). The bone marrow cells were washed and resuspended in Dulbec-
co’s modified Eagle’s medium (DMEM) containing glucose and supplemented
with 2 mM L-glutamine, 10% fetal bovine serum (FBS), 10 mM HEPES, 100
�g/ml streptomycin, and 100 U/ml penicillin (all obtained from Sigma, St. Louis,
MO), as well as 20 to 30% L929 cell-conditioned medium (as a source of
macrophage colony-stimulating factor). Bone marrow cells were passed through
a 100-�m cell strainer, plated in 24-well plates (5 � 104 to 8 � 104 cells in 2 ml),
and incubated for 7 days at 37°C in the presence of 5% CO2. Before use, BMM
cultures were washed vigorously to remove nonadherent cells. Cells were also
harvested from several wells and counted by using trypan blue exclusion. The
yields of BMM differentiated in 24-well plates for L. monocytogenes infection
were 2 � 104 to 4 � 105 BMM per well. We have previously shown by using
immunofluorescence staining that these BMM are F4/80� and Mac-3� (40).

Embryonic astrocytes. Astrocytes were cultured from brains of day 12 to 14
embryos as previously described (18).

Embryonic fibroblasts. Murine embryonic fibroblasts were isolated from em-
bryos by trypsin-EDTA treatment and cultured as described previously (16).

Differentiation of mouse bone marrow-derived DC. Mouse bone marrow-
derived dendritic cells (DC) were differentiated as previously described (31).
Briefly, bone marrow was extracted from tibias and femurs, and cell suspensions
were cultured in IMDM (Cambrex, East Rutherford, NJ) containing 10% FCS,
100 U/ml penicillin, 100 �g/ml streptomycin, and 10 ng/ml granulocyte-macroph-
age colony-stimulating factor (Peprotech, London, United Kingdom). Fresh me-
dium and cytokine were added every 2 to 3 days. On days 3 to 7, loosely adherent
cells were harvested and infected with L. monocytogenes as described above
for BMM.

Infection and infectivity assay. L. monocytogenes strain EGD (BUG600; se-
rotype 1/2a; kindly provided by Chakraborti, Gießen, Germany) was grown in
brain heart infusion (BHI) broth and on BHI agar (Difco, Becton Dickinson,
Maryland) at 37°C. Before infection, bacteria were grown at 37°C in BHI broth
to late exponential phase (optical density at 600 nm, 0.8). The bacteria were
washed once with PBS and resuspended in broth with 15% glycerol, and bacterial
stocks were stored at �70°C until they were used. Frozen bacterial stocks were
diluted in PBS, plated on BHI agar plates, and quantified after 48 h of incubation
at 37°C.

BMM, embryonic fibroblasts, and embryonic astrocytes cultured in 24-well
plates were cocultured with L. monocytogenes in DMEM containing 5% FBS for
1 h at 37°C in the presence of 5% CO2. The cells were then extensively washed
with PBS to remove the extracellular bacteria. To prevent extracellular bacterial
growth, the cells were then cultivated in DMEM containing 5% FBS and 5 �g
gentamicin per ml. At different time points after infection, cells were washed with
PBS and lysed with 0.1% Triton X-100 in PBS, and aliquots of the lysates were
plated on BHI agar plates. The plates were incubated for 48 h at 37°C, and the
numbers of CFU were determined.

Organs were obtained at different time points after infection with L. monocy-
togenes and minced in PBS containing 0.1% Triton X-100, and aliquots of lysates
were plated on BHI agar plates. The plates were incubated for 48 h at 37°C, and
the numbers of CFU were determined.

Real-time RT-PCR. Cytokine and NOD1 transcripts in cells and spleen lysates
before or after infection with L. monocytogenes or after stimulation with lipo-
polysaccharide (LPS) (Sigma), CpG (Cybergene, Huddinge, Sweden), poly(I-C)
(Sigma), Pam3CysLys4 (Pam3) (Alexis Biochemicals, Nottingham, United King-
dom), or MALP-2 (Alexis) were quantified by real-time reverse transcription
(RT)-PCR. Freshly extracted RNA was reverse transcribed to obtain cDNA as
described previously (41). The real-time RT-PCR was performed using duplicate
25-�l reaction mixtures containing Platinum SYBR Green quantitative PCR
Supermix-UDG (Applied Biosystems, Foster City, CA), forward and reverse
primers, and 0.5 �l of cDNA with an ABI Prism 7500 sequence detection system
(Applied Biosystems). The following primers were used at concentrations be-
tween 50 and 250 nM: Sense IFN-� (5� CTG GAG CAG CTG AAT GGA AAG
3�), Antisense IFN-� (5� TCC GTC ATC TCC ATA GGG ATCT 3�), Sense
IL-1� (5� TGG TGT GTG ACG TTC CCA TT 3�), Antisense IL-1� (5� CAG
CAC GAG GCT TTT TTG TTG 3�), Sense IL-6 (5� ACA AGT CGG AGG CTT
AAT TAC ACA T 3�), Antisense IL-6 (5� TTG CCA TTG CAC AAC TCT TTT
C 3�), Sense CXCL1 (5� GGC GCC TAT CGC CAA TG 3�), Antisense CXCL1
(5� CTG GAT GTT CTT GAG GTG AAT CC 3�), Sense NOD1 (5� TGA CGT
TCC TGG GTT TAT ACA ACA 3�), Antisense NOD1 (5� CCA GGA TTT
GGG CCA CAT AC 3�), Sense HPRT (5� CCC AGC GTC GTG ATT AGC 3�),
and Antisense HPRT (5� GGA ATA AAC ACT TTT TCC AAA TCC 3�).

