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The pathogenesis of chronic joint inflammation remains unclear,
although the involvement of pathogen recognition receptors has
been suggested recently. In the present article, we describe the role
of two members of the NACHT-LRR (NLR) family, Nod1 (nucleotide-
binding oligomerization domain) and Nod2 in a model of acute joint
inflammation induced by intraarticular injection of Streptococcus
pyogenes cell wall fragments. Here, we show that Nod2 deficiency
resulted in reduced joint inflammation and protection against early
cartilage damage. In contrast, Nod1 gene-deficient mice developed
enhanced joint inflammation with concomitant elevated levels of
proinflammatory cytokines and cartilage damage, consistent with a
model in which Nod1 controls the inflammatory reaction. To explore
whether the different function of Nod1 and Nod2 occurs also in
humans, we exposed peripheral blood mononuclear cells (PBMCs)
carrying either Nod1ins/del or Nod2fs mutation with SCW fragments
in vitro. Production of both TNF� and IL-1� was clearly impaired in
PBMCs carrying the Nod2fs compared with PBMCs isolated from
healthy controls. In line with results in Nod1 gene-deficient mice,
PBMCs from individuals bearing a newly described Nod1 mutation
produced enhanced levels of proinflammatory cytokines after 24-h
stimulation with SCW fragments. These data indicate that the NLR
family members Nod1 and Nod2 have different functions in control-
ling inflammation, and that intracellular Nod1–Nod2 interactions may
determine the severity of arthritis in this experimental model.
Whether a distorted balance between the function of Nod1 and/or
Nod2 is involved in the pathogenesis of human autoinflammatory or
autoimmune disease, such as rheumatoid arthritis, remains to be
elucidated.

innate immunity � rheumatoid arthritis � inflammation � PRR

NACHT-LRR (NLR) receptors are a new family of intra-
cellular microbial sensors that complement the recogni-

tion of extracellular pathogen-associated molecular patterns
by membrane-bound Toll-like receptors (TLRs) (1, 2). Nod1
and Nod2 are members of the NLR family, which recognize
diaminopimelic acid (DAP)-containing muramyl tripeptide or
muramyl dipeptide (MDP), from bacterial peptidoglycans (3,
4). Interactions between the intracellular pathways induced by
Nods and TLRs have been reported (5, 6). Mutations in the
Nod1 and Nod2 genes are associated with inf lammatory bowel
disease and other inf lammatory disorders (7, 8). However, the
precise mechanisms through which NOD-mediated recogni-
tion of peptidoglycans is involved in the pathogenesis of
inf lammatory diseases are still unclear, although several
mechanisms have been proposed in Crohn’s disease, such as
reduced induction of antiinf lammatory cytokines IL-10 and
TGF� production (9), release of defensins in the gut mucosa
(10), negative regulation of TLR2 signals (11), or gain-of-
function mutations (12). A better understanding of the intra-
cellular events induced by the interaction between Nod1/Nod2

and peptidoglycans is therefore crucial for both insight into
recognition of pathogens by the innate immune system and
pathogenesis of chronic inf lammation.

Rheumatoid arthritis (RA) is a chronic inflammatory disorder in
which the exact pathogenesis is unclear. It is accepted, however, that
besides genetic factors, environmental triggers contribute to the
pathogenesis of RA. An infectious etiology of RA has been a
longstanding hypothesis and, with the discovery of TLR in the
synovial tissue of RA patients, the role of bacteria and viruses in the
pathogenesis of RA has been invigorated (13, 14). It was recently
shown that TLRs are abundant in the synovial lining of RA patients
with active disease (15), and it has been suggested that signaling
through members of the IL-1R/TLR family plays an important role
in inflammatory diseases (16). Because members of the NLR family
are also important in the recognition of microorganisms, and
bacterial cell-wall components like peptidoglycans are present in
the inflamed synovial tissue (17), it is tempting to speculate that
Nod1 and Nod2 play a role in the pathogenesis of RA.

In the present study, we investigated the role of Nod1 and Nod2
in experimental arthritis and the role of these NLR-LRR in the
modulation of proinflammatory mediators (cytokines) induced by
streptococcal cell wall (SCW) components. In addition to Nod1 and
Nod2 gene-deficient mice, we investigate the response to SCWs in
the cells of individuals bearing Nod1 or Nod2 mutations.

