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Mutations in CARD15, which encodes nucleotide-binding oligomer-
ization domain 2 (NOD2), underlie the occurrence of intestinal
inflammatory disease in a substantial subgroup of patients with
Crohn disease1–4. NOD2 is a member of the NOD–leucine-rich
repeat (LRR) protein family (also called the CATERPILLER family),
whose members share a tripartite domain structure consisting of a
C-terminal peptide recognition (LRR) domain, a central NOD
domain and an N terminus made up of protein-protein interaction
domains, such as caspase recruitment domains (CARDs) or pyrin
domains5–7. NOD2 is expressed intracellularly in antigen-present-
ing cells (APCs)8 and through its C-terminal LRR it allows these
cells to recognize and react to a component of bacterial peptidogly-
can (PGN), muramyl dipeptide (MDP)9,10. This is shown by the fact
that when NOD2-transfected human embryonic kidney (HEK) 293
cells are exposed to MDP, NOD2 enters into CARD-CARD inter-
actions with the serine-threonine kinase RICK, resulting in activa-
tion of the transcription factor NF-κB11,12. Thus, the ability of
NOD2 to act as an intracellular receptor for MDP suggests that
NOD2 functions in activation of the innate immune response to
bacterial products. NOD1, a close relative of NOD2, probably has
a similar function through the ability of its LRR to recognize
another derivative of PGN, γ-D-glutamyl-meso-diaminopimelic
acid (iE-DAP)13,14.

PGN is recognized independently of its MDP or iE-DAP compo-
nents by cell surface Toll-like receptor 2 (TLR2), and cells that lack
TLR2 are refractory to PGN stimulation and fail to show PGN-
induced cytokine secretion15. PGN signaling via TLR2, as in the
case of MDP signaling via NOD2, results in NF-κB activation.
However, this occurs via a distinct pathway common to TLRs
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involving recruitment of interleukin 1 receptor (IL-1R)–associated
kinase to the receptor via the adaptor protein MyD88 (refs. 15,16).
Because PGN is recognized by TLR2 and its subcomponents by
NOD receptors with both forms of recognition inducing NF-κB
activation, TLR2 and NOD signaling could be linked so that the
extracellular and intracellular responses to pathogen components
are coordinated.

The mechanism by which CARD15 mutations cause susceptibility
to Crohn disease is poorly understood. In vitro studies using HEK 293
cells transfected with NOD2 molecules bearing Crohn disease–asso-
ciated CARD15 mutations demonstrate defective NF-κB activation
after stimulation of cells with bacterial ligands1,9,17,18. Thus, deficient
NF-κB activation in response to bacterial products followed by covert
infection with certain bacteria is considered to be one mechanism by
which CARD15 mutations could lead to disease. However, this idea is
inconsistent with the fact that NF-κB activation is essential in the
generation of cytokines such as IL-12 and other T helper type 1 (TH1)
cytokines known to underlie the inflammation of Crohn disease19–25.
Consequently, we sought an explanation for the association of
CARD15 mutations and Crohn disease that better accounts for the
observation that Crohn disease is marked by increased, not decreased,
NF-κB activation.

We used NOD2-deficient (Card15–/–) mice to show that NOD2 sig-
naling normally inhibits the TLR2-driven TH1 response by regulating
NF-κB signaling. In addition, we show that in the absence of NOD2
signaling, such as that occurring in the presence of a Card15 muta-
tion, NOD2-mediated inhibition is abrogated, resulting in increased
TLR2-mediated NF-κB activation and more IL-12 production. Thus,
the CARD15 mutation leads to increased TH1 cytokine production.
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RESULTS
PGN-stimulated TH1 cytokine production in Card15–/– mice
APCs can digest the TLR2 ligand bacterial PGN and generate the
PGN component MDP, a specific agonist for NOD2 (refs. 9,10). This
suggests that PGN can stimulate cells through both cell surface TLR2
and cytoplasmic NOD2. Given this possibility, we addressed the ques-
tion of whether NOD2 signaling affects the production of cytokines
induced by PGN.

In initial studies, we stimulated total splenocytes purified from
Card15–/– mice26 with various TLR ligands (lipopolysaccharide (LPS), a
TLR4 ligand; PGN and Pam3Cys, TLR2 ligands; double-stranded RNA
(dsRNA), a TLR3 ligand; loxoribine, a TLR7 ligand; and CpG, a TLR9
ligand) or the NOD2 agonist MDP and determined cytokine concentra-
tions induced by such stimulation. Production of the p40 chain of IL-12
(IL-12p40) and (even more so) the p40-p35 heterodimer of IL-12 (IL-
12p70) was greatly enhanced in cultures of PGN-stimulated splenocytes
from Card15–/– mice compared with splenocytes from wild-type mice
(Fig. 1, top). We found no increase when NOD2-deficient cells were
stimulated by other TLR ligands, which is consistent with previous data
obtained using Card15–/– bone marrow–derived macrophages26 (Fig. 1,
top). In contrast, stimulation with MDP significantly decreased produc-
tion of IL-12p40 (P = 0.0230) and tumor necrosis factor (TNF; P =
0.0366). In addition, increased PGN-induced IL-12 secretion by NOD2-
deficient splenocytes was associated with significant increases in pro-
duction of both interferon-γ(IFN-γ; P = 0.0010) and IL-18 (P = 0.0296),
but no increase in IL-10 production (Fig. 1, middle and bottom). For 

10 µg/ml of PGN, the endotoxin concentration was less than 0.5 pg/ml,
as determined by a Limulus amebocyte lysate assay27. Thus, the results
obtained were unlikely to be a result of LPS contamination. In addition,
in the presence of MDP, the pure (synthetic) TLR2 agonists Pam3Cys
and Pam3CSK4 produced similar results: increased TH1 cytokine secre-
tion in Card15–/– mice (Fig. 2). These studies show that, in contrast to
MDP stimulation of NOD2-deficient cells, PGN stimulation enhanced
production of the TH1 cytokines, IL-12, IFN-γand IL-18.

