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ABSTRACT 
 
Background: NOD2/CARD15 mutations are associated with Crohn’s disease, but 
how mutations cause disease is poorly understood. Innate immune responses are 
reportedly enhanced by combined NOD2 ligand (muramyl dipeptide, MDP) and Toll 
like receptor-4 ligand (TLR4, lipopolysaccharide) stimulation. Intestinal TLR 
signalling has a dual role - maintaining intestinal homeostasis and protection from 
injury, as well as initiating inflammatory responses. TLR9 is functional in the 
intestinal epithelium, where it is most strongly expressed in Paneth cells.  
Aims: To study possible interactions between CpG DNA (TLR9 ligand) and muramyl 
dipeptide using primary human cells of differing NOD2 genotype.  
Subjects: NOD2 wild type healthy controls (n=7) and NOD2 homozygous Crohn’s 
disease patients (n=19), age and sex matched. 
Methods: Peripheral blood mononuclear cells were stimulated with CpG DNA and 
MDP. Cytokines were measured by ELISA. 
Results: TNF and IL-8 responses to CpG DNA were similar in NOD2 wild type and 
homozygous mutant cells. Concomitant NOD2 stimulation had a marked synergistic 
effect on CpG DNA induced TNF responses at 10-100 ng/ml MDP. A mean 2.1 fold 
increase in CpG DNA induced TNF responses and mean 3.7 fold increase in IL-8 
responses was observed in NOD2 wild type cells with 10 ng/ml MDP, this effect was 
abolished in NOD2 homozygous cells. 
Conclusions: NOD2 stimulation normally enhances innate immune responses to CpG 
DNA. This marked synergistic effect is lost in Crohn’s disease patients homozygous 
for NOD2 mutations, with implications for Toll-like receptor mediated intestinal 
homeostasis and inflammation. 
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INTRODUCTION 
 
 Toll like receptors (TLRs) are a family of pattern recognition receptors that 
sense conserved motifs found in microbial pathogens. TLRs detect microbial infection 
and initiate immune defense against pathogens. An additional innate immune receptor 
family, the intracellular NOD proteins, has recently been shown to recognise bacterial 
peptidoglycan breakdown products, but within the cytosol in contrast to membrane 
bound TLR recognition1. Mutations in the NOD2/CARD15 gene have been strongly 
associated with Crohn’s disease in multiple Caucasian populations, with strongest 
effect in individuals carrying mutated forms of both alleles2-5. About 17% of 
unselected Crohn’s disease patients are homozygous for known NOD2 variants, the 
majority of homozygotes comprising three common NOD2 mutations6. Functional 
studies have been mainly performed using plasmid transfected cell lines or using 
mouse models, and few using primary human patient derived material. How NOD2 
mutations lead to Crohn’s disease remains unclear, although cell line studies have 
shown mutations impair activation of NF-κB. 
 Synergistic enhancement of lipopolysaccharide (a TLR4 ligand) responses by 
muramyl dipeptide (MDP, now known to be a NOD2 ligand) has been reported7 8. 
Recent reports have shown synergy between NOD2 activation and several TLR 
ligands in cellular responses9 10. We were particularly interested in possible 
interactions between TLR9 and NOD2, as TLR9 appears to have a special role in 
intestinal immune responses and the effect of stimulating these receptors has not been 
studied in Crohn’s disease patient samples. We collected primary peripheral blood 
mononuclear cells from controls and Crohn’s disease patients homozygous for NOD2 
mutations in order to study responses to TLR9 and NOD2 ligands in detail. 
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METHODS 
 
Subjects 

Peripheral blood mononuclear cells were prepared by density gradient 
centrifugation (Lymphoprep, Nycomed, Oslo, Norway) of heparinised venous blood. 
Blood samples were collected after written informed consent was given and with local 
research ethics committee approval. All subjects were white UK Caucasian (Table 1).  
 DNA extraction from peripheral blood and PCR-RFLP genotyping for the 
three common NOD2 variants was performed as described11. All Crohn’s disease 
patient samples were also genotyped in duplicate in other laboratories using 
separately collected DNA samples with identical results11-13. 
 
Cell culture  

Cytokine studies were performed using 2x105 PBMC cultured for 22h in 
250µl media (including ligands) per well in 96-well plates. In some experiments, 
cryo-preserved liquid nitrogen stored PBMC were used to permit parallel culture 
followed by ELISA assay of hard-to-collect patient cells. Cryo-preservation was 
according to a method reported to yield similar results in overnight cytokine assays to 
fresh cells14 (and confirmed in our lab – data not shown). Serum free X-VIVO 15 
media (optimised for lymphocyte/monocyte culture) with gentamicin (50µg/ml) was 
used for all experiments (Cambrex BioScience, Wokingham, UK). All conditions 
were tested in duplicate. 