Results
Expression of Nod1 and Nod2 in Synovial Tissue of RA Patients.
Because it is not known whether both Nod1 and Nod2 were present
in the joints of RA patients, we determined the expression of
mRNA for Nod1 and Nod2 in synovial tissue samples from RA
patients. Fig. 1A shows that RA synovial tissue exhibits marked
mRNA expression of both intracellular pathogen recognition re-
ceptors Nod1 and Nod2. Of interest, most RA synovia expressed
both Nod1 and Nod2, but some RA patients expressed only Nod1
or Nod2. Nod1 and Nod2 mRNA expression was also found in
synovial tissue specimens from osteoarthritis (OA) patients. To
examine whether Nod1 or Nod2 expression was functional, we
exposed RA synovial tissue to specific Nod1 and Nod2 ligands. Fig.
1 B and C show that triggering of both receptors leads to enhanced
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production of TNF�, IL-1�, IL-6, and IL-10. Of great interest,
MDP potently induced IL-1� production in contrast to Nod1. Using
immunohistochemistry, we examined the presence of MDP-
containing moieties in RA synovial tissue. In line with previous
reports, immunoreactive MDP is clearly present in RA synovial
tissue samples (Fig. 1D). In contrast to RA, no MDP-containing
moieties were present in OA synovial tissue (Fig. 1F). Thus, both
the ligand (MDP) and its receptor Nod2 are present in RA joints,
which may mean the Nod2 pathway contributes to the pathogenesis
of RA.

SCW-Induced Arthritis in Mice Deficient for Nod1 or Nod2. Because
Nod1 and/or Nod2 signaling modulates TLR2-activated pathways
(5), we investigated the role of Nod1 and Nod2 in SCW-induced
arthritis, a model driven by TLR2 activation [Fig. 2A (18)]. Induc-

tion of acute arthritis in Nod1 gene-deficient mice led to remarkable
enhanced joint swelling on days 1 and 2 (Fig. 2A) (18). In addition,
synovial concentrations of TNF� and IL-1� were significantly
higher than that of wild-type mice (Fig. 2B). Also, the chemokine
KC was elevated in Nod1 gene-deficient mice, which may result in
enhanced influx of polymorphonuclear granulocytes (PMN) in
inflamed joints (Fig. 2C). Detailed histopathological analysis re-
vealed indeed that inflamed knee joints of Nod1 gene-deficient
mice contain more inflammatory cells (PMNs) than the wild-type
control. Moreover, early cartilage damage was slightly enhanced in
Nod1 gene-deficient mice (Fig. 3 and Table 1). In contrast to the
remarkable results in Nod1 gene-deficient mice, induction of
SCW-driven arthritis in Nod2 gene-deficient mice showed reduced
joint swelling at days 1 and 2 (Fig. 2A). In line with decreased
arthritis expression, protein levels of IL-1�, TNF�, and KC were
significantly reduced in Nod2 gene-deficient mice when compared
with the wild-type control (Fig. 2 B and C). Of great interest, early
cartilage damage, determined as cartilage proteoglycan (PG) loss,
was almost absent in Nod2 gene-deficient mice (Fig. 3 and Table 1).
In addition, we determined synovial mRNA expression of several
proinflamatory genes on day 2 of SCW-induced arthritis in both
Nod1 and Nod2 gene-deficient mice. Supporting information (SI)
Fig. S1A shows that, in line with protein levels measured at the 4-h
time point (Fig. 2 B and C), mRNA levels for IL1-�, IL-6, and TNF
were enhanced in Nod1 gene-deficient mice and reduced in Nod2
gene-deficient mice when compared with wild-type mice. Similar
results were noted for the genes of the proinflammatory enzymes
COX-2 and iNOS, which lead to generation of PGE2 and nitric
oxide, respectively. Of interest, IL-10 mRNA levels were reduced at
4 h in both Nod1 and Nod2 gene-deficient mice, corresponding with
reduced protein concentration of IL-10 in both Nod1 and Nod2
gene-deficient mice after induction of SCW arthritis (Fig. S1B).