Splenic subpopulations producing TH1 cytokines
We next determined the types of cells producing increased TH1
cytokines in Card15–/– mice. Initially, we assessed PGN-induced pro-
duction of IL-12, IFN-γ and IL-18 by Card15–/– splenocyte subpopu-
lations depleted of B cells, T cells or macrophages expressing CD11b.
Depletion of T cells or B cells did not reduce the increased PGN-
induced production of IL-12 or IL-18, whereas macrophage depletion
did reduce production of IL-12p40, IL-12p70 and IL-18 (Fig. 3a). In
contrast, PGN-induced production of IFN-γ was decreased by deple-
tion of T cells or macrophages (Fig. 3a).

To confirm these results, we assessed cytokine production by LPS-,
PGN- and MDP-stimulated splenic CD11b+ cells. Only PGN-
induced IL-12p40 and IL-12p70 production by CD11b+ cells was
enhanced in cells from Card15–/– mice compared with cells from
wild-type mice (Fig. 3b). Enhancement of IL-12p70 production was
greater than that of IL-12p40 production, suggesting that PGN stimu-
lation has a preferential effect on IL-12p35 production in Card15–/–

CD11b+ cells. Consistent with these findings,
PGN-stimulated IL-12p35 mRNA expression,
as measured by RT-PCR, was notably
increased in Card15–/– splenic CD11b+ cells
(Fig. 3c). We were unable to detect by RT-PCR
analysis IL-23p19 expression in CD11b+ cells
stimulated with PGN or LPS (data not
shown), showing that NOD2 signaling is not
involved in IL-23 production. In addition,
there was no difference in TLR2 expression in
splenic CD11b+ cells stimulated with PGN
(Fig. 3d), Pam3Cys or Pam3CSK4 (data not
shown) for wild-type versus Card15–/– mice.

We next analyzed IL-12Rβ1 and IL-12Rβ2
chain expression in CD4+ T cells, because
expression of these receptors on CD4+ T cells
(especially the β2 receptor) is essential for
IFN-γ production. PGN stimulation of total
splenocytes from Card15–/– mice enhanced
IL-12Rβ1 and IL-12Rβ2 expression in CD4+ T
cells compared with expression in wild-type
cells (Fig. 3e). In contrast, stimulation with
LPS or dsRNA did not lead to preferential
enhancement of IL-12Rβ1 and IL-12Rβ2
expression in Card15–/– cells. Stimulation of
splenic CD4+ T cells by IL-12 (5 ng/ml) and
IL-18 (1 ng/ml) did not induce differences in
IFN-γ production by CD4+ T cells from wild-
type and Card15–/– mice (wild-type, 63.6 ±
11.7 ng/ml; Card15–/–, 79.5 ± 12 ng/ml). These
data suggest that in the absence of NOD2 sig-
naling, stimulation with PGN enhanced IL-12
production by CD11b+ cells, which led to
increased IFN-γ production by CD4+ T cells
through IL-12Rβ2 chain signaling.

Figure 1 Splenocytes from Card15–/– mice show enhanced IL-12 and IFN-γ production after stimulation
with PGN. Total splenocytes obtained from wild-type and Card15–/– mice were stimulated with LPS (TLR4
ligand; 1 µg/ml), PGN (TLR2 ligand; 10 µg/ml), MDP (NOD2 ligand; 10 µg/ml), Pam3Cys (TLR2 ligand;
500 ng/ml), dsRNA (TLR3 ligand; 25 µg/ml), loxoribine (TLR7 ligand; 100 µM) or CpG (TLR9 ligand; 
1 µM). Culture supernatants were collected at 48 h and analyzed for cytokine production by ELISA; results
are presented as means ± s.d. *, P < 0.05 and **, P < 0.01, compared with wild-type mice. N.D., not
detected. Control concentrations of cytokines in cells without stimulation: IL-12p40, wild-type mice, 
118 ± 3 pg/ml, and Card15–/– mice, 147 ± 10 pg/ml; IFN-γ, wild-type mice, 136 ± 11 pg/ml, and
Card15–/– mice, 100 ± 14 pg/ml; TNF, wild-type mice, 32 ± 9 pg/ml, and Card15–/– mice, 49 ± 10 pg/ml;
IL-12p70, IL-18 and IL-10, below level of detection.
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Inhibition of TLR2-mediated IL-12 production by NOD2
Increased PGN-induced TH1 cytokine secretion by NOD2-deficient
splenocytes could be due to negative regulation of the PGN response
by MDP-NOD2 signaling. To explore this, we compared the cytokine
responses of wild-type and Card15–/– whole-spleen cell populations
stimulated by chemically pure (synthetic) TLR2 ligands (ligands with-
out an MDP subcomponent) alone and in the presence of the NOD2
agonist MDP. We found no differences in IL-12p40, IL-12p70 and
IFN-γ production by wild-type and Card15–/– cells stimulated with
synthetic TLR2 ligands alone (Fig. 2). In contrast, wild-type cells but
not in Card15–/– cells showed decreased production of these cytokines

when spleen cells were stimulated with both TLR2 ligands and MDP,
particularly at a high MDP concentration (Fig. 2). This suggests that
MDP signals via NOD2 to reduce TLR2 signaling

In additional studies, we stimulated purified splenic CD11b+

APCs from wild-type and Card15–/– mice with a panel of TLR lig-
ands alone or in the presence of increasing concentrations of MDP.
Production of IL-12p40 and, to an even greater extent, IL-12p70
by wild-type CD11b+ cells stimulated by the TLR2 ligands PGN
and Pam3Cys was significantly decreased in a dose-dependent way
by the addition of MDP (PGN, P = 0.0010; Pam3Cys, P = 0.0307;
Fig. 4). Stimulation of these cells by other non-TLR2 ligands was

