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Summary

Pattern recognition receptors (PRRs) are an integral part of the innate
immune system and govern the early control of foreign microorganisms.
Single nucleotide polymorphisms (SNPs) in the intracellular pattern recogni-
tion receptor nucleotide-binding oligomerization domain-containing protein
(NOD2, nucleotide oligomerization domain 2) are associated with Crohn’s
disease (CD). We investigated the impact of NOD2 polymorphisms on
cytokine secretion and proliferation of peripheral blood mononuclear cells
(PBMCs) in response to Toll-like receptor (TLR) and NOD2 ligands. Based on
NOD2 SNP analyses, 41 CD patients and 12 healthy controls were studied.
PBMCs were stimulated with NOD2 and TLR ligands. After 18 h culture
supernatants were measured using multiplex assays for the presence
of human cytokines granulocyte–macrophage colony-stimulating factor
(GM-CSF), interleukin (IL)-1b and tumour necrosis factor (TNF)-a. In CD
patients, TLR-induced GM-CSF secretion was impaired by both NOD2-
dependent and -independent mechanisms. Moreover, TNF-a production was
induced by a TLR-2 ligand, but a down-regulatory function by the NOD2
ligand, muramyl dipeptide, was impaired significantly in CD patients. Intra-
cellular TLR ligands had minimal effect on GM-CSF, TNF-a and IL-1b
secretion. CD patients with NOD2 mutations were able to secrete TNF-a, but
not GM-CSF, upon stimulation with NOD2 and TLR-7 ligands. CD patients
have impaired GM-CSF secretion via NOD2-dependent and -independent
pathways and display an impaired NOD2-dependent down-regulation of
TNF-a secretion. The defect in GM-CSF secretion suggests a hitherto
unknown role of NOD2 in the pathogenesis of CD and is consistent with the
hypothesis that impaired GM-CSF secretion in part constitutes a NOD2-
dependent disease risk factor.
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Introduction

A susceptibility locus for Crohn’s disease (CD) is mapped
to the gene nucleotide-binding oligomerization domain con-
taining protein 2 (NOD2)/caspase-activating and recruitment
domain containing protein (CARD)15 [1–4]. Nucleotide oli-
gomerization domain 2 (NOD2) recognizes muramyl dipep-
tide (MDP), a fragment of peptidoglycan (PGN) [5,6], which
is found in the cell walls of both Gram-positive and, to a lesser
degree, of Gram-negative bacteria. NOD2 is composed of
three domains: a C-terminal leucine-rich repeat domain
(LRR) which recognizes MDP, a central nucleotide-binding

domain and two N-terminal CARD [7]. Upon MDP recogni-
tion NOD2 engages the CARD-containing serine–threonine
kinase RICK/RIP2/CARDIAK via homophilic CARD/CARD
interaction, which leads subsequently to nuclear factor kappa
B (NF-kB) activation [7] and production of cytokines,
including interleukin (IL)-1b and IL-8 [8,9].

Three single nucleotide polymorphisms (SNPs) in NOD2
account for 80% of the genetic risk for CD conferred by the
NOD2 region [10]. SNP13 is a cytosine insertion 3020insC
(Leu1007Pro) resulting in a truncated NOD2, while SNP12
and SNP8 are amino acid substitutions in the LLR
(2722G→C, Gly908Arg) and in the LRR adjacent region
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(2104C→T, Arg702Trp) [2,3]. The prevalence of CD patients
with polymorphisms in NOD2 varies considerably between
populations [2–4]. The relative risk for CD increases
significantly in individuals having two or more NOD2
polymorphisms. Whereas NOD2 SNP heterozygous geno-
types increase the risk approximately threefold, the presence
of homozygous or compound heterozygous genotypes
increases the risk of CD approximately 40-fold [2–4]. NOD2
polymorphisms have been associated with impaired MDP
recognition [5,6], and peripheral blood mononuclear cells
(PBMCs) from CD patients carrying two polymorphisms
produce only minimal levels of IL-1b and IL-8 in response to
MDP [9,11].

