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Abstract
Objective—Blau syndrome is an autoinflammatory disease resulting from mutations in NOD2
(nucleotide-binding oligomerization domain 2), wherein granulomatous arthritis, uveitis and
dermatitis develop. The mechanisms by which aberrant NOD2 causes joint inflammation are
poorly understood. Indeed very few studies have addressed NOD2 function in the joint. Here, we
investigate NOD2 function in an experimental model of arthritis and explore the potential
interplay between TLR2 and NOD2 in joint inflammation.

Methods—Mice deficient for TLR2, MyD88, or NOD2 and their wildtype controls were
administered an intra-articular injection of muramyl dipeptide (MDP), peptidoglycan (PGN) (a
metabolite of which is MDP), or Pam3CSK4, a synthetic TLR2 agonist. Joint inflammation was
assessed using near-infrared fluorescence imaging and histology.

Results—Locally administered PGN results in joint inflammation, which was markedly reduced
in mice deficient for either TLR2 or the TLR signaling mediator, MyD88. In addition to TLR2
signaling events, NOD2 mediated joint inflammation since mice deficient for NOD2 showed
significantly reduced PGN-induced arthritis. TLR2 or MyD88 deficiency did not influence
arthritis induced by the specific NOD2 agonist, MDP. In addition, NOD2 deficiency did not alter
TLR2-dependent joint inflammation elicited by the synthetic TLR2 agonist, Pam3CSK4.

Conclusion—Whereas NOD2 and TLR2 are both critical for the development of PGN-arthritis,
they appear to elicit inflammation independently of each other. Our studies support an
inflammatory role for NOD2 in arthritis.

The NOD-like receptor family (NLR) plays a critical role in innate immunity. The members
of the NLR family share many functional and structural characteristics and are thought to
cooperate with Toll-like receptors (TLRs) in host defense. While much of the focus has been
on the role of TLRs and their involvement in autoinflammatory diseases such as arthritis, the
NLR family is emerging as an important participant in inflammation—perhaps even more so
than TLRs in light of the association of the many NLR family members and inflammatory
diseases (1,2). One NLR family member in particular, NOD2 (also known as NLRC2 or
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CARD15), plays an important role in the health and function of diathrodial joints as
evidenced by the fact that a single amino acid change in NOD2 causes Blau syndrome (3),
which is characterized by inflammatory arthritis, uveitis and dermatitis (4,5). In addition,
most patients previously diagnosed with early onset sarcoidosis have been shown to have a
mutation in the nucleotide oligomerization domain (NOD) of NOD2 (6). As such,
understanding the function of NOD2 in the joints could clarify the pathogenesis of Blau
syndrome and quite possibly other more common forms of arthritis.

NOD2 plays an important role in bacterial infections. It is understood that NOD2 functions
as an intracellular sensor of muramyl dipeptide (MDP) (7-9), which is a breakdown product
of peptidoglycan (PGN)—an ubiquitous component of bacterial cell walls. Once activated
NOD2 plays a role in the induction of signal transduction pathways involving the kinase,
RIP2, the transcription factor, NF-κB, and CARD9 and MAP kinases (10-13). Cross-talk
between NOD2 and several different TLRs, including TLR2, has been observed, further
linking TLR and NLR functioning and perhaps regulation. In some settings NOD2 amplifies
the function of TLRs since suboptimal concentrations of specific TLR ligands and MDP
delivered simultaneously can produce synergistic cytokine responses (14-17). Conversely, in
models of colitis, activation of NOD2 by MDP has ability to suppress inflammation
triggered by TLR activation (18). Interestingly, different polymorphisms in NOD2 increase
the risk for developing Crohn's disease, a chronic inflammatory disorder of the intestinal
tract (6). Mouse models of colitis support a negative regulatory role of NOD2 in intestinal
inflammation and mice deficient in NOD2 have lost this negative regulatory function,
making them prone to murine colitis when TLR2 is activated in the gut (18-20). Despite our
understanding of the cellular function of NOD2, whether NOD2 exerts a similar regulatory
capacity in the joint is far from understood.