Serial dilutions of a cDNA sample were amplified to control the amplification
efficiency for each primer pair. After this the Ct values for all cDNA samples were
determined. The hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene
was used as a control gene to calculate the 	Ct values for individual samples. The
relative amounts of cytokine and HPRT transcripts were calculated using the
2�		CT method as described previously (28). The resulting values were then used
to calculate the relative expression of cytokine or NOD1 mRNA in uninfected
and infected BMM or in ligand-stimulated BMM.

Harvest of peritoneal exudates. Immediately after mice were killed, they were
peritoneally lavaged with 5 ml of ice-cold PBS. For recovery of cellular contents,
recovered lavage fluid was centrifuged at 200 � g for 10 min at 4°C. Fluores-
cence-activated cell sorting analyses using anti-Gr1–phycoerythrin (Biolegend,
San Diego, CA) and anti-F4/80–fluorescein isothiocyanate (Serotec, Oxford,
United Kingdom) were performed to differentiate between neutrophils (Gr1�

F480�), inflammatory monocytes (Gr1� F480�), and resident monocytes and
macrophages (Gr1� F480�) in the lavage fluid.

ELISPOT assay. Briefly, mice were infected with a low dose of L. monocyto-
genes (2 � 103 CFU) and 2 months later were reinfected with a high dose of L.
monocytogenes (105 CFU). Twelve days after reinfection spleens were collected.
The concentration of splenocytes was adjusted to 2 � 105 cells per well, and
splenocytes were added to precoated (anti-gamma interferon [IFN-
]; MabTech,
Stockholm, Sweden) and blocked enzyme-linked immunospot assay (ELISPOT
assay) plates (Millipore, Billerica, MA). Cells were stimulated with 2 �g con-
canavalin A (Sigma) per ml, 2 �M listeriolysin 296-304 (LLO 296-304) VAYG
RQVYL H-2b restricted CD8 T-cell epitope, 2 �M LLO 190-201 NEKYAQA
YPNVS H-2b restricted CD4 T-cell epitope (11), or different concentrations of
heat-killed L. monocytogenes (HKL) or were not stimulated (medium only).
After 20 h of incubation in a 5% CO2 incubator at 37°C, a biotinylated anti-
IFN-
 antibody (MabTech) was added, and the plates were incubated for 1 h at
room temperature. After washing and incubation with an avidin-peroxidase
complex (ABC kit; Vector Laboratories, Burlingame, CA) for another hour, the
spots were developed with aminoethyl carbazole substrate, and the enzymatic
reaction was stopped after 4 min by washing the plates in water. Spots were
counted using an ELISPOT reader (Axioplan 2 Imaging; Zeiss, Oberkochen,
Germany), and the results were expressed as the number of spot-forming cells
(SFC) per 106 cells.

DC enrichment and flow cytometry analysis. Spleens from NOD1�/� and
wild-type (WT) mice sacrificed 4 days after infection with L. monocytogenes were
digested with a mixture of 20 �g/ml DNase I and 25 �g/ml Liberase (Roche
Diagnostics Scandinavia AB, Bromma, Sweden) in RPMI 1640 medium (Sigma)
supplemented with 10% FBS before they were passed through a 70-�m nylon
strainer. Red blood cells were lysed in NH4Cl, and DC were recovered by
centrifugation using 11.5% OptiPrep (Axis-Shield PoC, Oslo, Norway) as rec-
ommended by the manufacturer. The DC were stained using anti-CD11c anti-
bodies labeled with phycoerythrin, and the surface expression of CD80, CD86,
major histocompatibility complex (MHC) class II, or CD40 was detected with
fluorescein isothiocyanate-labeled monoclonal antibodies (BD Biosciences
PharMingen, San Jose, CA) and analyzed using flow cytometry (FACScan; BD).

