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Abstract

Innate immunity relies on the detection of microbial invaders by two distinct systems. One system comprises a f
membrane-bound receptors, termed the Toll-like receptors, while the other family, termed the nucleotide-binding site
rich repeat (NBS/LRR) proteins, consists of molecules that are found in the cytoplasmic compartment. These two
systems recognize conserved molecular components of microbes including such structural motifs as lipopolysaccha
the Gram-negative bacterial cell wall and peptidoglycan (PGN) found in the cell wall of both Gram-negative and Gram-
bacteria. This review focuses on two members of the NBS/LRR family of proteins, Nod1 and Nod2. Recently, the m
motifs sensed by these two molecules have been characterized. Both Nod1 and Nod2 recognize PGN, however, ea
distinct molecular motifs to attain sensing. Nod1 recognizes a naturally occurring muropeptide of PGN that presents
amino acid at its terminus called diaminopilemic acid (DAP). This amino acid is found mainly in the PGN of Gram-ne
bacteria designating Nod1 as a sensor of Gram-negative bacteria. In contrast, Nod2 can detect the minimal bioactive
of PGN, called muramyl dipeptide. Thus Nod2 is a general sensor of bacterial PGN. Since mutations in the gene encod
were recently shown to be associated with the chronic inflammatory disease, Crohn’s disease, these results are discu
context of how disrupting the interplay between host detection and bacterial aggression may lead to inflammatory diseaseTo
cite this article: J. Viala et al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

L’immunité innée repose sur la détection d’envahisseurs microbiens par deux systèmes distincts. Le premier est
de récepteurs membranaires, appelés récepteursToll-like, et l’autre se compose de molécules cytoplasmiques, la fam
des récepteurs possédant un site de fixation des nucléotides et des répétitions riches en leucine (protéines NBS/
deux systèmes de détection reconnaissent des composants moléculaires microbiens très conservés, parmi lesquel
structurels de la paroi bactérienne, comme le lipopolysaccharide des bactéries Gram-négatif ou le peptidoglycane (
bactéries Gram-négatif et Gram-positif. Cette revue se concentre sur deux membres de la famille des protéines N
les récepteurs Nod1 et Nod2. Récemment, les motifs microbiens reconnus par ces deux molécules ont été carac
Nod1 et Nod2 reconnaissent tous deux le PGN, chacun détecte un fragment différent. Ainsi, Nod1 reconnaît un mu
naturellement libéré du PGN et qui possède un acide aminé particulier à son extrémité, l’acide diaminopilemique (D
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1631-0691/$ – see front matter 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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acide aminé est principalement exprimé dans le PGN des bactéries Gram-négatif, rendant Nod1 spécifique des bacté
négatif. À l’inverse, Nod2 peut détecter le fragment bioactif minimal du PGN, le muramyl dipeptide. Nod2 agit donc
un récepteur général du PGN bactérien. Les mutations du gèneNod2ayant été récemment corrélées à la pathogenèse d
maladie inflammatoire chronique, la maladie de Crohn, nous discutons comment le déséquilibre entre agression bactérienne
sa détection par l’hôte pourrait aboutir à la constitution de maladies inflammatoires.Pour citer cet article : J. Viala et al., C. R.
Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The innate immune system exists in all multicel
lar organisms; only vertebrates have, in addition,
adaptive immune system for fighting microbial infec-
tion. The innate system is comprised of a limited nu
ber of proteins dedicated to the recognition of sig
tures of microbial infection. These proteins, term
pattern recognition receptors or PRRs, are encode
the germ-line of the animal and thus are not subjec
much genetic variation[1]. Because of this, the mole
cular patterns that are recognized by these protein
highly conserved structural motifs of the infecting m
crobe. These microbial motifs are termed pathogen
sociated molecular patterns or PAMPs[1]. Some ex-
amples of PAMPs are lipopolysaccharide (LPS) fr
the outer membrane of Gram-negative bacteria
peptidoglycan (PGN), which is found in the cell wa
of both Gram-negative and Gram-positive organis
Once detection of the PAMPs has occurred by the h
PRRs, the signal is transmitted inside leading to the
tivation of transcription factors such as NF-κB, which
drive the expression of genes whose protein prod
play a key role in the defense response against th
vading microbe.