We have previously demonstrated that NOD2 deficiency did not alter a T-cell dependent
model of chronic and sterile arthritis induced by immunization with the cartilage component
proteoglycan (21). However, our finding that MDP activation of NOD2 exacerbated
proteoglycan-induced disease prompted us to explore the role of NOD2 in an acute model of
inflammatory arthritis triggered by innate immunity. Evidence demonstrating expression of
NOD2 within joint tissue (22,23) along with the presence of bacterial cell wall components
such as PGN and MDP within the joints of patients with rheumatoid arthritis (RA) (23,24)
would support the notion that bacterial components could directly activate NOD2 within the
joints themselves to trigger local inflammation. In order to gain insight into this question, we
have studied arthritis induced following intra-articular injection of two TLR2 ligands,
peptidoglycan (PGN) and synthetic lipopeptide, N, palmityol(S)-[2,3-bis(palmitoyloxy)-
(2Rs)-propyl]Cys-Ser-Lys4 (Pam3CSK4), along with muramyl dipeptide (MDP), a
breakdown product of PGN that is sensed by NOD2. Using mice deficient in TLR2 and
NOD2, we have explored the functioning of these proteins in acute inflammatory arthritis.

MATERIALS AND METHODS
Reagents

Synthetic MDP (Bachem; Torrance, CA) and Pam3CSK4 (Invivogen; San Diego, CA) or
PGN from S. Aureus (Invivogen) were dissolved in pyrogen free, sterile saline for
injections. All three reagents tested below the lower limit of detection of endotoxin activity.

Mice
Age-matched (10-12 week-old) female TLR2 deficient and NOD2 deficient mice and their
wild-type C57Bl/6 controls were purchased from Jackson Laboratories (Bar Harbor, ME).
MyD88 deficient mice on a BALB/c background were generously provided by Drs. Daniel
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Goldstein and Shizuo Akira (Yale University School of Medicine and Osaka University,
respectively); BALB/c controls were purchased from Jackson Laboratories. Mice were
housed in a facility approved by the Association of Assessment and Accreditation of
Laboratory Animal Care International. Procedures were carried out in accordance with
National Institutes of Health and guidelines designated by Oregon Health & Science
University Institutional Animal Care and Use policies.

Arthritis
Mice were administered an intraarticular (i.a.) injection (5-10 μl volume) via a Hamilton
syringe with a 30-gauge, half-inch needle. The contralateral knee was administered an i.a.
injection of an equal volume of saline.

Neutrophil-depletion
Mice were administered an intravenous (i.v.) injection of 200 μg anti-Ly6G/Gr-1 rat mAb
(clone RB6-8C5 from eBioscience) 18 hours prior to the i.a. injection of PGN. This antibody
has been demonstrated to deplete neutrophils for 3 days (25). Our own data indicate that this
antibody treatment regimen results in >90% reduction in circulating neutrophils over a 3 day
period, as determined by flow cytometry. Control mice received an i.v. injection of 200 μg
isotype control antibody rat IgG2bκ (eBioscience).

Near-Infrared (NIR) fluorescence imaging
The early events of inflammation within the joints involving protease activity were
quantified according to a previously established method using Near-Infrared (NIR)-
fluorescence imaging (21). Briefly, 24 hours prior to the time of imaging, animals were
administered an i.v. injection of the protease substrate, Prosense (2 nmol/150 μl volume;
ViseEn Medical, Woburn, MA). Prosense is a NIR fluorescent protease substrate that is
incorporated into bone tissue and allows us to specifically visualize ongoing in vivo protease
activity of cathepsins B, C, D, G, K, L and S, plasmin, and plasma kallikrein. NIR-
fluorescence scanning of dissected knees was performed at the time of sacrifice using the
Licor-Odessey infrared imaging system with a MousePod attachment. Images were then
analyzed using commercially available software (Licore-Odessey, Lincoln, NE) for regions
of interest within each knee and the mean differences in fluorescent intensity were
quantified. Data are represented as mean fold induction relative the saline controls, which
were scanned and analyzed at the same time.