Nitrite assay. Nitrite concentrations in BMM culture supernatants were mea-
sured using the Griess reagent and a previously described colorimetric assay.
Aliquots (100 �l) of culture medium were mixed in 96-well plates with an equal
volume of 0.5% sulfanilamide dihydrochloride and 0.05% naphthylethylenedi-
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amide dihydrochloride in 2.5% phosphoric acid, and the absorbance at 540 nm
was determined. Sodium nitrite, dissolved in DMEM, was used to generate a
standard concentration curve. The lower limit of detection of the assay was 0.5
�M NO2.

Generation of bone marrow radiation chimeras. Bone marrow cells were
harvested from uninfected NOD1�/� and WT mice by flushing bone marrow
cavities with cold PBS, and red blood cells were lysed. To create bone marrow
chimeras, WT and NOD1�/� mice were irradiated with 900 cGy and 4 h later
inoculated in the tail vein with 2 �107 bone marrow cells from WT or NOD1�/�

mice. Six weeks after reconstitution, mice were infected intraperitoneally (i.p.)
with 105 CFU of L. monocytogenes. Mice were sacrificed 5 days after infection,
and the numbers of CFU in their spleens and livers were determined. Spleen
cells were obtained from chimeric and control mice, and the presence of NOD1
or the neomycin gene was determined by PCR using genomic material.

RESULTS

NOD1 protects mice against infection with L. monocytogenes.
The role of NOD1 in the control of L. monocytogenes infection
in vivo was studied first. Livers and spleens from NOD1�/�

mice infected i.p. with L. monocytogenes contained higher bac-
terial levels than livers and spleens from infected WT controls

(Fig. 1A and B). While 85% of the NOD1�/� mice infected i.p.
with 105 CFU L. monocytogenes died between 6 and 15 days
after infection, all WT mice survived (Fig. 1C). NOD1�/� mice
infected with a 50-fold-lower dose of L. monocytogenes (2 �
103 CFU) had increased levels of bacteria in their spleens and
livers compared to controls (Fig. 1D), and 40% of these mice
died before 15 days after infection. Also, spleens and livers
from NOD1�/� mice infected intravenously (i.v.) with 2 � 104

L. monocytogenes CFU contained higher levels of bacteria than
spleens and livers from WT controls (Fig. 1E, F) and died
before 13 days after infection (data not shown).

L. monocytogenes can spread to the brainstem along the
trigeminal nerve and invade the central nervous system from
the bloodstream (6, 21). Whether NOD1 controls listerial dis-
semination into the brain after infection via the snout was
studied next. NOD1�/� mice infected via the snout had higher
listerial levels in their trigeminal ganglia and brains, but not in
their snouts, than WT mice (Fig. 1G). The brains of NOD1�/�

mice also contained higher bacterial levels than the brains of

FIG. 1. NOD1 is required for resistance to infection with L. monocytogenes in vivo. The course of infection with L. monocytogenes in NOD1�/�

and WT mice was analyzed. Mice were infected i.p. (A to D) or i.v. (E and F) with 105 (A to C), 2 � 104 (E and F), or 2 � 103 (D) L. monocytogenes
CFU and sacrificed at indicated time points (A, B, E, and F) or 4 days after infection (D). The mean L. monocytogenes CFU titers in livers and
spleens of six mice per group are shown. The error bars indicate standard errors of the means (SEM). *, P � 0.05 for a comparison with WT mice
(Student’s t test). (C) Cumulative mortality of NOD1�/� and WT mice (eight mice per group) after i.p. infection with 105 L. monocytogenes CFU.
(G) Numbers of L. monocytogenes CFU in the snout, trigeminal nerve (TG), and brain of six NOD1�/� mice and six WT mice 4 days after infection
via the snout. The bacterial loads are expressed in CFU per g of tissue (mean � standard error of the mean). The differences between the
NOD1�/� and WT groups are significant for all tissues except the snout (P � 0.05, Student’s t test; indicated by an asterisk).
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WT mice after i.p. infection with L. monocytogenes (data not
shown).

The levels of IFN-
, IL-1�, and IL-6 mRNA in spleens from
infected WT and NOD1�/� mice were then measured. We
found that the levels of IFN-
, IL-1�, and IL-6 all increased in
the spleens of L. monocytogenes-infected mice 5 days after
infection. However, the level of none of these cytokines was
reduced in infected NOD1�/� mice compared to the level in
infected WT mice (data not shown).