2. TLRs and Nods

Recent studies have suggested that two system
microbial detection exist in the mammalian host. O
system comprises a family of membrane-bound
ceptors called the Toll-like receptors or TLRs. TLR
which is probably the best characterized membe
this family, detects LPS present in the extracellu
lar milieu [2]. The other family of detection pro
f

teins is the nucleotide-binding site/leucine-rich rep
(NBS/LRR) family[3,4]. The best characterized mem
bers of this family are Nod1 and Nod2. These prote
are located in the cytoplasm and are involved in
detection of bacterial PAMPs that enter into the c
either with an invasive microbe or by translocation
certain pathogenic bacteria through specialized tra
fer apparatuses.

Why does the host require an intracellular me
of pathogen detection in addition to the TLRs? T
cytoplasmic detection system mediated by Nods lik
plays a key role in host defense in those tiss
where TLRs are absent or expressed at low le
[5]. This occurs in epithelial cells that line mucos
surfaces, like for example, in colonic epithelial cel
Since these cells live in constant contact with
microbial flora, expression of TLRs and/or their c
factors is down-regulated, especially on the surf
epithelium, in order to avoid stimulation of the ce
by PAMPs and aberrant inflammation of these tissu
However, when these cells are infected with invas
pathogens or pathogens that interact intimately w
the plasma membrane, PAMPs can be transfe
to the intracellular compartment where they inter
with Nod proteins and this then initiates the defen
response[6].

The domain structure of Nod1 and Nod2, char
terized by a central nucleotide binding site (NBS) a
a C-terminal leucine-rich repeats domain (Fig. 1), is
reminiscent of the domain organization of plant d
ease resistance proteins or R proteins[3,4]. R proteins
in plants, for example RPS2 inArabidopsis, are in-
volved in sensing microbes that enter the cytoplas
compartment and initiating a defense response.
cause of this similarity with plant R proteins, No
were hypothesized also to play a role in host defens
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c-
e
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Fig. 1. Domain structure of Nod1 and Nod2 and the naturally occurring PGN motifs recognized by these proteins, GlcNA
MurNAc-L-Ala-D-Glu-mesoDAP and GlcNAcMurNAc-L-Ala-D-Glu. The minimal motifs, D-Glu-mesoDAP and muramyl dipeptid
(MurNAc-L-Ala-D-Glu) are shown in circles. CARD, caspase activation and recruitment domain; NBS, nucleotide binding domain; LR
leucine-rich repeat.
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mammalian cells. Activation of the Nod molecules
thought to occur when a bacterial ligand is sensed
the LRR domain. Activation of the molecules then o
curs leading to self-oligomerization through the NB
region. Through the N-terminal caspase-activation
recruitment domain (CARD), Nod1 and Nod2 (whi
has an additional CARD domain compared to No
can then activate the NF-κB pathway leading to the
expression of a number of pro-inflammatory genes
this transcriptional regulator (see reviews[3,4]).

3. Nods detect unique PGN fragments

Our recent studies focus on identifying the bacte
rial ligands or PAMPs that activate Nod1 and Nod
For Nod1, we screened a number of different
tential PAMPs for their ability to activate NF-κB in
a Nod1-dependent manner. Strikingly, we found t
purified PGN from Gram-negative bacteria inclu
ing Escherichia coliandShigella flexneri, were able
to activate Nod1 leading to NF-κB induction. PGN
preparations from the Gram-positive bacteria,Bacil-
lus subtilisandStaphylococcus aureus, were unable to
stimulate this response. Through the analysis of Gr
negative bacterial PGN fractions separated by reve
phase HPLC we were then able to determine that
minimal naturally occurring PGN fragment that stim
lates Nod1 is a disaccharide of N-acetyl glucosam
N-acetyl muramic acid linked to a tripeptide wher
the terminal amino acid is meso-diaminopilimic ac
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(meso-DAP) (Fig. 1) [7]. The presence of DAP in
the PGN can be considered as a general signatu
Gram-negative bacterial infection since most, but
all, Gram-positive organisms have lysine in this po
tion in their PGN. What is also striking for Nod1 is th
it is highly specific for the tripeptide structure since t
presence of an additional amino acid to the DAP ab
gates the sensing of this bacterial product by Nod1[7].