Recent studies have suggested that NOD2 interferes with
Toll-like receptor (TLR) signalling events [12,13], and this
regulatory mechanism may be impaired in CD patients
with polymorphisms in NOD2 [9,11,14]. TLRs recognize
pathogen-associated molecular patterns, such as bacterial
and viral products, through LRRs [15,16]. Synergistic effects
of NOD2 and TLR and loss of synergism in CD patients with
polymorphisms in NOD2 have been reported for TLR-2,
TLR-3 and TLR-4 [13,17] as well as for TLR-7 [11] and
TLR-9 [18]. Functional interactions between TLR-2 and
NOD2 remain controversial, because synergistic interactions
between NOD2 and TLR-2 were reported in humans [13]
and in experimental inflammatory bowel disease models
[19,20], whereas a negative regulation of TLR-2 by NOD2
was reported in a murine NOD2 knock-out model [14].
TLR-9 signalling seems to be involved critically in the intes-
tinal epithelial barrier function [21,22] and may play a role
in CD, because a TLR-9 polymorphism has been described as
associated with CD [23].

In active CD, tissue levels of tumour necrosis factor
(TNF)-a, IL-1b and IL-8 are elevated [24–26] and treatment
with anti-TNF-a antibodies improves relapsing CD [27].
Furthermore, granulocyte–macrophage colony-stimulating
factor (GM-CSF) may be important in the pathogenesis of
CD, because GM-CSF treatment improved active CD [28].
GM-CSF is a cytokine that stimulates production of granu-
locytes and monocytes. It exerts a crucial function during
normal inflammatory responses by recruiting granulocytes
and monocytes, and it enhances further the differentiation
of monocytes into macrophages, a process important for
controlling infections. Nevertheless, the mechanisms by
which GM-CSF may potentially improve active CD remains
unclear.

While genetic variants in NOD2 are a risk factor for
the development of CD, the majority of patients carry
wild-type (WT) NOD2. This suggests that CD pati-
ents may have defects that are enhanced further by the
presence of NOD2 polymorphisms [29]. We therefore
investigated NOD2-dependent and -independent secretion
of GM-CSF, IL-1b and TNF-a in CD patients in the pres-
ence or absence of combinations of TLR agonists and MDP
stimulation.

Materials and methods

Patients

Patients were recruited from out-patient university clinics in
Aarhus and Copenhagen, Denmark and had been diagnosed
according to established clinical and histopathological
criteria. A total of 41 patients and 12 healthy controls were
included in this study. Patients known to carry NOD2
variants were invited to participate, while patients with
NOD2 WT alleles were included consecutively in the study.
Characteristics of patients are shown in the Supplementary
material. The project was approved by the local Ethics
Committee (j. no. 1998/4330 with amendment), and all par-
ticipating individuals provided written informed consent.
PBMCs were isolated from venous blood using Ficoll-
Paque™ PLUS (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) according to the manufacturer’s procedure.

Genotyping of NOD2 variants

Genomic DNA (gDNA) was extracted from cryopreserved
PBMCs using the FlexiGene DNA kit (Qiagen, Hilden,
Germany). PBMCs (1 ¥ 106 cells) were lysed, treated with
protease, and gDNA was isolated following isopropanol
precipitation. The gDNA integrity was evaluated by 1%
agarose gel electrophoresis, and concentration was deter-
mined from the optical density at 260 nm.

Genotyping was carried out in duplicate using a Taqman
5′ nuclease fluorogenic assay [4,30], in which a fluorescent
dye-labelled probe specific for the target SNP is amplified
by real-time reverse transcription–polymerase chain reac-
tion. The frequencies of the three SNPs that have been
associated with CD were determined separately: SNP8
(c.2104C > T/p.R702W), SNP12 (c.2722G > C/p.G908R)
and SNP13 (c.3019_3020insC/p.Leu1007fsinsC). Patients
who carried the WT alleles were categorized as WT (CD
WT). Patients who carried one polymorphism were defined
as single-mutated (CD 1mut), whereas patients who carried
more than one polymorphism, i.e. compound heterozy-
gotes and homozygotes, were defined as double-mutated
(CD 2mut).