Next, the involvement of NOD1 in the generation of pro-
tective memory responses was investigated. For this pur-
pose, mutant and WT mice were infected i.p. with 2 � 103 L.
monocytogenes CFU. Twenty days after infection, when bac-
teria were not detected in WT or NOD1�/� animals, mice
were reinfected with 105 L. monocytogenes CFU. Reinfected
NOD1�/� mice had higher L. monocytogenes loads in their
spleens than WT controls (Fig. 2A) but showed no mortality
after reinfection.

To investigate if impaired adaptive immune responses ac-
count for the increased susceptibility of NOD1�/� mice to
reinfection with L. monocytogenes, the frequency of specific
IFN-
-producing T cells was determined. Splenocytes from

mice that had been reinfected with L. monocytogenes were
incubated with HKL, an MHC class I-restricted listerial pep-
tide (LLO 296-304), or an MHC class II-restricted listerial
peptide (LLO 190-201). Similar frequencies of HKL-specific or
MHC class I- or MHC class II-restricted peptide-specific IFN-

-secreting cells were detected in spleens from reinfected
NOD1�/� and WT mice (Fig. 2B). Analysis of splenic CD11c�

DC obtained from WT and NOD1�/� mice at 4 days postin-
fection showed an increase in expression of CD40, CD80, and
CD86 similar to that shown by DC from uninfected animals
(Fig. 2C and data not shown). On the other hand, NOD1�/�

bone marrow-derived DC showed decreased levels of IL-6
mRNA compared to infected WT controls (data not shown).

Whether the NOD1-mediated control of infection was asso-
ciated with recruitment of inflammatory cells to the site of
infection was studied next. Prior to infection peritoneal exu-
dates of WT mice contained higher levels of Gr1� F4/80�

resident macrophages than peritoneal exudates of NOD1�/�

mice. Neutrophils (Gr1� F4/80�) and Gr1� F4/80� inflamma-
tory monocytes were not present in the peritoneal exudates of
uninfected mice (Fig. 3A and B). After i.p. infection with 105

L. monocytogenes CFU, neutrophils and inflammatory mono-

FIG. 2. NOD1 is redundant for induction of adaptive immune responses. Mice infected with 2 � 103 L. monocytogenes CFU were reinfected
i.p. with a 50-fold-larger bacterial inoculum 20 days after the primary infection. (A) Mean numbers of L. monocytogenes CFU in livers and spleens
from mice sacrificed 4 days after reinfection. The error bars indicate standard errors of the means (SEM). *, P � 0.05 for a comparison with WT
mice (Student’s t test), indicating a significant difference. (B) Spleen cells from uninfected WT or NOD1�/� mice or from mice 12 days after
reinfection with 105 L. monocytogenes CFU (six mice per group) were cultured overnight with or without 2 �M LLO 296-304, 2 �M LLO 190-201,
or 0.2 (low) or 0.8 (high) HKL per cell. The data are the numbers of IFN-
-secreting cells as determined by an ELISPOT assay. All mice showed
concanavalin A responses well above 100 SFC per 105 cells, confirming the viability of the splenocyte cultures (data not shown). Uninfected mice
showed no SFC following addition of L. monocytogenes whole-cell lysates or following peptide-specific stimulation (data not shown). (C) Spleen
CD11c� DC from NOD1�/� and WT mice at 0 or 4 days after infection with L. monocytogenes were examined by flow cytometry for expression
of CD40, CD80, and CD86.
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cytes accumulated in the peritoneum (Fig. 3A and B). In in-
fected NOD1�/� mice the frequencies of inflammatory and
resident monocytes were decreased, whereas the percentage of
neutrophils in the peritoneal cavity was increased compared
with WT mice (Fig. 3A and B).

Whether in vivo NOD1-dependent protection is mediated
by hematopoietic cells and/or by nonhematopoietic cells was
investigated. Reciprocal bone marrow radiation chimeras of
WT and NOD1�/� mice were generated by inoculation of
bone marrow cells into irradiated recipients. The NOD1 WT
allele was detected in spleens from WT (donor)3NOD1�/�

(recipient) mice 8 weeks after transfer of bone marrow cells,
confirming that there was successful repopulation by inoc-
ulated stem cells (data not shown). Nonhematopoietic
cells were responsible for the NOD1-dependent resistance,
since NOD1�/�3WT chimeras and WT3WT controls had
similar low levels of L. monocytogenes in their spleens and
livers, whereas high levels of L. monocytogenes were de-
tected for the WT3NOD1�/� and NOD1�/�3NOD1�/�

combinations (Fig. 4).
NOD1 controls the intracellular growth of L. monocytogenes

in vitro. The role of NOD1 in macrophage control of L. mono-
cytogenes infection was tested next. We found that NOD1�/�

BMM contained higher levels of intracellular bacteria than
WT control BMM after infection with L. monocytogenes (Fig.
5A and B), whereas the initial numbers of L. monocytogenes
bacteria taken up by NOD1�/� and WT BMM at different
multiplicities of infection were similar (Fig. 5C).