More recently, we and others have been able
narrow down the PGN structure sensed by Nod1
more detail thus defining the minimal motif. Marked
Nod1 can sense just the terminal two amino ac
within the naturally occurring fragment: d-glutamin
mesoDAP (Fig. 1) (referred to as iE-DAP by the grou
of Inohara)[8,9]. This minimal motif is a signature o
bacterial infection since neither of these amino ac
exist in mammals.

In the context of in vivo infection, Nod1 appea
to be a key molecule in the sensing of Gram-nega
bacterial infection since isolated intestinal epithe
cells from mice deficient in Nod1 can no long
react to the intracellular presentation of Gram-nega
bacterial products. Moreover, Nod1 appears to be
only functional bacterial sensor in intestinal epithe
cells highlighting the key role of this PRR in ho
defense[7].

As mentioned above, Nod2 is highly homologo
to Nod1 except for an additional N-terminal CAR
domain. The expression of profile of Nod2 is more
less restricted to monocytes/macrophages but exp
sion can be upregulated in other cell types upon tr
ment with pro-inflammatory stimuli such as interfer
γ or TNFα [10,11]. Nod2 has been recognized as
important mediator of inflammatory induction sin
the gene encoding Nod2 is the first susceptibility g
that has been identified for the chronic inflammat
bowel disease, Crohn’s disease[12,13]. Our studies
also led us to examine the bacterial ligand sensed
Nod2. Like Nod1, this protein also senses a PGN fr
ment, however, Nod2 is specific for muramyl dipe
tide or MDP (Fig. 1) [14,15]. MDP is the minimal
bioactive PGN fragment from both Gram-positive a
Gram-negative bacteria making Nod2 a general s
sor of bacterial infection. Interestingly, MDP has be
known for decades for its immunomodulatory actio
it is a component of Freunds complete adjuvant. W
the discovery of Nod2 as the host receptor for MD
f

-

the immunostimulatory properties of this compou
can now be investigated in more detail.

4. Role of Nod2 in Crohn’s disease

The most common mutation in theNod2gene that
is associated with Crohn’s disease is an insertion
tation at position 3020 that leads to the deletion of
terminal LRR of the protein. When we compared t
wild-type versus the mutant protein for the ability
these molecules to sense MDP, it was observed
the mutant Nod2 can no longer detect MDP to i
tiate NF-κB activation[14]. Moreover, the group o
Gabriel Nunez showed that peripheral blood mono
clear cells isolated from patients with Crohn’s d
ease could not respond to MDP in terms of NF-κB
activation and cytokine induction[15]. The implica-
tions of these findings therefore suggest that the
fect in Crohn’s disease patients may be the inab
to respond normally to bacterial products. An app
ent paradox thus arises: how can the lack of bac
ial detection and loss of subsequent activation of p
inflammatory signals translate into the chronic a
severe inflammation of the bowel that we see d
ing Chohn’s disease? One possible explanation is
the intestinal mucosa is maintained at a certain le
of inflammation by Nod2 and possibly Nod1 in o
der to keep in check any possible bacterial breac
the epithelial barrier. If bacteria or their products e
ter within the sub-mucosa, Nod2 induces a local
flammatory response that suppresses any possib
fection. In Crohn’s disease, it can be hypothesized
without this sentinel function of Nod2, bacteria and
their products that gain access to the sub-mucosa
stimulate the system, aggravating defense systems
would not normally be active. This effect would ma
ifest itself as the severe and chronic inflammation t
is observed in the intestinal tissues of Crohn’s dise
patients.

5. Conclusion

In conclusion, Nod1 and Nod2 have now been
fined as representatives of a new family of cytopl
mic pathogen recognition molecules. These two p
teins recognize distinct motifs found in the PGN
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bacteria and initiate defensive responses in the
through the activation of NF-κB. What will be inter-
esting in the future will be to define the respons
down-stream of Nod1 and Nod2 and to comp
these responses to those down-stream of the TL
In this way, the specificity of responses emanat
from these different PRRs can be characterized in
der to better understand the individual role of the
proteins in defense responses against microbial in
tion.
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