Figure 3 TH1 cytokine production and TLR2 and IL-
12R expression by purified spleen subpopulations
from wild-type and Card15–/– mice. (a) Splenocyte
samples were obtained from Card15–/– mice and
were left nondepleted or were depleted of B cells, 
T cells or CD11b cells, then were stimulated with
LPS (1 µg/ml), PGN (10 µg/ml) or MDP (10 µg/ml);
cytokine production was analyzed as described in
Figure 1. *, P < 0.05 and **, P < 0.01, compared
with nondepleted splenocyte samples. Results 
are presented as means ± s.d. N.D., not detected.
(b) IL-12p40 and IL-12p70 production by
positively selected splenic CD11b+ cells stimulated
for 48 h with LPS (1 µg/ml), PGN (10 µg/ml) or
MDP (10 µg/ml). *, P < 0.05 and ** P < 0.01,
compared with cells from wild-type mice. Results
are presented as means ± s.d. N.D., not detected.
Control concentrations of cytokines in cells without
stimulation: IL-12p40, wild-type mice, 132 ± 14
pg/ml, and Card15–/– mice, 128 ± 10 pg/ml; IL-
12p70, below the level of detection. (c) RT-PCR
analysis of IL-12p35 (Il12a) and IL-12p40 (Il12b)
expression in splenic CD11b+ cells stimulated 
for 5 h with LPS (1 µg/ml) or PGN (10 µg/ml). 
(d) TLR2 expression on CD11b+ cells. Purified
splenic CD11b+ cells were stimulated with PGN for
16 h, stained with fluorochrome-labeled antibodies and then analyzed by flow cytometry. Green, orange and red lines show medium alone, 1 µg/ml of PGN 
and 10 µg/ml of PGN, respectively. (e) IL-12Rβ1 and IL-12Rβ2 chain expression on splenic CD4+ T cells; total splenocytes were stimulated for 24 h with LPS 
(1 µg/ml), PGN (10 µg/ml) or dsRNA (25 µg/ml), stained with fluorochrome-labeled antibodies and then analyzed by flow cytometry. Analysis gate was set on CD4+

propidium iodide–negative cells. Green and red lines show wild-type and Card15–/– mice, respectively. Arrows (d,e) indicate increasing fluorescence intensity.

a c

d

e

b

Figure 2 Splenocytes from wild-type mice but 
not Card15–/– mice show decreased TH1 cytokine
production after costimulation with TLR2 and
NOD2 agonists. Total splenocytes purified from
wild-type and Card15–/– mice were stimulated 
with pure synthetic TLR2 ligands (Pam3Cys or
Pam3CSK4; 500 ng/ml) and MDP (0, 10 and 
100 µg/ml). Cells were also stimulated with PGN
(1 and 10 µg/ml). Culture supernatants were
collected at 48 h and analyzed by ELISA for
cytokine production; results are presented as
means ± s.d. *, P < 0.05 and **, P < 0.01,
compared with wild-type mice. N.D., not detected.
Control concentrations of cytokines in cells without
stimulation: IL-12p40, wild-type mice, 147 ± 8
pg/ml, and Card15–/– mice, 156 ± 13 pg/ml; IFN-γ,
IL-12p70 and IL-18, below the level of detection.
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unaffected by the addition of MDP (Fig. 4). In contrast, the addi-
tion of MDP did not change IL-12 production by Card15–/–

CD11b+ cells stimulated by any of the TLR ligands, including the
TLR2 ligands. These results provide evidence that MDP stimula-
tion via NOD2 has an inhibitory effect on TLR2-induced induction
of IL-12 production as well as on ‘downstream’ TH1 cytokines.
Moreover, this inhibitory effect was not found in Card15–/– spleno-
cytes, thus explaining the increased TH1 cytokine production by
these splenocytes after stimulation by PGN or synthetic TLR2 lig-
ands plus MDP.

PGN-induced systemic IL-12 response in Card15–/– mice
The data reported so far predict that an enhanced PGN-induced TH1
cytokine response by NOD2-deficient spleen cells should be mir-
rored by a corresponding abnormality in NOD2-deficient mice. To
test this possibility, we determined the IL-12 response of wild-type
and Card15–/– mice after intravenous injection of PGN or a control
TLR stimulant, LPS. Intravenous injection of 30 or 300 µg of LPS did
not induce differences in serum IL-12p40 or IL-12p70 concentra-
tions between these mice (Fig. 5). In contrast, intravenous injection
of PGN (at the higher concentration tested, 300 µg/mouse) induced
a significant increase in the serum concentration of IL-12 (both p40
and p70) at 2 or 4 h after challenge (IL-12p40, P = 0.0157; IL-12p70,
P = 0.0038; Fig. 5). Thus, PGN stimulation increased IL-12 produc-
tion both in vitro and in vivo.

Activation of NF-κB in Card15–/– APCs
As activation of NF-κB is an intersection point of both TLR- and
NOD2-mediated signaling, we determined the extent and pattern of
NF-κB subunit translocation to the nucleus in wild-type and
Card15–/– cells. Accordingly, we isolated nuclear proteins from APC-
rich splenic adherent cell samples after stimulation with LPS, PGN
and MDP and quantified NF-κB subunit activity using a semiquanti-
tative method based on the binding of the extract to an NF-κB con-
sensus sequence followed by detection of bound component with
subunit-specific antibodies. Binding of all tested NF-κB subunits to
consensus sequences was enhanced with nuclear extracts from PGN-
stimulated Card15–/– cells compared with extracts from wild-type
cells (Fig. 6a). Such enhancement was especially evident with respect
to the NF-κB subunit c-Rel., whose binding was increased by a factor
of 3.5 relative to the increase noted with NF-κB subunit p65. In con-
trast, there were no differences in the binding of any NF-κB subunit
with extracts from LPS-stimulated wild-type and Card15–/– cells,
consistent with previous examination of this pathway in bone mar-
row–derived macrophages26.

In complementary studies, we confirmed this finding with elec-
trophoretic mobility shift assay (EMSA). LPS or PGN stimulation of
splenic adherent cells induced multiple NF-κB complexes (C1–C6),
and MDP stimulation induced two weak NF-κB complexes (C7 and
C8; Fig. 6b). In supershift assays, the addition of antibody to p65 (anti-
p65) blocked the formation of C1, C2, C4, C5 and C7 complexes,

a

b

Figure 5 Card15–/– mice show enhanced IL-12 production after systemic administration of PGN. Wild-type and Card15–/– mice were given 30 or 300 µg of LPS or
PGN intravenously, after which serum samples were collected (time points, horizontal axes). Serum concentrations of IL-12p40 and IL-12p70 were determined
by ELISA. *, P < 0.05 and **, P < 0.01, compared with cytokine concentrations in wild-type mice differences. Results are presented as means ± s.d.