Nucleotide oligomerization domain 2 and TLR agonists

All NOD2 and TLR ligands were purchased from InvivoGen
(San Diego, CA, USA). Agents were used at the following
concentrations: NOD2 ligand, MDP (20 ng/ml); TLR-2
ligand, PGN from Staphylococcus aureus (10 mg/ml);
TLR-3 ligand, polyinosine–polycytidylic acid [poly (I : C)]
(25 mg/ml); TLR-4 ligand, lipopolysaccharide (LPS) ultra-
pure Escherichia coli (1 mg/ml); TLR-7 ligand, loxoribine
(400 mM); and TLR-9 ligand, cytosine-guanoside dinucle-
otides (CpG) DNA ODN M362 (1 mM).
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Cell stimulation

The PBMCs (105 cells/200 ml/well) were added to flat-
bottomed 96-well plates (Nunc A/S, Roskilde, Denmark) in
complete medium in the presence or absence of MDP, or
TLR ligands, or both. The cells were incubated at 37°C with
5% CO2. After 18 h, 50 ml culture supernatants from each
well were transferred to 96-well Minisorp plates (Nunc A/S).
Prior to transfer of supernatants, Minisorp plates were
blocked with phosphate-buffered saline + 3% bovine serum
albumin (Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many) + 0·1% Tween® 20 (Sigma-Aldrich Chemie GmbH).
Culture supernatants were stored at -70°C until analysis. All
experiments were performed in triplicate and supernatants
from each experiment were pooled prior to measurement of
cytokine concentration.

Multiplex bead immunoassays

The culture supernatants were measured using multiplex
beads kit for the presence of human cytokines GM-CSF,
IL-1b and TNF-a (Biosource International, Inc., Camarillo,
CA, USA). The beads were analysed using the Luminex 100™
instrument (Bio-Plex™ System, Luminex xMAP™ Tech-
nology, Bio-Rad Laboratories, Hercules, CA, USA) and the
software program Bio-Plex Manager 4·0 (Bio-Rad).

Proliferation assay

Proliferation of the stimulated cells was measured after 4 and
8 days as the amount of [3H]-thymidine incorporated into
DNA. The cells were incubated for 16–18 h with 1 mCi
[methyl-3H]-thymidine (GE Healthcare Bio-Sciences AB)
prior to harvesting onto filtermats (printed filtermats 1450–
421; PerkinElmer, Inc.) using a Mach manual harvester
(Tomtec, Hamden, CT, USA). Filters were dried and placed
in sample bags with 3·5 Betaplate Scintillation buffer
(PerkinElmer, Inc., Wellesley, MA, USA). Filters were placed
in 1450 MicroBeta® Wallac TriLux Liquid Scintillation and
Luminescence Counter (PerkinElmer, Inc.) and the incor-
porated [methyl-3H]-thymidine was measured as count
per minutes and analysed using the software Wallac Micro-
Beta Windows Workstation version 3.00.005 (PerkinElmer,
Inc.).

Statistical analysis

Evaluation of data demonstrated that normal distribution
and equality of variances could not be assumed. We therefore
used non-parametric statistics for the analysis. Differences
between two groups were analysed by Mann–Whitney
U-test. The Wilcoxon signed-ranks test was used to analyse
MDP dependency. Trends across categories were tested using
Spearman’s rank correlation. P levels below 0·05 were con-

sidered statistically significant. Continuous data are pre-
sented as mean � standard error of the mean (s.e.m.). All
statistical analyses were carried out using the spss version
11.0 software package (SPSS Inc., Chicago, IL, USA).

Results

Impaired cytokine responses are correlated with the
number of NOD2 polymorphisms

Genotyping of NOD2 regarding SNP8, SNP12 and SNP13 in
a selected patient cohort of 224 patients led to the identifi-
cation of 22 patients carrying CD-associated NOD2 variants.
One patient was homozygous for SNP8 polymorphism and
one for SNP13 polymorphism. Four patients were com-
pound heterozygous: one for SNP8/12/13 polymorphism
and three for SNP8/13. Sixteen patients were heterozygous;
six for SNP8 and 10 for SNP13. In addition, 19 patients and
12 healthy controls, which were homozygous for the WT
allele, were included.