Altered Cytokine Production in Human Peripheral Blood Mononuclear
Cells (PBMC) Containing Nod1 or Nod2 Mutations. To explore whether
these remarkable differential effects of murine Nod1 and Nod2 also
occur in humans, we exposed PBMC isolated from individuals
bearing Nod1 del/ins or Nod2 3020insC frameshift mutation to
SCW fragments and determined the cytokine production. Fig. 4 A
and B show that PBMC bearing Nod1 del/ins (ND1-32656) muta-
tion produce significantly more TNF� and IL-1� than control
PBMC after exposure for 24 h to SCW fragments. Remarkably,
Nod1del/ins and control PBMC produced similar amounts of these
cytokines when stimulated with either TLR4 or TLR2 ligands.
These findings indicate that loss of Nod1 function does not affect
TLR pathways, and that the effects of Nod1 dysfunction on
SCW-induced cytokines are likely due to modulation of its Nod2-
stimulatory activity. As expected, TNF� and IL-1� release was
strongly impaired in PBMCs isolated from Crohn’s disease patients
carrying the Nod2fs (3020insC) mutation when compared with
PBMCs from healthy controls (Fig. 4 C and D). These data
corroborate results in Nod2 knockout mice after local injection of
SCW fragments (Fig. 2). In line with murine data, IL-10 production
of PBMCs from both Nod1del/ins and Nod2fs was impaired after
stimulation with SCW fragments, indicating that IL-10 generation
depends on both NLR family members (Fig. S1 C and D).

Enhanced Cytokine Production of PBMC Originated from RA Patients.
To investigate whether PBMC isolated from RA patients respond
differently to bacterial components, we exposed RA PBMC to
SCW fragments in vitro for 24 h. Thereafter, several proinflamma-
tory cytokines were determined. Fig. 4 E and F clearly demonstrate
that RA PBMC produced significantly higher TNF�, IL-1�, IL-6,
and IL-8 concentrations when compared with PBMC of healthy
controls. These results may indicate that in RA patients, lack of
control by Nod1 influences the final production of proinflamma-
tory cytokines after exposure to bacterial components.

Fig. 1. Nod expression in RA synovial tissue. (A) mRNA expression of Nod1 or
Nod2 in RA and OA synovial tissue samples expressed as relative expression to
the houskeeping gene GAPDH (2�delta Ct value � 1,000). (B and C) Cytokine
production of RA synovial tissue after exposure to MDP, FK156, and LPS. (D)
MDP-containing fragments in RA synovial tissue showed by immunohisto-
chemical staining of paraffin sections using MoAb 2–4-5 (39). (E) Isotype
control. Both synovial lining cells and endothelial cells contain MDP frag-
ments. (D and E) �200 magnification. (F) MDP staining of OA synovial tissue;
note almost no staining. Isotype control. (F and G) �100 magnification.
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Interaction of Nod1-Nod2 Controls Cytokine Production After Stimu-
lation with SCW Fragments. Because it is not known whether Nod1
recognize digested SCW fragments, we exposed Nod1 reporter cells
to SCW fragments in vitro. HEK293 cells transiently cotransfected
with a Nod1 plasmid and an NF-�B-luciferase construct were
exposed to SCW fragments. Fig. 5A shows that Nod1 does not
recognize SCW fragments, in contrast to Nod2. HEK293-Nod2
NF-�B-luciferase reporter cells showed a dose-related response
when exposed to SCW fragments (Fig. 5B). Peritoneal macro-
phages isolated from Nod1 or Nod2 gene-deficient mice confirmed
the results found in HEK293 transfected cells (Fig. 5C). These data
strongly suggest that the enhanced cytokine production in vitro and
the deterioration of the joint inflammation observed in Nod1ko
mice is not due to a direct interaction of digested SCW fragments
and Nod1. More likely there is an intrinsic interaction between
Nod1 and Nod2 that inhibits Nod2 signaling and reduce inflam-
mation: these inhibitory signals are not induced by direct interaction
of streptococcal peptidoglycan with Nod1. Fig. 5D proposes a
model of Nod1–Nod2 interactions as they may occur in TLR2/
Nod2-driven signaling cascades.