IFN-
-activated macrophages restrict the intracellular
growth of intracellular bacterial and protozoan pathogens, in-
cluding L. monocytogenes (38). While coincubation with IFN-

dramatically decreased the levels of bacteria in WT BMM,
NOD1�/� BMM treated with IFN-
 showed only a small re-
duction in the bacterial load, demonstrating that NOD1 is
required for efficient IFN-
-mediated bacterial control in
BMM (Fig. 5D). IFN-
-mediated killing of L. monocytogenes is
dependent on nitric oxide (NO) release (1). The amount of
NO released by macrophages cultured in the presence of lis-
terial antigens was greatly increased in the presence of IFN-
,
while similarly treated NOD1�/� BMM showed lower NO2

levels (Fig. 5E and F).
L. monocytogenes-infected WT BMM contained increased

levels of IL-1�, IL-6, IFN-�, and CXCL1 (formerly KC)
mRNA (Fig. 6A to D). Infected NOD1�/� BMM contained
lower levels of IL-1� and IL-6 mRNA (Fig. 6A and B) than
infected WT BMM, while the levels of IFN-� and CXCL1
mRNA in mutant and WT BMM were similar (Fig. 6 C, D).

LLO is a pore-forming toxin that is largely responsible for
rupture of the phagosomal membrane and is required for bac-
terial access to the cytosol (30). We next studied if NOD1-
mediated cytokine responses depend on bacterial cytosolic lo-
calization. For this, NOD1�/� and WT BMM were incubated
with LLO-defective (	hly) L. monocytogenes or HKL. Similar
levels of IL-6 mRNA were observed when NOD1�/� and WT
BMM were incubated with 	hly L. monocytogenes or HKL
(Fig. 6E and F).

FIG. 3. NOD1 affects L. monocytogenes-induced recruitment of granulocytes and resident and inflammatory monocytes to the inflammatory
site. NOD1�/� and WT peritoneal exudate cells were harvested from mice before (five WT mice and four NOD1�/� mice) or 2 days after (6 WT
mice and six NOD1�/� mice) i.p. infection with 105 L. monocytogenes CFU. The mean percentages of cells that were stained with anti-Gr1 and/or
anti-F4/80 to differentiate between polymorphonuclear leukocytes and inflammatory monocytes and resting macrophages and monocytes in the
peritoneal exudates from individual mice are shown. Differences between the total numbers of harvested peritoneal cells from L. monocytogenes-
infected and uninfected NOD1�/� and WT animals are not significant. Differences between the percentages of F4/80� Gr1� cells in infected and
uninfected peritoneal exudates from WT or NOD1�/� mice are significant (P � 0.001, Student’s t test). Differences between the percentages of
F4/80� Gr1� cells in peritoneal exudates from infected or uninfected WT and NOD1�/� mice are significant (P � 0.001, Student’s t test).
Differences between the percentages of Gr1� F4/80� cells from infected WT and NOD1�/� mice are significant (P � 0.001, Student’s t test).
Differences between the percentages of Gr1� F4/80� peritoneal exudate cells from WT and NOD1�/� mice are significant (P � 0.02, Student’s
t test). The results of one of two independent experiments are shown. (B) Levels of expression of F4/80� and Gr1� cells in the peritoneal exudates
of representative mice before or after infection with L. monocytogenes. FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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Whether NOD1 also controls intracellular growth of L.
monocytogenes in other cellular populations was then studied.
NOD1�/� embryonic astrocytes and embryonic fibroblasts
both contained higher levels of bacteria than NOD1�/� con-
trols (Fig. 7A to C). At some time points, the levels of bacteria
in NOD1�/� fibroblasts were more than 2 logs higher than
those in WT cells.

We next analyzed if infection of BMM or fibroblasts with L.
monocytogenes increased the expression of NOD1, since this
could enhance the sensitivity of the cells to NOD1 ligands.
BMM and fibroblasts both contained increased levels of NOD1
mRNA after infection with L. monocytogenes (Fig. 8A and B).
Whether stimulation of a TLR in the absence of NOD1 ligands
can induce NOD1 expression was then tested. Indeed, in-
creased NOD1 mRNA levels were found in CpG-, LPS-, and
poly(I-C)-stimulated BMM and, to a lesser extent, in Pam3-
and MALP-2-stimulated BMM compared to untreated con-
trols (Fig. 8C and D). A high level of NOD1 expression is
known to activate NF-�B in a dose-dependent manner in the
absence of the DAP-containing ligands (19). NOD1, however,
does not seem to regulate TLR responses in the absence of
NOD1 ligands since similar levels of IL-1�, IL-6, and IFN-�
mRNA were detected in CpG-, poly(I-C)-, and Pam3-stimu-
lated WT and NOD1�/� BMM (data not shown).