Figure 4 Wild-type spleen macrophages 
show dose-dependent suppression of 
TLR2-induced IL-12 production mediated 
by MDP costimulation and a lack of effect of
costimulation on IL-12 production induced 
by stimulants of other TLRs. Splenic CD11b+

cells from wild-type and Card15–/– mice were
stimulated for 48 h with LPS (1 µg/ml), PGN
(10 µg/ml), Pam3Cys (500 ng/ml), dsRNA 
(25 µg/ml), loxoribine (100 µM) or CpG (1 µM)
in the presence of varying concentrations of
MDP (key); culture supernatants were then
analyzed by ELISA for the production of 
IL-12p40 (a) and IL-12p70 (b).*, P < 0.05 and
**, P < 0.01, compared with the concentration
of cytokines in the absence of MDP differences.
Results are presented as means ± s.d. Control
concentrations of cytokines in cells without
stimulation; IL-12p40, wild-type mice, 107 ± 9
pg/ml, and Card15–/– mice, 118 ± 17 pg/ml; 
IL-12p70, below the level of detection.
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whereas the addition of anti-c-Rel blocked the formation of C1 and C4
complexes, and anti-p50 blocked the formation of C1, C3, C4, C6, C7
and C8 complexes. This indicated that C1 and C4 complexes consisted
of c-Rel–p50 and p65-p50 heterodimers; C2 and C5 complexes con-
sisted of p65 heterodimers; and C3, C6 and C8 complexes consisted of
a p50-p50 homodimer. Although wild-type and Card15–/– cells stimu-
lated with LPS showed no substantial difference in the nuclear translo-
cation of any of the NF-κB subunits, stimulation of these cells with
PGN resulted in considerably enhanced translocation of all NF-κB
subunits in Card15–/– cells compared with wild-type cells (Fig. 6b).
Consistent with our previous data, c-Rel translocation was notably
increased in the Card15–/– cells, as shown by the strong band intensity
of c-Rel-specific supershift complex obtained with extracts from these
cells. The increased NF-κB translocation induced by PGN is in con-
trast to the NF-κB translocation induced by MDP, which was almost
absent in Card15–/– cells. These data indicate that the absence of
NOD2 signaling is accompanied by both
quantitative and qualitative changes in NF-κB
subunit translocation, particularly by c-Rel,
in PGN-stimulated cells.

Activation and translocation of c-Rel is
required for IL-12 production28,29. We there-
fore determined whether selective c-Rel inhi-
bition in PGN-stimulated NOD2-deficient
APCs leads to normalization of IL-12 pro-
duction. We transfected splenic CD11b+ cells
from wild-type and Card15–/– mice with 
c-Rel-specific small interfering RNA (siRNA)
and stimulated the transfected cells with LPS
or PGN. Transfection of siRNA substantially
decreased c-Rel expression in whole-cell
extracts from Card15–/– CD11b+ cells (Fig. 7a).
Inactivation of c-Rel was associated with
decreased PGN-induced IL-12p40 and IL-
12p70 production to concentrations found 
in mock-transfected wild-type cells (Fig. 7a).
Moreover, transfection of c-Rel siRNA
blocked IL-12p35 mRNA expression by PGN-
stimulated Card15–/– CD11b+ cells (data not
shown). In contrast, IL-12p70 production
was not significantly decreased by transfec-
tion of siRNA targeting p65, despite efficient

suppression of this protein (P = 0.244; Fig. 7b). Possible effects of
interferon responses induced by siRNA in this study are unlikely,
because dsRNA stimulation did not alter cytokine production and
NF-κB activity in Card15–/– mice26 (Figs. 1 and 4). These studies of
NF-κB translocation suggest that enhanced IL-12 production in
PGN-stimulated APCs from Card15–/– mice is linked to preferential
activation and translocation of c-Rel by these cells.

IL-12 production by repleted Card15–/– macrophages
Next, we determined if the aberrant TH1 signaling in Card15–/– APCs
is also found with CARD15 mutations in Crohn disease. To examine
this question, we generated a mouse construct, L980fs, that corre-
sponded to the human LRR frameshift CARD15 mutation
L1007fsinsC (with frameshift (fs) and insertion (ins) at the indicated
site). We then transfected Card15–/– CD11b+ cells with a hemaggluti-
nating virus of Japan (HVJ) envelope vector containing wild-type

Figure 7 Neutralization of c-Rel by siRNA inhibits TLR2-mediated IL-12 production by splenic 
CD11b+ cells from Card15–/– mice. Splenic CD11b+ cells were incubated with transfection reagent only
(Mock) or were transfected with siRNA specific for c-Rel (a) or p65 (b), followed by stimulation with
LPS (1 µg/ml) or PGN (10 µg/ml). Culture supernatants collected at 48 h were analyzed by ELISA 
for IL-12p40 and IL-12p70 secretion.*, P < 0.05 and **, P < 0.01, compared with the cytokines
produced by mock-transfected cells. Whole-cell extracts were prepared 6 h after PGN stimulation and
immunoblots used anti-c-Rel, anti-p65 and anti-actin. Graphed results are presented as means ± s.d.