Synthetic pharmaceutical grade muramyl dipeptide (MDP-Lys18, 
Nopia/romurtide, Daiichi Pharmaceutical, Japan), NOD2 ligand, was used at 1-100 
ng/ml (10ng/ml=11nM). Synthetic phosphorothioate-stabilised unmethylated CpG 
DNA, TLR9 ligand, containing both type A and type B immunostimulatory sequences 
(ODN M362, 5’-TCGTCGTCGTTCGAACGACGTTGAT-3’, Invivogen, San Diego, 
CA) or control non-CpG DNA containing reversed CG base pairs (ODN 
M362C/M383, 5’-TGCTGCTGCTTGCAAGCAGCTTGAT-3’, Invivogen) were used 
at 0.1 – 10 µg/ml (10 µg/ml=1.2µM). All ligands were endotoxin tested (negative). 
Gel purified lipopolysaccharide (LPS) from E. Coli 055:B5 (TLR4 ligand, L2637, 
Sigma, Poole, UK) at 1ng/ml was used as a positive control to induce cytokine 
secretion. 

 
ELISA 

Cell culture supernatants were used at 1 part in 2 dilution (TNF, IL-1β), 1 part 
in 4 (IL-10) or 1 part in 20 (IL-8) in 96 well plate sandwich ELISA. TNF (α) ELISA 
was performed using a kit as per manufacturer’s instructions (Bender MedSystems, 
Vienna, Austria). IL-1β, IL-8 and IL-10 ELISA were performed using matched 
monoclonal antibodies at 1/400 dilutions (AL-Immunotools, Friesoythe, Germany), 
Streptavidin-HRP (R&D Systems, Abingdon, UK) and TMB-H202 (BD Bioscience, 
Oxford, UK). Plates were read at 450nM with 620nM correction. 
 
Statistical Analysis 

The mean of duplicate culture/ELISA results were used for analysis of each 
individual/condition. Data are presented as mean ± SEM. For comparison of multiple 
conditions, we used ANOVA analysis with post-hoc Dunnett’s or Tukey’s test (as 
appropriate). An unpaired Students t test was used for comparison of cytokine 
responses, and age at venesection, between NOD2 wild type and mutant cells. 
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Male/female ratios were compared by Fisher’s exact test. Prism 4 software was used 
for statistical analyses (GraphPad, San Diego, CA). Significance level was P<0.05. 
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RESULTS 
 Initial studies in two healthy individuals showed significant PBMC TNF 
responses to CpG DNA (fig 1A, ANOVA P<0.0001 for both individuals, excluding 
LPS from analysis). Further studies of CpG DNA were performed at the concentration 
(10µg/ml) giving strongest responses. PBMC TNF responses to control DNA and 
CpG DNA in six healthy individuals were compared (fig 1B, ANOVA P=0.002). 
Significant differences were seen between CpG DNA stimulated cells and media 
alone (post hoc P<0.01), and between CpG DNA and control DNA (post hoc P<0.05), 
but not between control DNA and media alone (post hoc P>0.05). These data are 
consistent with receptor-specific effects of M362 CpG DNA, as originally 
described15. 
 We then studied cells from NOD2 wt/wt healthy controls (n=7, 4 male / 3 
female, mean age 37.3±3.0, Table 1) and NOD2 double mutant Crohn’s patients 
(n=19, 8 male / 11 female, mean age 42.5±3.5). There was no significant difference in 
age or sex distribution between groups. 
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Table 1 
Characteristics of subjects studied 
 