Histology
Mouse joints were prepared for histological assessment as previously described (21).
Briefly, joints were dissected, fixed in 10% neutral-buffered formalin, de-calcified and
embedded in paraffin for sectioning. Seven-micrometer tissue sections were stained with
hematoxylin and eosin and assessed by an observer masked to treatments. Slides were
photographed at 200X using a microscope (DM500B; Leica, Wetzlar, Germany) and a
digital camera (CD500; Leica).

Statistical Analysis
Data are represented as mean ± SEM. Mean differences between treatment and genotype
controls were analyzed using a two-way and one-way analysis of variance with Bonferroni
test or t-test post hoc analyses. Differences were considered statistically significant when p <
0.05.
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RESULTS
TLR2 signaling is required for PGN-induced arthritis

In order to examine the potential effect of NOD2 on arthritis triggered by the TLR2 pathway
we chose to use known agonists of TLR2 as opposed to the previously established
streptococcal cell wall (SCW) induced arthritis model, wherein a mixture of bacterial cell
wall components and lipoproteins are used to induce disease locally (26). Our preliminary
studies optimized the dose and timing of PGN-induced arthritis in mice. As shown in Figure
1A and B, locally administered PGN elicts joint inflammation in wild-type (WT) mice as
assessed by Near-Infrared (NIR) fluorescence. NIR fluorescence imaging is a very sensitive
and reproducible means of quantifying early inflammatory events that involve protease
activity (as previously described (21)). This imaging technique has recently been applied to
imaging various processes including inflammation in a different mouse model of
inflammatory joint disease (27). Histological examination of WT mice supported the
inflammatory effects of PGN on the joint as assessed by NIR imaging (Figure 1D, left
panels). By day 3 the synovium has lost its normal fat content and has been infiltrated with
mononuclear cells. The synovial membrane at the cartilage-synovial interface has become
thickened and is starting to cover the cartilage surface.

We assessed the role of TLR2 in PGN-induced arthritis using TLR2 KO mice. Mice
deficient in TLR2 expression showed an almost complete abolishment in inflammation as
assessed by NIR-intensity (Figure 1A-B); albeit the response remaining was still statistically
different from saline-injected control knees. Histological assessment of TLR2 KO mice
demonstrates the correlation between the reduction in NIR-fluorescence and degree of
cellular infiltration within the joint, further supporting the role for TLR2 in PGN-induced
arthritis (Figure 1D, right panels). We then further confirmed the contribution of TLR2
signaling events in PGN-induced arthritis using MyD88 KO mice. Deficiency in the TLR
signaling mediator MyD88 significantly diminished joint inflammation (although not
completely abolished) in response to PGN (Figure 1C). Taken together these data support a
critical role for TLR2 signaling events in the development of joint inflammation induced by
PGN.

NOD2 is required for PGN-induced arthritis
We went on to test whether the absence of NOD2 alters arthritis triggered by PGN. In
comparison to WT mice administered PGN, NIR-fluorescence intensity was almost
completely abolished in NOD2 KO mice (Figure 2A-B). The protective effect of NOD2
deficiency is also evident at the histopathological level (Figure 2C), wherein minimal
cellular infiltration is observed in the NOD2 KO mice compared to the WT controls
challenged with PGN. We have determined that maximal inflammation occurs at 3 days
following PGN injection, as assessed here. However, we have also noted that NOD2
deficiency results in diminished arthritis at 24 hours following PGN treatment as well (data
not shown), indicating its role in the initiation of joint inflammation. Taken together, these
data support a role for NOD2 in mediating PGN-joint inflammation. This finding would be
consistent with our data (Figure 1) indicating that deficiency in TLR2 or MyD88 does not
completely abolish PGN-induced arthritis.