a b

a b

Figure 6 Stimulation of splenic adherent cells with PGN enhances translocation of c-Rel into the
nucleus. (a) Splenic adherent cells obtained from wild-type and Card15–/– mice were stimulated for 
2 h with LPS (1 µg/ml), PGN (10 µg/ml) or MDP (10 µg/ml), after which nuclear extracts were purified
and expression of NF-κB subunits in nuclear extracts was determined. **, P < 0.01, compared with
cells from wild-type mice. Results are presented as absorbance at 450 nm (A450), means ± s.d. 
(b) EMSA of nuclear extracts from wild-type and Card15–/– splenic adherent cells stimulated with
LPS, PGN or MDP. For supershift analyses, anti-p65, anti-c-Rel and anti-p50 were used. Gray, black
and open arrowheads show supershifted complexes specific to p65, c-Rel and p-50, respectively. 
Ab, antibody. + or –, presence or absence of reagent.
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Card15 or the mutated L980fs Card15. We confirmed expression of
exogenous wild-type and truncated NOD2 proteins by immunoblot
analysis using cell extracts of Card15–/– CD11b+ cells (Fig. 8a). The
band size of the truncated NOD2 protein was slightly smaller than
that of wild-type protein. Card15–/– CD11b+ cells transfected with
wild-type Card15 showed greatly reduced PGN-induced IL-12p40
and IL-12p70 production and increased MDP-induced IL-12p40
production (Fig. 8b,c). In contrast, Card15–/– CD11b+ cells trans-
fected with L980fs Card15 still showed increased PGN-induced IL-12
production, and this could not be reversed by MDP, consistent with
previous results (Fig. 4.). The IL-12p70 concentration was below the
level of detection in culture of CD11b+ cells stimulated with MDP.
Finally, transfection of wild-type or L980fs Card15 into Card15–/–

CD11b+ cells did not change LPS-induced IL-12 production. These
findings suggest that a frameshift Card15 mutation, like NOD2 defi-
ciency, leads to enhanced TH1 cytokine production.

In further studies we sought to determine whether overexpression of
human wild-type CARD15 or mutated (L1007fsinsC) CARD15 would
have different effects on TLR2-mediated NF-κB activation in a com-
pletely ‘reconstituted’ cell system. For this, we transfected the HT-29
intestinal cell line, which does not normally express either NOD2 
(ref. 30) or TLR2 (ref. 31), with combinations of the following: a con-
struct expressing the promoter for the gene encoding NF-κB linked to a
luciferase reporter gene; a construct expressing TLR2; a construct
expressing CARD15 or L1007fs CARD15; and a construct expressing the
gene encoding β-galactosidase (for purposes of correcting for transfec-
tion efficiency). MDP induced a luciferase signal in cells expressing the
NF-κB–luciferase reporter with wild-type CARD15 but not in cells
expressing the reporter gene with the mutated CARD15 (Fig. 8d). Using
cells expressing the NF-κB–luciferase reporter and TLR2 along with
either wild-type CARD15 or mutated CARD15, we showed that

although PGN induced a luciferase signal in the presence of wild-type
CARD15, it induced a significantly higher luciferase signal in the pres-
ence of mutated CARD15 (P = 0.0147). Thus, this completely reconsti-
tuted cell system supports the idea that PGN induces increased NF-κB
activation in the presence of mutated CARD15.

DISCUSSION
It has been suggested that a deficient innate immune response due to
a defective NF-κB pathway was responsible for the occurrence of
intestinal inflammation in patients with Crohn disease with
CARD15 mutations1,9,17,18. However, this does not adequately
explain the overexpression of NF-κB and increased TH1 cytokines in
the inflamed tissues of patients with Crohn disease19–25. However,
the presumption of an proinflammatory function of NOD2 came
from experiments using NOD2-transfected HEK 293 cells that do
not express TLR2 (refs. 32,33). Thus, those previous results were
unlikely to reflect the physiological function of NOD2. Here we
showed, using Card15–/– APCs, that NOD2 signaling inhibits a
potentially inflammatory TH1 response mediated by TLR2. The key
finding was that wild-type cells stimulated either by the TLR2 ago-
nist PGN alone (which upon cellular uptake can lead to the genera-
tion of the intracellular NOD2 agonist MDP) or by the synthetic
TLR2 agonists Pam3Cys and Pam3CSK4 plus MDP had lower IL-12
responses than did Card15–/– cells stimulated in the same way. In
addition, MDP suppressed TLR2-induced IL-12 production in wild-
type cells but not in Card15–/– cells in a dose-dependent way. Finally,
this defect in Card15–/– cells was manifest in NOD2-deficient mice,
which showed an abnormally high IL-12 response after systemic
PGN injection. Thus, we propose that NOD2 affects Crohn disease
by mediating an anti-inflammatory pathway through its ability to
downmodulate the PGN-induced TLR2 signal.

Figure 8 CD11b+ cells from Card15–/– mice expressing transfected Card15 with a frameshift mutation show enhanced PGN-induced IL-12 production.
Splenic CD11b+ cells obtained from Card15–/– mice were transfected with plasmid expressing wild-type Card15 or L980fs Card15 as a form of HVJ
envelope and were cultured with LPS (1 µg/ml), MDP (10 µg/ml) or PGN (10 µg/ml). (a) Whole-cell extracts purified from Card15–/– CD11b+ cells were
analyzed for expression of exogenous NOD2 protein 24 h after transfection. Cell lysates from HEK 293 T cells transfected with Card15 were used as
positive controls. (b,c) Culture supernatants collected at 48 h were analyzed by ELISA for secretion of IL-12p40 (b) and IL-12p70 (c). **, P < 0.01,
compared with cytokine concentrations produced by wild-type CD11b+ cells transfected with empty vector (Empty). Results are presented as means ±
s.d. Control concentrations of cytokines in cells without stimulation: IL-12p40, wild-type mice, 76 ± 23 pg/ml, and Card15–/– mice, 105 ± 16 pg/ml; IL-
12p70, below the level of detection. (d) HT-29 cells were transfected with vectors expressing human CARD15 (10 ng) or L1007fs CARD15 (10 ng) with
or without TLR2 (50 ng) in the presence of the luciferase reporter pNF-κB-Luc (50 ng) and pSV-β-galactosidase (10 ng). After transfection, cells were
stimulated with MDP (10 µg/ml) or PGN (10 µg/ml). Results of NF-κB luciferase activity normalized to galactosidase activity are presented as means ±
s.d. *, P < 0.05, between two groups.
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Studies analyzing the mechanism of NOD2-mediated regulation
of TLR2 responses showed that Card15–/– CD11b+ cells had
enhanced NF-κB activation, particularly with respect to c-Rel. In
addition, inhibition of increased c-Rel expression using c-Rel siRNA
in NOD2-deficient CD11b+ cells led to normalization of IL-12 pro-
duction. This finding is consistent with reports that Rel–/– mice
demonstrate resistance to autoimmune encephalomyelitis and colla-
gen-induced arthritis because of the lack of IL-12 production29,34