Discussion
In the present study, we demonstrate that Nod1 and Nod2 play an
important role in the pathogenesis of SCW-induced arthritis. SCW
fragments induce inflammation through direct recognition of MDP
motifs in streptococcal peptidoglycans by Nod2. In turn, the ab-
sence of Nod1 results in an increased activation of cells when Nod2
is engaged, suggesting a regulatory function of Nod1.

Our experiments in Nod2 gene-deficient mice show that Nod2
recognition plays a crucial role in SCW arthritis. Proinflamma-

tory cytokine message and protein, secondary proinflammatory
mediators, joint inflammation, and cartilage destruction are
impressively reduced in Nod2 gene-deficient mice. From previ-
ous studies in our laboratory, we know that the chemokine KC
is responsible for influx of PMNs in the joint cavity, and that
TNF� and IL-1� are the driving cytokines for initiation of joint
swelling and cartilage damage, respectively. The mouse data are
consistent with those obtained in humans. Individuals with
Crohn’s disease homozygous for a loss-of-function frameshift
mutation have shown decreased responsiveness to SCW frag-
ments, supporting a role for Nod2 for recognition of SCW. Other
studies have demonstrated recognition pathways involving TLR2
and Nod2 for recognition of Streptococcus pneumoniae (19)
similarly to our data concerning S. pyogenes. We and others have
shown that TLR2 and Nod2 have synergistic effects on cytokine
production (5, 6), and this is very likely to contribute to the
pathogenesis of SCW-induced arthritis. Whether Nod2 also
contributes to the pathogenesis of RA in patients remains to be
demonstrated, although the presence of peptidoglycans in the
synovial tissue suggests its possible involvement. We demon-
strated there is a direct interaction between SCW and Nod2,
because HEK293-Nod2 reporter cells respond to stimulation
with SCW fragments. Recently, we demonstrated that acute
SCW-induced arthritis was partly TLR2/Myd88-dependent, but
TLR-independent mechanisms are also likely to be involved
(18). Data in Nod2�/� mice demonstrate that the TLR-
independent mediation of arthritis by SCW largely depends on
Nod2, and it is most likely that synergistic effects between Nod2
and TLR2 drive inflammation in this model. Nod2�/� mice
displayed significantly less joint swelling, accompanied by re-

Fig. 2. SCW-induced arthritis in Nod1 or Nod2 gene-deficient mice. (A) Joint swelling at days 1 and 2 after induction of SCW arthritis in wild-type, Nod1, Nod2,
and TLR2 gene-deficient mice. The joint swelling (99mTechnetium uptake) is expressed as a right-left ratio, and a ratio �1.10 is indicated as inflammation. Joint
swelling is strongly reduced in both Nod2 and TLR2 gene-deficient mice. At least seven mice per group were used, and the repeated experiment showed similar
results. (B and C) Cytokine concentrations determined 4 h after induction of SCW arthritis in patellae washouts. The cytokines were measured in 50 �l of patellae
washout (n � 6 per group), using a multiplex bead array kit. *, P � 0.05, Mann–Whitney U test, compared with wild-type control.

Fig. 3. Joint pathology in Nod1 or Nod2 gene-
deficient mice. (A and B) Knee joint of wild-type
mouse, day 2 of SCW arthritis. The inflammatory cells
in the joint cavity. (C and D) Nod1�/� mouse showing
enhanced joint inflammation. (E and F) Nod2�/�
mouse, showing the reduced inflammation in the knee
joint. (A, C, and E) Hematoxylin/eosin staining, �100
magnification. (B, D, and F) Cartilage PG depletion
visualized by Safranin O staining (arrows indicate PG
depletion), �200 magnification. P, patella; F, femur; C,
cartilage; JS, joint space.
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duced cytokine production and cellular infiltrate (see Fig. 2).
The reduced cellular infiltrate is likely mediated by the lower
release of KC in Nod2�/� mice, whereas the diminished joint
swelling and cartilage destruction was mediated by the decreased
release of TNF and IL-1, respectively (20).