MDP-triggered NOD2 pathway operates independently of TLR2 to promote joint
inflammation

Our data presented above suggests that participation of both the TLR2/MyD88 pathway and
NOD2 pathway is necessary for maximum joint inflammation caused by locally
administered PGN. Prior work in experimental models of colitis indicates that TLR2 and
NOD2 signaling are linked such that a function of NOD2 is to negatively regulate TLR2
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signaling. However, since MDP is derived from PGN itself another possibility is that PGN
and PGN-derived MDP function as agonists for TLR2 and NOD2, respectively. In this
scenario, NOD2 would be directly activated rather than functioning in an indirect fashion to
regulate TLR2-inflammation. We therefore further explored the potential interplay between
NOD2 and TLR2-dependent inflammatory responses in the joint. To test whether NOD2
regulates TLR2 responses we used a synthetic TLR2 agonist (Pam3CSK4), which does not
contain MDP as part of its structure, in order to induce arthritis. As the induction of arthritis
by Pam3CSK4 has not been previously demonstrated, our preliminary work established an
effective dose of Pam3CSK4 and time frame of arthritis (data not shown). We show here
that locally administered Pam3CSK4 induces arthritis within 3 days as assessed by NIR-
imaging (Figure 3A-B). Histologically, Pam3CSK4-induced arthritis was characterized by
edema and cellular infiltration within the synovial membrane, subsynovial tissue, synovial
space and articular cartilaginous tissues (Figure 3C). As would be expected, TLR2
deficiency completely abolishes joint inflammation (Figure 3A-C), indicating the specificity
of Pam3CSK4 for TLR2 in vivo in the joint. We then tested whether the absence of NOD2
alters Pam3CSK4-induced joint inflammation. NOD2 KO mice develop arthritis to the same
extent as WT controls (Figure 3D, solid bars, P value insignificant), suggesting that NOD2
is not directly involved in regulating TLR2 signaling events in the murine joint.

To further explore the putative regulation between TLR2 and NOD2-elicited inflammation
in the joint, we examined the converse question and tested the functional role of TLR2 and
its signaling mediator MyD88 in responsiveness to the NOD2 agonist MDP. As previously
demonstrated (21), mice that were administered MDP developed arthritis within 24 hours
following treatment based on NIR imaging (Figure 4). We demonstrate that deficiency in
TLR2 expression did not alter MDP-induced arthritis, as assessed by NIR-imaging (Figure
4A) and further confirmed by histology (data not shown). Consistent with this finding, the
absence of MyD88 did not significantly alter MDP-induced arthritis (Figure 4B). As would
be expected however, MDP did elicit joint inflammation in a NOD2-dependent manner
(Figure 4C), since arthritis was abolished in NOD2 deficient mice.

Neutrophils are not essential cellular mediators of locally triggered PGN-arthritis
We sought to clarify the contribution of neutrophils in our model of PGN-induced arthritis,
wherein both TLR2 and NOD2 are involved. As such, we tested the functional contribution
of neutrophils in locally administered PGN-induced arthritis. As previously reported (25)
intravenous administration of anti-Ly6G neutrophil antibody resulted in depletion of
circulating neutrophils. We found that by flow cytometry administration of anti-Ly6G
neutrophil antibody depleted circulating levels of neutrophils >90% within 18 h of its
administration and that depletion was sustained out to 3 days, at which point the experiment
was terminated. We find that neutrophil depletion did not alter PGN-induced arthritis as
assessed by NIR imaging (Figure 5). Consistent with the NIR-imaging results,
histopathological assessment revealed no difference in infiltrating mononuclear cells and
cellular proliferation within the articular cartilage (data not shown).

DISCUSSION
Despite the link between NOD2 and arthritis very few studies have examined NOD2
function within the joint. In murine experimental models of colitis, NOD2 functions to
negatively regulate TLR2 signaling events in the setting of a significant bacterial load.
Given that the joint is a sterile environment, we investigated TLR2-NOD2 interactions
within the joint to determine if NOD2 negatively regulates inflammation in this organ as
well.
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We found that mice deficient in NOD2 developed significantly less PGN-induced arthritis
than their WT controls, indicating that NOD2 promotes inflammation in the joint rather than
suppressing inflammation. We show that PGN-induced arthritis does indeed involve TLR2
signaling events as mice deficient in either TLR2 or its signaling mediator, MyD88,
demonstrated impaired PGN-induced arthritis. Taken together, these findings indicate that
both NOD2 and TLR2 when activated within the joint promote inflammation. The
possibility of NOD2 exerting a regulatory role on TLR2-induced inflammation was further
explored in our experiments using the synthetic TLR2 agonist, Pam3CSK4, or the NOD2
agonist, MDP, to dissect the possible cooperation between NOD2 and TLR2 pathways.
These data support a role for both NOD2 and TLR2 in promoting joint inflammation, albeit
completely independently. It seems reasonable to postulate that joint inflammation triggered
by PGN involves cellular recognition of PGN at the cell surface by TLR2 and then
subsequent activation of NOD2 within the cell by PGN-derived MDP. In support of this
theory, we have observed that co-treatment with PGN and MDP did not have an additive
effect with regard to joint inflammation 3 days later (data not shown), suggesting both
receptor systems had reached saturation and addition of more MDP could not be sensed.