and that upregulation of c-Rel expression is associated with
increased production of IL-12 by macrophages from an autoim-
mune-prone mouse strain28. Moreover, transcription of mRNA for
both IL-12p40 (ref. 35) and IL-12p35 (ref. 36) in APCs is critically
dependent on c-Rel activity. Those previous findings relating to c-
Rel, in conjunction with our own findings, suggest that one way
NOD2 signaling regulates TLR2-induced IL-12 production is by
reducing c-Rel activation and translocation. In addition, they
strongly suggest that the relation of NOD2 to c-Rel expression and
IL-12 responses is the molecular basis for the development of intesti-
nal inflammation induced by NOD2 dysfunction.

It is not yet clear whether the mechanism of NOD2-mediated reg-
ulation of c-Rel is dependent on or independent of the ability of
NOD2 to activate RICK (also known as CARDIAK), the CARD-
containing serine-threonine kinase thought to link NOD2 to NF-κB
activation. Our inability to find evidence of a direct physical inter-
action between TLR2 and NOD2 in immunoprecipitation studies
using transfected HT-29 cells (data not shown) as well as previous
studies showing that RICK tranduces both NOD2 and TLR2 signals
to NF-κB11 suggest that RICK is indeed involved. However, if the
latter were true, RICK would have to transduce a MDP-induced
NOD2 signal that is positive for NF-κB activation and to induce a
PGN-MDP–induced NOD2 signal that is negative for NF-κB activa-
tion. One possibility to explain this paradox is that RICK differen-
tially recruits an additional cofactor that affects NF-κB signaling
depending on whether it is activated by NOD2 or TLR2 and NOD2.

Card15–/– mice do not develop spontaneous intestinal inflamma-
tion when reared in standard animal maintenance conditions.
Nevertheless, there is good reason to believe that a defect in NOD2
negative regulation is the main reason for the association of
CARD15 mutations with Crohn disease. First, IL-12 overproduc-
tion and the subsequent effect of this on TH1 responses associated
with NOD2 dysfunction is a chief immunological feature of Crohn
disease–associated inflammation. Patients demonstrate increased
IL-12 secretion not only by lamina propria macrophages but also
by lamina propria T cells, manifested by increased expression of the
transcription factor T-bet and IFN-γ secretion23. The idea that an
increase in the TH1 response is a basic cause of Crohn disease is
now supported by a study of patients treated with anti-IL-12 who
showed amelioration of disease along with a reduction in IL-12 and
IFN-γ secretion in the mucosa19. Second, studies of murine models
of mucosal inflammation have provided abundant evidence that
antigens or other substances in the mucosal bacterial flora are
indispensable in the induction and maintenance of mucosal
inflammation20. Thus, it is logical to assume that components of
the innate immune system, including TLR signaling, contribute to
the development of intestinal inflammation. Consistent with this,
spontaneous enterocolitis associated with the overproduction of
IL-12 that develops in mice deficient in the transcriptional activa-
tor STAT3 does not occur in the presence of TLR4 deficiency37,
which suggests a requirement for TLR4 or another type of TLR-
mediated signaling in the development of TH1 type colitis. In addi-
tion, CpG administration leads to mucosal TLR9 signaling and

increased severity of dextran sodium sulfate–induced colitis38.
Thus, unregulated TLR2 signaling occurring in response to the
ubiquitous PGNs expressed by mucosal microflora may be a dri-
ving force in Crohn disease. Third, we have shown here that IL-12
production by Card15–/– cells was normalized with a wild-type
Card15 construct but not with a Card15 construct with a mutation
causing a frameshift in the LRR.

We assume that intact NOD2 signaling prevents the development
of Crohn disease by controlling PGN-mediated TH1 responses via
TLR2. However, support of this view will require direct studies of cells
from patients with Crohn disease to determine if inflammation is
associated with the putative abnormality in negative regulation of
PGN signaling by NOD2. In addition, further studies using Card15–/–

mice are required to determine the conditions necessary for their
expression of disease. In a preliminary study of cells from two patients
with Crohn disease with a CARD15 mutation, we noted increased and
decreased IL-12 production by PGN- and MDP-stimulated mono-
cytes, respectively, compared with those from healthy controls and
patients with Crohn disease with an intact CARD15 (T.W., A.K., G.
Bouma and W.S., unpublished data). However, this result should be
interpreted cautiously, as some peripheral monocytes from patients
may be preactivated because of the underlying inflammation and
would therefore be capable of producing increased amounts of TH1
cytokines after stimulation.

As shown here, MDP by itself demonstrated only a weak ability
to induce the secretion of inflammatory cytokines compared with
agonists that act directly on TLRs. However, MDP enhances IL-8
(refs. 39,40) and TNF41 secretion by macrophages stimulated with
PGN, lipoteichoic acid, LPS or CpG. In addition, TNF secretion
was similarly enhanced in wild-type splenocytes stimulated with
Pam3Cys or Pam3CSK4 in combination with MDP, whereas there
was no difference in Card15–/– cells (T.W., A.K. and W.S., unpub-
lished data). This last finding suggests that the enhancing effect of
MDP is in fact acting via NOD2 and thus that NOD2 signaling can
also be positive for cytokine secretion in some conditions. In any
case, these data relate to the observation that Card15–/– mice do not
have an abnormality in TNF secretion, whereas patients with
Crohn disease have high concentrations of TNF and are effectively
treated by anti-TNF in many cases42. This inconsistency is all the
more notable given that the abnormality in mouse NOD2-deficient
cells is characterized by an increase in NF-κB activation, an intra-
cellular event usually associated with increased secretion of TNF.
Increased TNF secretion in patients with CARD15 mutations could
be a secondary effect that does not ‘flow’ directly from the CARD15
mutation. Instead, it may result from an innate and/or adaptive
immune response to mucosal microflora components that occurs
after inflammation is established. These responses do not necessar-
ily involve PGNs and NOD2 signaling but could involve signaling
through other TLRs. Finally, the lack of TNF overproduction in
Card15–/– mice is probably not due to the abnormal NF-κB activa-
tion in the absence of NOD2 function, because the qualitative
change in the NF-κB signal characteristic of NOD2 deficiency does
not affect TNF production.