One of the most interesting observations of the present study is
the increased inflammatory reaction in Nod1�/� mice injected
with SCW fragments. When SCW fragments were injected intraar-
ticularly in the joints of Nod1�/� mice, they induced an increased
swelling of the joint, more cellular influx, and increased production
and release of proinflammatory cytokines and secondary media-
tors. These data are supported by the response of PBMC isolated
from individuals bearing a complex deletion/insertion mutation of
Nod1 (22) to SCW, showing that cells from individuals with Nod1
mutation released significantly greater amounts of proinflamma-
tory cytokines compared with wild-type controls stimulated with
SCW. That this is not a constitutive repression exerted by Nod1 may
be concluded from our observation that there is a normal response
to TLR2 and TLR4 stimuli in Nod1 gene-deficient mice and human
cells bearing the Nod1ins/del mutation. Thus, both murine and

human data argue that, in certain conditions, Nod1 can exert
regulatory effects on the interaction between peptidoglycans and
Nod2.

We have also investigated the mechanism responsible for the
regulatory effects of Nod1 on Nod2 signals. When HEK cells were
transfected with Nod1, no direct stimulation was induced by SCW.
This demonstrates that the effects of Nod1 on Nod2 are not
mediated by a direct recognition of SCW by Nod1. Rather, an
interaction between Nod1 and Nod2 is responsible for these effects,
because we have shown that Nod2 deficiency also results in reduced
Nod1 effects (21). It has been recently demonstrated that CLAN/
Ipaf interacts with both Nod1 and Nod2, and this interaction leads
to inhibition of Nod2 signals (23). It is therefore tempting to
speculate that the regulatory effects of Nod1 on Nod2 signals are
mediated through CLAN/Ipaf (see Fig. 5D).

The interaction between SCW and Nod1 is not a direct one,
because HEK-Nod1 reporter cells do not respond to SCW. The
results obtained in Nod1 gene-deficient mice suggest the possibility
that Nod1 and Nod2 pathways interact at intracellular levels,
leading to inhibitory effects of Nod1 on Nod2 signaling. This
hypothesis is supported by earlier studies showing the role of Nod2
for both stimulation with MDP and the classical Nod1 ligand MTP,
strongly suggesting an interaction between Nod1 and Nod2 (21).

It has been long hypothesized that microbial components play a
role in the initiation and amplification of the inflammation of RA.
Chlamydia species, Yersinia species, or mycobacteria have been all
suggested to be involved in triggering chronic inflammation in the
synovium of RA patients either through persistent infection or by
presence of remnants. The recognition of these microorganisms is
mediated, at least in part, by TLRs, and TLR-induced pathways are
responsible for induction of proinflammatory mediators by their
molecular structures (24, 25). In addition to TLRs, Chlamydia spp.
are recognized by Nod1 (26, 27), whereas Nod2 is a recognition
receptor for mycobacteria (28). Nod1 stimulates cytokine and
chemokine production and neutrophil recruitment (29), whereas
Nod2 amplifies TLR-induced cytokine production (5, 6). These
findings suggest a possible role of Nod1 and/or Nod2 in inflamma-
tory arthritis, and this hypothesis is reinforced by our immunohis-
tochemistry data, which demonstrate the presence of MDP-

Table 1. Joint pathology in Nod1- or Nod2-deficient mice

Influx of inflammatory cells

Joint cavity
Synovial

tissue
Proteoglycan

depletion

WT* 1.3 � 0.2 0.8 � 0.2 0.7 � 0.2
Nod1�/� 2.0 � 0.3† 1.4 � 0.03† 1.6 � 0.3†

Nod2�/� 0.5 � 0.03† 0.3 � 0.2‡ 0.3 � 0.2‡

Histology was performed at day 2 of SCW arthritis. Cell influx of both joint
cavity and synovial tissue was scored on a scale ranging from 0 to 3. Loss of
cartilage matrix proteoglycans was determined on Safranin O-stained sections
and scored a scale of 0–3.
*WT, C57Black/six mice.
†P � 0.05, Mann–Whitney U test compared with wild-type mice.
‡P � 0.001, Mann–Whitney U test compared with wild-type mice. At least
seven mice per group were included, and the study was repeated once with
similar results.