DISCUSSION

We show here that NOD1 signaling protects against subcu-
taneous, i.v., and i.p. infection with L. monocytogenes and that
NOD1-dependent protection in vivo is mediated by nonhema-
topoietic cells. Mice lacking the NOD1 adaptor protein RIP2
were previously shown to be highly susceptible to infection
with L. monocytogenes (5). NOD2�/� mice were shown to be
more susceptible to infection than WT mice when they were
challenged with L. monocytogenes given intragastrically, but
not when they were challenged by i.v. infection (26). The re-
stricted expression of NOD2 in the intestinal crypts, mono-

cytes, and DC (26), in contrast to the ubiquitous expression of
NOD1, might explain the difference between the susceptibility
of NOD1�/� mice and the resistance of NOD2�/� mice to
systemic infection with L. monocytogenes, as well as the selec-
tive vulnerability of NOD2�/� mice infected intragastrically
with L. monocytogenes (26). Using radiation chimeric mice, we
demonstrated that nonhematopoietic cells account for the
NOD1-mediated protection against L. monocytogenes infec-
tion in vivo, supporting the hypothesis that NOD1 and NOD2
have nonredundant roles in bacterial control. In agreement
with our data, it has recently been shown that nonhematopoi-
etic cells mediate T-cell responses to ovalbumin when animals
are inoculated with a NOD1 ligand (10).

In experiments performed in the 1970s to study the active
moiety of PGN for adjuvant activity, DAP-containing mu-
ropeptides prepared from Escherichia coli together with a test
antigen in a water-in-oil emulsion were reported to induce
specific delayed-type hypersensitivity in guinea pigs (27). Con-
sistent with this, RIP2-mediated responses have been shown to
regulate adaptive immune responses (5, 25, 26). NOD1 has
been shown to be required for optimal generation of immune
responses to soluble antigens with Freund’s adjuvant (10). Al-
though NOD1�/� mice contained higher levels of bacteria in
their spleens after reinfection with 105 L. monocytogenes CFU
than WT mice, similar frequencies of IFN-
-secreting spleen T
cells specific to MHC class I- and class II-restricted listerial
epitopes were found for reinfected NOD1�/� and WT mice.
Thus, NOD1 was not required for generation of normal adap-
tive cellular immune responses as measured by IFN-
 secre-
tion. Our data, however, do not rule out the possibility that
NOD1 has a regulatory role in other immune parameters.
NOD1 and NOD2 signaling has recently been shown to par-
ticipate in the generation of IL-6- and transforming growth
factor �-dependent Th17 inflammatory cells (10, 52).

Gr1 is expressed by neutrophils and inflammatory mono-
cytes. Gr1� F4/80� monocytes are proinflammatory and, after

FIG. 4. NOD1-mediated resistance to infection with L. monocytogenes is due to the activity of nonhematopoietic cells. NOD1�/� or WT bone
marrow cells were inoculated i.v. into irradiated NOD1�/� or WT mice. Six weeks after inoculation of the cells, mice were infected i.p. with 105

L. monocytogenes CFU. Mice were sacrificed 5 days after infection. The numbers of CFU in lungs from mice treated as described above were
determined. The data are the means � standard errors of the means (SEM) and are the numbers of CFU per liver (A) or spleen (B) for six mice
per group. *, P � 0.05 for a comparison of chimeric mice and WT3WT sham chimera mice (Student’s t test), indicating a significant difference.
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they emerge from the bone marrow, home to sites of inflam-
mation (12), as also shown during infection with L. monocyto-
genes (45).

We found that Gr1� F4/80� tissue resident macrophages
were underrrepresented in the peritoneal exudates of NOD1�/�

mice, suggesting that NOD1 has a role in the homeostasis of
this leukocyte population.