The exact nature of how NOD2 influences the function of TLRs has yet to be completely
resolved. The synergistic cooperation between NOD2 and TLRs that has been observed
could be protective to the host in the elimination of pathogens. However, overproduction of
cytokines can be harmful leading to tissue injury as in the case of colitis or inflammatory
arthritis. While global suppression of TLR responses by NOD2 has been demonstrated
(18,19), our studies in an arthritis model would demonstrate the opposite that in fact, NOD2
does not participate in TLR2 suppression in the joint. This is not necessarily in opposition to
other reports of NOD2 demonstrating its ability to regulate TLR-triggered inflammatory
responses. Rather it indicates that the tissue type, the context of inflammation, or doses and
timing, may influence the inflammatory effects of NOD2.

Our finding that NOD2 promotes PGN-induced arthritis would be consistent with a recent
report by Saha et al wherein mice that were administered PGN systemically developed joint
inflammation (25). However, several distinctions are also noted. Consistent with SCW-
induced arthritis (23,26) our data support an essential role for TLR2 and MyD88 in arthritis
induced by locally administered PGN whereas Saha et al report a TLR2-independent
mechanism (25). The importance of either TLR2 or NOD2 in PGN-induced arthritis is
inferred from studies with KO mice. However, KO mice may have compensatory
mechanisms that complicate our interpretation of experimental data. For example, TLR4
deficient mice have a defect in neutrophil development (28). In our own data, analysis of
TLR2 KO mice would support the interpretation that TLR2 is the dominant receptor for
PGN-induced arthritis. However, the use of NOD2 KO mice would argue that TLR2 plays a
minimal role and NOD2 is the key determinant of PGN-induced arthritis, presumably after it
has been degraded to MDP. While our study does not allow identification of whether or not
TLR2 or NOD2 is the dominant receptor, it is clear that NOD2 is contributing to arthritis in
a positive, enhancing manner.

In contrast to systemically administered PGN-induced arthritis, wherein neutrophils played
an essential role in joint inflammation (25), our data indicate that neutrophils are not the
major cellular mediator of arthritis induced by intra-articular PGN as neutrophil depletion
had no marked effect on arthritis. The non-essential role of neutrophils would be consistent
with a report of SCW-induced arthritis, which likely involves macrophages and other tissue
resident cells (23,26). Indeed by immunohistochemistry we detect minimal neutrophils
present within the joint after i.a. injection of PGN and mice deficient in CD11b, an adhesion
molecule considered necessary for neutrophil extravasation and infiltration into inflamed
tissues, are still capable of developing PGN-induced arthritis (data not shown). NOD2 is
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thought to be predominantly expressed in myeloid cells. However, NOD2 is expressed in
several other cell types within tissues including vascular endothelial cells, epithelial cells,
osteoclasts and macrophages and fibroblasts in the synovium (22,23,29-31). Together with
our finding, this would underscore the importance of NOD2 on cellular functions within the
joint itself in the initiation and perpetuation of the inflammation and joint destruction within
the joint. In contrast, i.v. administered PGN may upregulate NOD2 in or around joints
spaces thereby acting on different cell types. This process has been shown to involve
PGLYRP-2 expression and the induction of cytokine and chemokine expression, neutrophil
recruitment and subsequent arthritis (25). Neutrophils may be involved in this model at other
points in the pathway, such as upstream at the point of degrading PGN into MDP.