Fig. 4. TNF� and IL-1� production of PBMC bearing Nod1ins/del or Nod2fs mutation. PBMC were exposed either to a dose range of SCW fragments or to
ultrapure TLR2 or TLR4 agonists for 24 h. As positive controls, muramyl-tri-DAP (MTP) and MDP were used. (A and B) TNF� or IL-1� production in control and
Nod1ins/del bearing PBMC. (C and D) TNF� and IL-1� production in Nod2fs carrying PBMC. Data represent the mean � SD of four controls and four frameshift
mutations. *, P � 0.05, Mann–Whitney U test, compared with wild-type control.
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containing peptidoglycans in the inflamed synovium of RA
patients. Moreover, mRNA for both Nod1 and Nod2 are expressed
in the joints of patients with RA (Fig. 1). Of high interest, it was very
recently shown that Nod2/TLR2 activation programs dendritic cells
to promote IL-17-producing memory T cells, which are potentially
involved in several autoimmune diseases including RA (30).

From the present study, we conclude that members of the
NACHT-LRR receptor family are involved in SCW-induced ar-
thritis in a differential fashion: whereas Nod2 is involved in the
recognition of MDP and induction of proinflammatory effects in
the inflamed joint, Nod1 has mainly an inhibitory role, exemplified
by inhibition of cytokine production and decrease of cell influx. At
the integrative level, TLR2 and Nod2 are receptors recognizing
SCW fragments and mediating the inflammatory response,
whereas Nod1 leads to inhibition of these signals (Fig. 5D). Inter-
estingly, the reduction of IL-10 production upon stimulation in both
Nod1 and Nod2 mice suggests that the inhibitory effects of Nod1
are not mediated by endogenous IL-10.

Materials and Methods
Animals. Male C57BL/6 mice were obtained from Charles River Wiga. Nod1 and
Nod2 gene-deficient mice were bred at Institut Pasteur. A breeder pair of TLR2-
deficient mice were kindly provided by S. Akira (University of Osaka, Osaka,
Japan). Animal experiments were approved by the Radboud University Nijmegen
ethics committee.

SCW Preparation and Induction of Chronic SCW Arthritis. S. pyogenes T12
organisms were cultured overnight in Todd–Hewitt broth. Cell walls were pre-
pared as described in ref. 31. Unilateral arthritis was induced by intraarticular

injection of 25 �g of SCW (rhamnose content) in 6 �l of saline into the right knee
joint of naı̈ve mice. As control, the left knee joint was injected with 6 �l of saline.

Joint-Swelling Measurement. Joint inflammation was measured by using the
99mTc uptake method, as described (18). The radioisotope 99mTechnetium (20 �Ci
per mouse) distributed over the whole body in a few minutes. Because of
increased blood flow and edema formation, accumulation of 99mTc in the right
(inflamed) joint can be measured with external gamma counting. Joint swelling
is expressed as the ratio of the 99mTc uptake in the inflamed over the control joint.

Cytokine Determination. IL-1�, TNF�, IL-6, and KC were measured 4 h after
induction of SCW arthritis. Patellae were isolated from inflamed knee joints and
cultured 1 h at room temperature in RPMI medium 1640. The cytokines were
measured in 50 �l of patella washouts (18) by using Luminex xMAP technology
and Bio-Plex kits (Bio-Rad). Sensitivity was �5 pg/ml. Human TNF� (32), IL-1�, IL-6,
andIL-10weremeasuredbyeitherspecificorcommercialELISAkits (R&DSystems)
and Pelikine Compact (Sanquin). Sensitivity of both ELISAs was �20 pg/ml.

RNA Isolation and PCR Amplification. Immediately after cervical dislocation,
synovial tissue was isolated from the inflamed knee joints. The synovium
samples were immediately stored in N2 until total RNA isolation (33). For
details, see SI Text.