To elucidate functional differences associated with NOD2
polymorphisms, we compared the cytokine responses in
PBMCs following stimulation with the NOD2 ligand
MDP. In the presence of 20 ng/ml MDP, the secretion of
GM-CSF, TNF-a and IL-1b increased significantly
(P < 0·01) in healthy controls by 10-fold, 20-fold and four-
fold respectively. MDP failed to induce proliferation (data
not shown).

Compared with the healthy controls, the GM-CSF secre-
tion induced by MDP was impaired in CD patients, and this
impairment correlated with the number of polymorphisms
in NOD2. When both alleles of NOD2 had polymorphisms,
GM-CSF secretion was reduced to the level of unstimulated
PBMCs (Fig. 1). Similarly, the response to TNF-a and
IL-1b decreased significantly (P < 0·01) with NOD2 poly-
morphisms (Fig. 1). The negative association between the
number of NOD2 polymorphisms and cytokine produc-
tion was independent of disease activity, disease location,
steroid treatment, 5-aminosalicylic acid treatment and
biological treatment (anti-TNF-a antibodies) (data not
shown). Thus, these findings demonstrate a NOD2-
dependent decrease in GM-CSF, TNF-a and IL-1b secretion
in CD patients following MDP stimulation.

Toll-like receptor-2 and TLR-4 agonists induce
GM-CSF secretion through NOD2-dependent and
-independent pathways

We next asked whether polymorphisms in NOD2 impaired
the responses through TLR-2 and TLR-4. PBMCs incubated
with 10 mg/ml PGN (TLR-2 ligand) or 1 mg/ml LPS (TLR-4
ligand) generated a strong secretion of GM-CSF, TNF-a and
IL-1b compared with the secretion induced by 20 ng/ml
MDP (Fig. 2a). However, the GM-CSF secretion stimulated
via TLR-2 and TLR-4 was impaired in CD and the im-
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pairment increased with the number of polymorphisms.
Importantly, there were no differences in TLR-2- and TLR-
4-induced TNF-a and IL-1b secretions in healthy controls
and CD patients (Fig. 2a). Thus, secretion of GM-CSF was
impaired in CD patients by both NOD2-dependent and
-independent pathways.

Altered regulation of TNF-a secretion in CD patients

The impact of NOD2 on TLR-2 signalling is controversial.
To address this issue further, we compared cytokine secretion
after combined stimulation of NOD2 and TLR-2 with secre-
tion obtained after stimulation of either NOD2 or TLR-2
alone.

After combined stimulation with PGN and MDP, TNF-a
secretion in PBMCs from healthy controls was reduced
significantly (P = 0·006) compared with TNF-a secretion
induced through TLR-2 alone (Fig. 2a). This suggested that
NOD2 inhibited TLR-2-induced TNF-a secretion in healthy
individuals. In CD patients, however, PGN-induced TNF-a
secretion was not reduced significantly in combination with
MDP (Fig. 2a). MDP inhibited PGN-induced TNF-a secre-
tion by 5% in healthy controls, whereas TNF-a levels were
only reduced by 20% in the total group of CD patients
(Fig. 2b). This demonstrates that CD patients had an
impaired down-regulation of TNF-a secretion (P = 0·04).
Proliferation induced through TLR-2 was also down-
regulated by NOD2, and this effect was not seen in CD
patients with two NOD2 polymorphisms (data not shown).
TLR-4-induced TNF-a secretion was not regulated nega-
tively by MDP, nor was proliferation in any of the tested
groups (Fig. 2a and b).

In contrast, we did not find a significant difference in the
NOD2 regulation of TLR-2-induced secretion of GM-CSF
and IL-1b (Fig. 2a). Although not statistically significant,
MDP reduced GM-CSF secretion in healthy controls when
used in combination with PGN, whereas the opposite was
seen in CD patients (Fig. 2a and b).