In conclusion, our studies here used different mouse models of arthritis to explore the
interplay between NOD2 and TLR2 in inflammation within the joint. We provide evidence
that in addition to TLR2, NOD2 functions within the joint promote arthritis. Each receptor
system functions independently and NOD2 did not exert a negative regulatory effect on
TLR2 signaling.
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Figure 1. TLR2 signaling events are involved in PGN-induced arthritis
Mice were administered an intra-articular injection of 75 μg PGN in one knee and saline was
administered to the contralateral knee. Inflammation within the knee joint was assessed 3
days later. A) Representative NIR-fluorescent images of knee joints of wild-type (WT)
controls or TLR2 knockout (KO) mice, B) Quantification of mean NIR-intensity in TLR2
KOs versus WT controls, C) Quantification of mean NIR-intensity in MyD88 KO versus
WT controls; D) Histological assessment of knee joints of TLR2 KOs versus WT controls
(f: femur, m: meniscus). Data are the mean ± SEM; * p<0.05, comparison between
treatments within a genotype; ψ p<0.05 comparison between KO and WT mice treated with
PGN (n = 6 mice/treatment/genotype).
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Figure 2. NOD2 is an important contributor in PGN-induced arthritis
Mice were administered an intra-articular injection of 75 μg PGN in one knee and saline was
administered to the contralateral knee. Inflammation within the knee joint was assessed 3
days later. A) Representative NIR-fluorescent images of knee joints of wild-type (WT)
controls or NOD2 knockout (KO) mice, B) Quantification of mean NIR-intensity in NOD2
KOs versus WT controls, C) Histological assessment of PGN-treated WT or NOD2 KO
mice (f: femur, m: meniscus). Data are the mean ± SEM; * p<0.05, comparison between
treatments within a genotype; ψ p<0.05 comparison between KO and WT mice treated with
PGN (n = 9 mice/treatment/genotype).
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Figure 3. TLR2 activation induces arthritis independently of NOD2
Mice were administered an intra-articular injection of 75 μg Pam3CSK4 in one knee and
saline was administered to the contralateral knee. Inflammation within the knee joint was
assessed 3 days later. A) Representative NIR-fluorescent images of knee joints of wild-type
(WT) controls or TLR2 KO knockout (KO) mice, B) Quantification of mean NIR-intensity
in WT controls versus TLR2 KO mice, C) Histological assessment of Pam3CSK4-treated
WT or TLR2 KO mice (f: femur, m: meniscus); D) Quantification of mean NIR-
fluorescence intensity in WT controls versus NOD2 KO mice. Data are the mean ± SEM; *
p<0.05, comparison between treatments within a genotype; ψ p<0.05 comparison between
KO and WT mice treated with PGN (n = 6 mice/treatment/genotype). There was no
statistical effect of genotype on Pam3CSK4-induced joint inflammation.
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Figure 4. NOD2 activation induces arthritis independently of TLR2
Mice were administered an intra-articular injection of 100 μg MDP in one knee and saline
was administered to the contralateral knee. Inflammation within the knee joint was assessed
3 days later. Quantification of mean NIR-intensity in WT controls versus TLR2 KO mice
(panel A), MyD88 KO mice (panel B), or NOD2 KO mice (panel C). Data are the mean ±
SEM; * p<0.05, comparison between treatments within a genotype; ψ p<0.05 comparison
between KO and WT mice treated with PGN (n = 6 mice/treatment/genotype).
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Figure 5. Neutrophils are not essential cellular mediators of arthritis induced by locally
administered PGN
For neutrophil depletion, mice were pretreated with anti-Ly6G neutralizing antibody or
isotype control (IC) 18 hours prior to the administration PGN. Mice received an intra-
articular injection of 75 μg PGN in one knee and saline was administered to the contralateral
knee. Inflammation within the knee joint was assessed 3 days later by NIR fluorescent
scanning and histology. A) Representative NIR-fluorescent images of knee joints of isotype
control treated (IC) or neutrophil-depleted mice (Anti-Ly6G); B) Quantification of mean
NIR-intensity in IC versus anti-Ly6G-treated mice. Data are the mean ± SEM; * p<0.05,
comparison between treatments within a genotype; ψ p<0.05 comparison between KO and
WT mice treated with PGN (n = 6 mice/treatment/genotype).
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