The resistance to i.p. infection with L. monocytogenes con-
ferred by NOD1 was also associated with increased recruit-
ment of inflammatory monocytes and decreased recruitment of
neutrophils into the peritoneal cavity. Recruitment of inflam-
matory cells could be directly mediated by NOD1 in a process
in which resident monocytes might be involved. To further
explore this possibility, we studied recruitment of inflammatory
cells using an air pouch model, in which resident macrophages
are not present before infection. Similar recruitment of in-
flammatory monocytes was observed in the air pouches of
NOD1�/� and WT mice 24 h after inoculation of L. monocy-
togenes, supporting the hypothesis that resident macrophages
have a role in the extravasation of inflammatory monocytes to
the infected peritoneum. It is interesting that a failure to re-

cruit Gr1� monocytes resulted in greatly increased mortality
with Toxoplasma gondii despite the induction of normal Th1
cell responses leading to high levels of IL-12, TNF-�, and
IFN-
 (39). Gr1� F4/80� inflammatory monocytes contribute
to host defense by secretion of TNF-� and NO and exerting
bacterial phagocytosis and killing (7). Hence, reduced recruit-
ment of these cells may be one explanation for the reduced
survival of NOD1�/� mice infected with L. monocytogenes.

CCR2, CCR5, and CX3CR1 are crucial for extravasation of
inflammatory monocytes (46). Although CCL2, CX3CL1, and
CCL5 have been reported to be under NOD1 control (37, 56),
the levels of expression of these chemokines in infected
NOD1�/� fibroblasts and in WT fibroblasts were similar (data
not shown).

Next, we studied the effect of NOD1 at the cellular level and
showed that NOD1 is required for efficient control of listerial
intracellular growth in hematopoietic and nonhematopoietic
cells in vitro. NOD1 signaling does not modulate L. monocy-
togenes uptake into macrophages. Listeria activates at least
three signaling pathways in macrophages: one that requires
TLR/MyD88 signaling, particularly through TLR2 (29, 43),

FIG. 5. NOD1 controls the growth of L. monocytogenes in BMM. (A and B) NOD1�/� and WT BMM in triplicate wells were incubated with
L. monocytogenes at a multiplicity of infection (MOI) of 0.2 (A) or 2 (B) and lysed at the indicated time points after infection, and the numbers
of L. monocytogenes CFU in the BMM lysates were determined. Two independent experiments were performed, and the results of one of them
are shown. (C) NOD1�/� and WT BMM were infected with L. monocytogenes at the indicated multiplicities of infection. After 1 h, cells were
extensively washed and lysed, and the numbers of CFU were determined. (D) NOD1�/� and WT BMM were incubated with 100 U recombinant
IFN-
 (BD, Pharmingen) 18 h before infection with L. monocytogenes at a multiplicity of infection of 0.2. One hour after infection cells were
extensively washed, and IFN-
 was replenished. Cells were lysed at the indicated time points after infection, and the numbers of L. monocytogenes
CFU in the BMM lysates were determined. *, P � 0.05 for a comparison with WT mice (Student’s t test), indicating a significant difference. (E
and F) NO2

� levels in culture supernatants of BMM incubated with 100 U IFN-
 18 h before incubation with HKL (multiplicity of infection, 10:1),
of BMM incubated with IFN-
, or of BMM incubated with HKL alone 24 h (E) and 48 h (F) after addition of the bacterial lysate.
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one that requires RIP2 (5, 25), and one that is independent of
both TLR and RIP2 and involves recognition of cytosolic DNA
in which the newly described double-stranded DNA receptor
DAI might be involved (33, 47–49).

NOD1�/� BMM and DC exhibited reduced titers of IL-6
mRNA in response to Listeria infection in vitro. Invasive L.
monocytogenes and noninvasive L. monocytogenes activate dis-
tinct signaling pathways, and cytosolic bacteria trigger a unique

FIG. 6. NOD1 modulates IL-6 and IL-1� responses after incubation with L. monocytogenes but not after incubation with heat-killed bacterial
lysates or with bacteria unable to escape from the phagosome into the cytosol. Total RNA from BMM was extracted before and 6 h after infection
with L. monocytogenes at a multiplicity of infection of 0.2 (A to D) or with 	hly L. monocytogenes at a multiplicity of infection of 10 (F) or after
incubation with HKL (E). The titers of IL-1�, IL-6, IFN-�, CXCL1 (A to F) and HPRT mRNA were determined by real-time RT-PCR. The mean
increases in cytokine or HPRT levels for triplicate (A to D) or duplicate (E and F) wells are shown. Two independent experiments were performed,
and the results of one of them are shown.