The function of NOD2 as a negative regulator of the TLR2-medi-
ated cytokine response can also be applied to the treatment of patients
with Crohn disease with an intact CARD15. PGNs derived from most
Gram-positive bacteria activate the NOD2 pathway only, whereas
PGNs derived from Gram-negative bacteria stimulate both NOD1
and NOD2 (ref. 43). Furthermore, excessive responses to intestinal
bacterial flora have been proposed as one of the essential factors
responsible for inflammatory bowel disease19,20. These findings,
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together with the results reported here, suggest that activation of
NOD2 signaling by Gram-positive but not Gram-negative bacteria
might decrease the inflammation of Crohn disease through downreg-
ulation of the TH1 response. Thus, our study introduces the possibil-
ity that patients with Crohn disease with an intact CARD15 can be
treated by the introduction of Gram-positive bacteria into their
intestinal flora.

METHODS
Mice. Male wild-type and Card15–/– mice 6–10 weeks old26 were used. Animal
use adhered to National Institutes of Health Animal Care Guidelines.

Cell isolation and stimulation. Total splenocytes were isolated as described44.
CD11b+ macrophages and CD4+ T cells were purified from total splenocytes by
positive selection with anti-mouse CD11b and anti-CD4 microbeads (Miltenyi
Biotech). In cell depletion studies, samples were depleted of B cells, T cells or
macrophages by negative selection with anti-mouse B220, anti-CD4-CD8 and
anti-CD11b microbeads, respectively. The purity of the cell subpopulation was
determined to be more than 90% by flow cytometry. Cells (1 × 106/ml)
were stimulated for 48 h with LPS (1 µg/ml of ultrapure LPS lacking 
TLR2-stimulating activity; InvivoGen), PGN from Staphylococcus aureus
(10 µg/ml; Fluka), Pam3Cys (500 ng/ml; InvivoGen), Pam3CSK4 (500 ng/ml;
InvivoGen), dsRNA (25 µg/ml; InvivoGen), loxoribine (100 µM; InvivoGen),
CpG (1 µM; InvivoGen) or MDP (10 µg/ml; Sigma) in RPMI 1640 medium
containing 10% FCS. Unless specified otherwise, the concentrations described
above were used throughout the study. Culture supernatants were assayed 
for IFN-γ, IL-12p40, IL-18, IL-10 and TNF by enzyme-linked immunosor
bent assay (ELISA) kits (Pharmingen) and for IL-12p70 with the Quantikine
mouse IL-12p70 kit (R&D systems).

RT-PCR analysis of IL-12p40, p35 and IL-23p19 mRNA. Splenic CD11b+ cells
were stimulated with LPS or PGN for 5 h and then total RNA was isolated with
the RNeasy kit (Qiagen). A total of 100 ng of template RNA was used in the RT-
PCR reaction with the OneStep RT-PCR kit (Qiagen). Primer sequences were as
follows: IL-12p40, 5′-CCTCAGAAGCTAACCATCTCCTG-3′ and 5′-ACATGTC
ACTGCCCGAGAGTCAG-3′; IL-12p35, 5′-CAATCACGCTACCTCCTCTTT
TTG-3′ and 5′-CTCCCTCTTGTTGTGGAGAAGTC-3′; IL-23p19, 5′-ACCCAC
AAGGACTCAAGGACAAC-3′ and 5′-TGCCCTTCACGCAAAACAAAAC-3′;
and glyceraldehyde phosphodehydrogenase (GAPDH), 5′-GGTGAAGGTCGG
TGTGAACGGA-3′ and 5′-TGTTAGTGGGGTCTCGCTCCTG-3′. Annealing
temperature and cycle number were as follows: IL-12p40 and p35, 60 °C and 
30 cycles; IL-23p19, 65 °C and 40 cycles; and GAPDH, 60 °C and 25 cycles.

Flow cytometry. Total splenocytes were stimulated for 24 h with LPS, PGN
or dsRNA. Cell surface expression of IL-12Rβ1 and IL-12Rβ2 on CD4+

T cells was analyzed as described45. For staining of the IL-12Rβ2 chain, cells
were first treated with hamster monoclonal antibody (mAb) to IL-12Rβ2
chain45. Then, cells were incubated with biotinylated anti-hamster
immunoglobulin G (IgG; H+L; Jackson ImmunoResearch Laboratories)
followed by phycoerythrin-conjugated streptavidin and fluorescein isothio-
cyanate–conjugated mAb to anti-CD4 (Pharmingen). For staining of the
IL-12Rβ1 chain, cells were incubated with biotinylated mAb to IL-12Rβ1
(Pharmingen) followed by phycoerythrin-conjugated streptavidin and fluo-
rescein isothiocyanate–conjugated mAb to CD4. For expression of cell sur-
face TLR2, purified CD11b+ cells were stimulated with PGN (1 or 10 µg/ml),
Pam3Cys (500 ng/ml) or Pam3CSK4 (500 ng/ml). Cells were incubated
with biotinylated mAb to mouse TLR2 (eBioscience) followed by strepta-
vidin-phycoerythrin. Nonspecific binding of antibodies was blocked by
2.4G2 (Pharmingen), and dead cells were excluded by propidium iodide
staining. Analysis was done on a Becton Dickinson FACScan with
CELLQuest II software.

Systemic challenge of wild-type and Card15–/– mice with PGN or LPS. Wild-
type and Card15–/– mice were given 30 or 300 µg of LPS (InvivoGen) or PGN
(Fluka) intravenously and then serum samples were collected 2, 4, and 6 h
after challenge time points. Serum concentrations of IL-12p40 and IL-12p70
were determined by ELISA.