Synergism between TLR-7 agonists and MDP

We next analysed whether CD patients responded normally
to agonists of TLR-3 (poly I : C), TLR-7 (loxoribine) and
TLR-9 (CpG), and whether NOD2 affected these pathways.
In general, a weak cytokine secretion, if any, was induced in
healthy controls and CD patients in response to TLR-3,
TLR-7 and TLR-9 agonists (Fig. 3a), although these agonists
induced significant proliferative responses (data not shown).

However, agonists of TLR-3, TLR-7 or TLR-9 induced
TNF-a secretion synergistically in healthy controls when
combined with the NOD2 agonist MDP (Fig. 3b). In contrast
to TLR-3 and TLR-9, a synergistic induction of TNF-a secre-
tion via TLR-7 was maintained in CD patients despite poly-
morphisms in NOD2 (Fig. 3b). Hence, TNF-a secretion was
restored partially in PBMCs from patient with NOD2 poly-

morphisms when stimulated with TLR-7 agonist and MDP
together. This was not seen for GM-CSF secretion, which was
impaired significantly in all CD patients (Fig. 3a). The TLR-3
agonist and MDP had a synergistic effect on proliferation in
healthy controls, but not in CD patients. In both healthy
individuals and CD patients the TLR-9 agonist induced very
strong proliferation after 4 days, with a negative effect of
simultaneous stimulation by MDP (data not shown).

Discussion

Genetic variants in NOD2 are associated with CD. At
present, there are three main hypotheses of how NOD2 is
involved in the pathogenesis of CD (reviewed by Strober and
colleagues [31] and Schreiber et al. [32]). One suggests that
NOD2 functions as a negative regulator of proinflammatory
pathways, e.g. by inhibiting PGN (TLR-2)-induced IL-12
production [14]. The second suggests that NOD2 polymor-
phisms lead to loss-of-function with increased susceptibility
to CD as a consequence of impaired host defence and
a-defensin production [19], and the last hypothesis explains
the association between NOD2 polymorphisms and CD as
gain-of-function mutations where a defective NOD2 leads to
hyperactivation of NF-kB and excessive IL-1b secretion [20].

In our study, the NOD2 agonist MDP induced secretion of
GM-CSF, TNF-a and IL-1b that was decreased significantly
in CD patients, in particular but not exclusively in those
carrying two NOD2 polymorphisms. Although these obser-
vations are consistent with previous findings [2,3,5,6,9,11],
they also demonstrate that NOD2 polymorphisms result in
loss-of-function, which aggravates functional defects already
present in CD patients. In addition, we find that CD patients
have a NOD2-independent loss-of-function in GM-CSF
secretion. Importantly, this loss-of-function is aggravated
further by NOD2 polymorphisms, indicating that GM-
CSF secretion is induced by both NOD2-dependent and
-independent pathways. This suggests strongly a hitherto
unrecognized role of GM-CSF in the pathogenesis of CD,
and this may help to explain why these polymorphisms are
risk factors, although they are not necessary for developing
the disease.

Previously, we have demonstrated an increased GM-CSF
production in cultured colonic CD4+ T cells from patients
with active CD compared with healthy volunteers [33].
Direct comparison of PBMCs and tissue-derived T cells may
be difficult, because migration into peripheral tissues alters
the functional maturation/activation of the T cells meeting
local antigens. Others have suggested that increased
GM-CSF in CD mucosal lesion leads to inflammation [34].
However, the opposite may also be true, i.e. GM-CSF in
active disease is increased insufficiently compared with
inflammatory controls, a mechanism which has been shown
for regulatory T cells [35]. The necessity of competent
GM-CSF to control inflammation is supported by a recent
study demonstrating that GM-CSF treatment decreased

Impaired GM-CSF secretion in CD
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disease severity in active CD and improved quality of life
[36]. GM-CSF receptors are expressed by CD4+ T cells and
Paneth cells of the intestinal epithelium and by both myeloid
and intestinal epithelial cells throughout the gastrointestinal
tract [37,38] although, to a different extent, all these cells
have been shown to express NOD2 [7,39,40]. This suggests
that an important future goal in CD research is to under-
stand in more detail the significance of GM-CSF in the regu-
lation of gut immunity.