FIG. 7. NOD1 controls growth of L. monocytogenes in murine embryonic fibroblasts and astrocytes. NOD1�/� and WT fibroblasts (A and B)
and astrocytes (C) in triplicate wells were incubated with L. monocytogenes at multiplicities of infection (MOI) of 30 (A), 0.3 (B), and 10 (C) and
lysed at the indicated time points after infection. The numbers of L. monocytogenes CFU in the cell lysates were determined. *, P � 0.05 for a
comparison with WT mice (Student’s t test), indicating a significant difference. SEM, standard error of the mean.
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cytokine response that includes production of IFN-�/� and
CCL2 (36, 44). Penetration of Listeria into the cytosol was
required for the NOD1-mediated increase in the levels of IL-6
mRNA in BMM (Fig. 6). On the other hand, in agreement
with previous data, Listeria induced IFN-�/� expression in
macrophages independent of NOD1 (33, 48, 56). It is impor-
tant that diminished levels of other proinflammatory molecules
were not detected in NOD1�/� BMM, and NOD1 deficiency
was not related to diminished IL-6 expression in fibroblasts.
The levels of IL-6 and IFN-
 were not decreased in spleens
from L. monocytogenes-infected NOD1�/� mice compared to
spleens from L. monocytogenes-infected WT mice. Moreover,
the levels of mRNA of a number of inflammatory cytokines,
chemokine and cytokine receptors, transcription factors, and
matrix metalloproteases were increased in infected NOD1�/�

fibroblasts compared to WT cells (data not shown), probably
reflecting a stronger host cell NOD1-independent response
resulting from higher levels of intracellular L. monocytogenes.

It has recently been shown that NOD2 signaling could be
triggered by ligands generated by bacterial degradation in the
phagosome of IFN-
-activated macrophages (17). While WT
BMM treated with IFN-
 showed a robust reduction in the
bacterial load and increased NO release, only a moderate
decrease in the bacterial load and lower levels of NO release
were observed in NOD1�/� BMM treated with IFN-
 com-
pared to untreated NOD1�/� BMM controls. This suggests
that NOD1 signaling is indeed involved in bacterial clearance
in IFN-
-treated cells.

Primary macrophages have been shown to have a very weak
response to the synthetic NOD1 ligand iE-DAP (D-
-Glu-
DAP) compared to TLR activation (51, 53). However, NOD1

activation by iE-DAP has been shown to positively regulate
TLR signaling (32, 51). The cytokine responses induced by L.
monocytogenes were abolished in MyD88-deficient macro-
phages (43). The latter results appear to be at odds with a
model in which RIP2 and MyD88 function in parallel signaling
pathways, but they support a model in which NOD1 synergizes
with TLR signaling for optimal innate defense. We show that
NOD1 mRNA levels are increased in BMM stimulated with
TLR2, -3, -4, and -9 ligands. An increase in NOD1 expression
in BMM and fibroblasts also occurred after infection with L.
monocytogenes. In accordance with our results, NOD1 mRNA
expression increases after pneumococcal infection in mouse
lung tissue, as well as in the bronchial epithelial cell line
BEAS-2B (35). However, in line with previous results (37),
the presence of NOD1 did not increase BMM responses to
pure TLR agonists.

Mice lacking NOD1 and NOD2 exhibit impaired bacterial
clearance and survival after systemic administration of L.
monocytogenes when LPS- or E. coli-treated mice are used
(24). In contrast, a deficiency of NOD1 and NOD2 had only a
modest effect on bacterial clearance when the mice were in-
fected i.p. with 104 L. monocytogenes CFU in the absence of
TLR ligand administration (24). On the other hand, RIP2�/�

mice showed increased cumulative mortality and increased
bacterial loads after i.v. inoculation of 2 � 103 L. monocyto-
genes CFU (5). In the present study, NOD1�/� mice were
found to be very susceptible to i.v., subcutaneous, or i.p. infec-
tion with L. monocytogenes even without exposure to other
pathogens or TLR.

In summary, NOD1 confers nonhematopoietic cell-medi-
ated resistance to infection with L. monocytogenes. It plays a

FIG. 8. NOD1 mRNA levels are increased in fibroblasts and macrophages after stimulation with L. monocytogenes or incubation with TLR
ligands. The levels of NOD1 mRNA transcripts in WT BMM (A, C, and D) or fibroblasts (B) infected with L. monocytogenes (A and B) or
stimulated with CpG (C and D), poly(I-C) (C), LPS (C), Pam3 (D), or MALP-2 (D) were determined by real-time RT-PCR. The mean increases
in the level of NOD1 mRNA for duplicate wells for each condition compared to the level for unstimulated wells are shown. SEM, standard error
of the mean.
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role in the control of L. monocytogenes in macrophages, astro-
cytes, and especially fibroblasts and is required for IFN-
-
mediated control of L. monocytogenes growth in macrophages.
NOD1-mediated control was associated with increased levels
of resident macrophages/monocytes, recruitment of inflamma-
tory monocytes, and decreased levels of granulocytes at the site
of infection. However, NOD1 is redundant for triggering adap-
tive immunity.
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