NF-κB activation assay. Splenic adherent cells were stimulated for 2 h with
LPS, PGN or MDP. Preparation of nuclear extracts was done with the
Transfector Extraction kit (Clontech) and binding activity of nuclear extract
to NF-κB subunit, p50, p65 and c-Rel was measured with a Mercury
Transfactor kit46 (Clontech). Nuclear extract (15 or 30 µg) was applied to each
well coated with NF-κB consensus oligonucleotides and then wells were incu-
bated with rabbit anti-p50, anti-p65 or anti-c-Rel followed by horseradish
peroxidase–labeled anti-rabbit IgG. EMSAs were done as described47. For
binding reactions, 5 µg nuclear extracts and 2 ng end-labeled NF-κB-binding
consensus oligonucleotides (Santa Cruz Biotechnology) were incubated for 
20 min at 25 °C in 15 µl binding buffer (20 mM HEPES, pH 7.9, 30 mM KCl, 
4 mM MgCl2, 0.1 mM EDTA, 0.8 mM NaPi, 20% glycerol, 4 mM spermidine
and 3 mg poly(dI:dC)). For supershift analyses, anti-p50, anti-p65 and anti-c-
Rel (Santa Cruz Biotechnology) were used.

Assays with siRNA specific to c-Rel or p65. The siRNA assays specific to c-Rel
used the following target sequence of mouse c-Rel mRNA: 5′-AACAACCG
GACAUACCCGUCU-3′ (ref. 28; Dharmacon). The siRNA targeting mouse
p65 mRNA was purchased from Santa Cruz Biotechnology. After 2 h of cul-
ture, splenic CD11b+ cells were transfected with c-Rel siRNA with the
TransIT-TKO transfection reagent28 (Mirus), followed by stimulation with
LPS or PGN for 48 h. Whole-cell lysates and total RNA were prepared 6 h after
stimulation with PGN and were analyzed by immunoblot and RT-PCR.

Immunoblot analyses. Cells were lysed for 30 min on ice in lysis buffer (1%
NP-40, 150 mM NaCl, 20 mM Tris, pH 7.5, and 2 mM EDTA) supplemented
with protease inhibitor ‘cocktails’ (Roche Molecular Biochemicals) and cen-
trifuged at 12,000g for 30 min at 4 °C, and supernatants were collected. The
lysates were mixed with SDS sample buffer, incubated at 70 °C for 10 min,
resolved by NUPAGE Novex Bis-Tris Gels (25 µg/well, Invitrogen) and trans-
ferred to nitrocellulose membranes (Amersham Pharmacia Biotech). The
blotted membranes were blocked with 5% skim milk and 0.1% Tween 20 in
Tris-buffered saline, washed and then incubated with anti-c-Rel, anti-p65,
anti-actin (Santa Cruz Biotechnology), or NOD2 polyclonal rabbit antiserum
(Cayman) followed by incubation with horseradish peroxidase–conjugated
anti-goat IgG or anti-rabbit IgG (Zymed). Then, the membranes were devel-
oped with the SuperSignal West Pico Chemiluminescent Substrate (Pierce
Chemical) and exposed to X-ray film.

Preparation of HVJ envelope vector. HVJ envelope vector was prepared as
described48. The virus suspension (25,600 hemagglutinating units; AnGes
MG) was inactivated by ultraviolet irradiation and was centrifuged at 10,000g
for 15 min at 4 °C. Pellets of HVJ envelope vector were mixed with 37.5 µl of
protamine sulfate (1 mg/ml) followed by incubation for 10 min on ice. Then,
plasmid DNA (100 µg/100 µl) and 13.8 µl of 0.3% Triton-X were added, fol-
lowed by incubation for 15 min on ice. After centrifugation at 15,000g for 
15 min, HVJ envelope–plasmid DNA was suspended in 500 µl of PBS contain-
ing 72 µg of protamine sulfate.

Transfection of plasmids expressing mouse Card15. The pcDNA4HisMax
plasmid vector expressing mouse NOD2 cDNA was provided by J.T. Rosenbaum
(Casey Eye Institute, Oregon Health and Science University, Portland,
Oregon)49. The mutant plasmid for L980fs was generated with the
QuickChange XL Site-Directed Mutagenesis kit (Stratagene). The authenticity
of the construct was confirmed by DNA sequencing. Splenic CD11b+ cells from
Card15–/– mice were transfected with pcDNA4HisMax plasmid (empty) or plas-
mid expressing wild-type or L980fs Card15 as a form of HVJ envelope (6 µg
DNA per six-well plate; 2 µg per 24-well plate) followed by stimulation with
PGN or MDP for 48 h. CD11b+ cells from wild-type mice were transfected with
empty plasmid–HVJ envelope. At 24 h after transfection, cell lysates were pre-
pared and analyzed for expression of exogenous NOD2 protein by immunoblot
with NOD2 antiserum. HEK 293T cells (ATCC) were transfected with empty,
wild-type or L980fs Card15 vector using the Trans-ITLT1 reagent (Mirus), and
lysates from these cells were used as controls for exogenous expression of NOD2.

Luciferase assay. The pUNO plasmid expressing human CARD15 or TLR2
cDNA was obtained from InvivoGen. The mutant plasmid for L1007fsinsC
was generated with the QuickChange XL Site-Directed Mutagenesis kit, and
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the authenticity of the construct was confirmed by DNA sequencing. HT-29
cells (1.5 × 105 cells/ml; ATCC) were transiently transfected with the luciferase
reporter plasmid pNF-κB-Luc containing four κB-binding sites (Clontech)
and the pSV-β-galactosidase vector (Promega), together with a plasmid
expressing CARD15, L1007fs CARD15 and/or TLR2, using the Trans-ITLT1
reagent. After overnight incubation in serum-free medium, cells were stimu-
lated with MDP or PGN for 5 h and then cell lysates were analyzed for
luciferase activity (Promega) and galactosidase activity (Applied Biosystems)
for normalization.

Statistical analyses. Student’s t-test was used to evaluate the significance of the
differences. Statistical analysis was done with the StatView v.4.5 program
(Abacus Concepts). A value of P < 0.05 was considered statistically significant.
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