We found that CD patients were impaired in their regula-
tion of the proinflammatory cytokine TNF-a. Whereas
PGN-induced TNF-a secretion was regulated negatively by
MDP in healthy controls, the combined group of CD
patients was impaired in this regulation. Although statisti-
cally significant for the combined group, the individual CD
groups had too-small sample numbers to reach statistical
significance. Nevertheless, the negative regulation of TLR-2
by NOD2 was also demonstrated in proliferation assays.
Our findings, using human primary cells derived from CD
patients and controls, support murine NOD2 knock-out
models, which demonstrated overactive TLR-2 signalling
and overproduction of IL-12 in the absence of functional
NOD2 [14]. In the study by Watanabe and co-workers a
concentration of 100 mg/ml of MDP was used, which is a
higher concentration than can be expected in vivo. We used
0·02 mg/ml of MDP, which is more similar to concentrations
used in other studies and in vivo concentrations. Impor-
tantly, we did not find a negative regulatory effect on TNF-a
secretion when using 2 mg/ml of MDP (data not shown).
This is in agreement with a recent report, where a high
concentration of MDP (100 mg/ml) but not an intermediary
concentration (1–25 mg/ml) exerted the negative regulatory
effect on TNF-a [41]. However, other groups have reported
opposing results with a synergistic effect between NOD2 and
TLR-2 [8,11,13,19]. It is unclear how these opposing results
may be reconciled, but it may be hypothesized that the net
result of the cross-talk between NOD2 and TLR-2 signalling
depends critically on a delicate balance of ligand concentra-
tion, receptor expression levels and the chronology of the
receptor stimulation.

Importantly, an exception to the above regulation was
observed with TNF-a secretion induced by TLR-7 and
NOD2. The combined stimulation through TLR-7 and
NOD2 virtually restored this cytokine secretion in CD
patients with one or two NOD2 variants. This was surpris-
ing, because we did not expect an impact of MDP on the
patients with NOD2 polymorphisms. However, we cannot
rule out potential NOD2-independent effects of MDP.
Although a similar trend for IL-1b secretion was observed,
NOD2-independent effects were not seen for TNF-a secre-
tion via TLR-3 and TLR-9 or for TLR-7/NOD2-induced
GM-CSF secretion.

Synergism between NOD2 and intracellular TLRs is
controversial. Whereas synergistic interactions of NOD2 and
TLR-3 [12,13] or TLR-9 [8,18] have been reported, others

failed to demonstrate synergisms between NOD2 and TLR-7
and TLR-9 [13]. As presented in Fig. 3b, we found that MDP
and poly I : C, loxoribine or CpG induced TNF-a synergis-
tically in healthy controls and the synergism was impaired in
CD patients with two polymorphisms in NOD2 with regard
to TLR-3 and TLR-9 but intact for TLR-7, and thus indepen-
dent of NOD2 polymorphisms. We did not observe syner-
gistic induction of GM-CSF and IL-1b. These data support
the findings by van Heel and colleagues of synergistic secre-
tion of TNF-a induced by MDP and CpG in healthy controls
and the impairment in CD patients with two or more poly-
morphisms [18]. However, we do not know why the TNF-a
response is less dependent on NOD2 when stimulated
through TLR-7, as opposed to stimulation through TLR-3 or
TLR-9.

In summary, our data suggest a significant role of GM-CSF
in the pathogenesis of CD. Upon TLR-2/NOD2 stimulation,
the secretion of GM-CSF was reduced in all CD patients, and
was almost abolished in CD patients with NOD2 polymor-
phisms. This is in contrast to TNF-a secretion, which was
down-regulated by NOD2, but more so in healthy individuals
than in CD patients. This argues for both NOD2-dependent
and NOD2-independent pathways in GM-CSF secretion. The
NOD2-independent GM-CSF secretion may be mediated via
p38 mitogen-activated protein kinase (MAPK) and subse-
quent extracellular regulated kinase (ERK-1/2) phosphoryla-
tion [42]. The mechanism by which NF-kB-independent
reduced GM-CSF production may contribute to disease
pathogenesis remains to be investigated, but might be related
to diminished innate immune reactivity.
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