Immunohistochemical Staining of MDP-Containing Fragments. Synovial tissue
biopsies were taken from RA patients with active disease (34). A total of
5–10 tissue samples were immediately fixed in 4% formaldehyde embed-
ded in paraffin. MDP-containing fragments were stained as described (35).
Serial 7-�M microtome sections were mounted on superfrost slides and
incubated with monoclonal mouse anti-MDP (MoAb 2– 4, IgG2a) at a
concentration of 0.2 �g/ml for 60 min at room temperature followed by
biotinylated mouse antimurine IgG for 60 min. Slides were stained with

Fig. 5. Nod2 is the intracellular receptor for recognition of SCW fragments. (A and B) HEK-293 cells cotransfected with either Nod1 or Nod2 expressing
plasmid and an NF-�B-reporter construct. Cells were exposed to a dose range of SCW fragments and positive controls (FK156, MDP). (C) Peritoneal
macrophages were stimulated with 1 �g/ml SCW for 24 h; thereafter, TNF was determined by Luminex assay. (D) Schematic representation of the putative
Nod1-Nod2 protein complex controlling TLR2 driven pathway. SCW fragments trigger TLR2 pathway directly and after release of MDP from the SCW
peptidoglycans, the Nod2 cascade is activated. Enhanced cytokine production will occur by simultaneous activation of TLR2 and Nod2 pathways.
Nod1-Nod2 complexes interfere with the latter pathways by inactivation Nod2 receptor.
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avidin peroxidase, developed with diaminobenzidin (DAB), and counter-
stained with hematoxylin. As control, sections were stained with irrelevant
primary isotype-specific IgG2a (Dako, X0943).

Histological Analysis. Whole knee joints were removed and fixed in 4% formal-
dehyde for 5 days before decalcification in 5% formic acid and processing for
paraffin embedding. Tissue sections (7 �m) were stained either with haematoxy-
lin/eosin (cell influx) or saffranin O (cartilage PG loss). Histopathological changes
in the knee joints were scored in the patella/femur region on five semiserial
sections, spaced 70 �m apart. Scoring was performed by using the following
parameters: in the haematoxylin/eosin-stained slides, the amount of cells infil-
tratingthesynovial liningandthejointcavitywasscoredfrom0to3.PGdepletion
was scored in the safranin O-stained slides on a scale from 0 to 3, ranging from
stained cartilage to fully destained cartilage (33).

Stimulation of HEK293-Nod1-, HEK293-Nod2- Reporter Cells, and Peritoneal
Macrophages by SCW Fragments. HEK293 cells were cultured and cotrans-
fected with 75 �g of NF-�B–luciferase reporter and Nod1 or Nod2 expres-
sion plasmid. Transfected HEK293 cells were exposed for 24 h to a dose
range of SCW fragments, or a positive control and luciferase activity was
determined (see SI Text).

Genotyping of Nod1 Variants. DNA was isolated according the standard proce-
dure by using Nucleospin Blood Quick Pure kit (Bioke). PCR amplification of Nod1
genefragmentsbearingthe insertion-deletionpolymorphism(ND1�32656)was
performed in a 5-�l reaction volume containing 2.5–10 �g of DNA template (22).
The insertion-deletion (ND1 � 32656) polymorphism was analyzed by conven-

tional PCR, by using primers and conditions described in ref. 22. We selected one
homozygote and three heterozygote individuals for the insertion-deletion poly-
morphism that were further used for cytokine studies. As control, four wild-type
controls were included in the study.

Genotyping of Nod2 Variants. PCR amplification of Nod2 gene fragments con-
taining the polymorphic site 3020insC was performed as described (5).

Isolation of Mononuclear Cells and Stimulation of Cytokine Production. Isolation
of PBMCs was performed as described (5); see SI Text.

In Vitro Exposure of RA Synovial Tissue to Nod1 or Nod2 ligands. Synovial tissue
biopsies (3 mm in diameter) of RA patients were cultured for 24 h in
medium alone, MDP (1 �g/ml), or FK156 (1 �g/ml) or LPS (100 ng/ml).
Thereafter, production of TNF�, IL-1�, IL-6, and IL-10 was determined by
ELISA. Three biopsies per ligand and two RA patients were included in this
set of experiments.

Statistical Analysis. The data are expressed as mean � SD unless mentioned
otherwise. Differences between experimental groups were tested by using the
Mann–Whitney U test performed on GraphPad Prism 4.0 software (GraphPad). P
values of �0.05 were considered significant.
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