   ---------- At time of venesection ---------- ---------- Disease Classification1 ---------- 
Subject NOD2 status Sex Age IBD drugs Activity Age at diagnosis Location Behaviour 
HC1 wt/wt M 31.8 -     
HC2 wt/wt F 49.1 -     
HC3 wt/wt F 38.4 -     
HC4 wt/wt F 37.3 -     
HC5 wt/wt M 46.0 -     
HC6 wt/wt M 30.3 -     
HC7 wt/wt M 27.9 -     
CD1 1007fs/1007fs F 36.1 Nil Quiescent <40 Ileocolon Penetrating 
CD2 1007fs/1007fs F 77.8 Nil Quiescent >=40 Ileal Stricturing 
CD3 1007fs/1007fs M 51.3 Nil Quiescent <40 Ileal Stricturing 
CD4 1007fs/1007fs M 27.0 5-ASA, Prednisolone Active <40 Ileal Stricturing 
CD5 908Arg/1007fs M 23.0 Nil Quiescent <40 Ileal Penetrating 
CD6 908Arg/1007fs F 36.6 5-ASA Quiescent <40 Ileal Penetrating 
CD7 908Arg/1007fs F 59.3 Nil Quiescent <40 Ileal Stricturing 
CD8 908Arg/1007fs M 55.9 Nil Quiescent <40 Ileocolon Penetrating 
CD9 702Trp/1007fs F 30.9 Nil Quiescent <40 Upper GI Stricturing 
CD10 702Trp/1007fs F 56.3 Prednisolone Quiescent <40 Ileocolon Stricturing 
CD11 702Trp/1007fs F 42.4 Nil Quiescent <40 Ileal Stricturing 
CD12 702Trp/1007fs M 19.2 Azathioprine Quiescent <40 Ileocolon Stricturing 
CD13 702Trp/1007fs F 32.6 Azathioprine Quiescent <40 Ileal Stricturing 
CD14 702Trp/1007fs M 41.1 Nil Quiescent <40 Ileal Stricturing 
CD15 702Trp/702Trp M 46.9 Nil Quiescent <40 Ileal Penetrating 
CD16 702Trp/702Trp F 63.2 Nil Quiescent >=40 Ileal Stricturing 
CD17 702Trp/702Trp F 48.1 Nil Quiescent >=40 Ileal Stricturing 
CD18 702Trp/702Trp M 28.2 Azathioprine Active <40 Upper GI Penetrating 
CD19 702Trp/702Trp F 31.3 5-ASA Quiescent <40 Ileal Stricturing 
1 According to Vienna Classification33. 
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We analysed TNF responses in n=7 wild type PBMC to combined stimulation 
with CpG DNA and different doses of MDP (fig 2A,B), and found a significant 
synergistic effect (ANOVA P<0.0001). Post hoc analysis demonstrated that TNF 
responses to CpG+MDP were significantly different to CpG alone (after subtraction 
of media or MDP results alone, fig 2B) at 10ng/ml MDP (P<0.01, mean 2.1±0.3 fold 
increase) and 100ng/ml MDP (P<0.01, mean 2.7±0.5 fold increase). 
 We next studied cells of differing NOD2 genotypes, and chose the 10ng/ml 
dose of MDP as this was the minimal dose to significantly enhance CpG responses 
and previous work showed maximal differences between NOD2 wild type and mutant 
cells at this concentration9 16. A synergistic effect of MDP on CpG DNA induced TNF 
and IL-8 secretion was observed in wild type PBMC (n=7, fig 3): after correction for 
media/MDP alone, MDP (10ng/ml) co-treatment induced a mean 2.1±0.3 fold 
increase in TNF responses (P=0.005), and 3.7±0.7 fold increase in IL-8 responses 
(P=0.02), to CpG DNA (10µg/ml) in NOD2 wild type PBMC. No significant 
synergistic effect of MDP on CpG DNA induced TNF (P=0.43) or IL-8 secretion 
(P=0.57) was seen in NOD2 mutant PBMC (n=19). No significant differences in TNF 
or IL-8 cytokine responses to CpG DNA alone (corrected for media) were seen 
between NOD2 wild type and NOD2 mutant PBMC: TNF 43.2±6.7 pg/ml, 27.2±4.1 
respectively (P=0.06)  and IL-8 547.7±66.8 pg/ml, 435.3±83.4 (P=0.44); nor between 
all five different NOD2 genotype groups (TNF ANOVA P=0.28, IL-8 P=0.57); nor 
between Crohn’s disease patients on (n=5) or off (n=14) immunosuppression 
(azathioprine/prednisolone, Il-8 P=0.16, TNF P=0.53)). 

We further assayed IL-1β and IL-10 secretion and found minimal PBMC 
responses to 10µg/ml CpG DNA (± MDP), although present with LPS control (data 
not shown). 
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DISCUSSION 
 In this study we demonstrate, using primary human cells of differing NOD2 
genotype, that NOD2 stimulation normally synergistically enhances TLR9 responses 
(TNF and IL-8 secretion) and that synergy is lost in Crohn’s disease associated NOD2 
homozygotes. 
 We chose to use primary cells from patients and controls rather than plasmid 
transfected immortalised cell lines, in order to study signalling in the presence of true 
Crohn’s disease patient NOD2 mutations, physiological NOD2 and TLR expression 
levels, and relevant NOD2 and TLR interacting proteins. It is not yet known whether 
the primary defect in NOD2 associated Crohn’s disease is in cells of the immune 
system (i.e. haematopoietic) or of epithelial lineage. Because primary intestinal 
epithelial cells are fastidious and undergo rapid apoptosis in culture, we therefore 
chose peripheral blood mononuclear cells, which could also be cryo-preserved to 
allow parallel comparisons of cell culture/cytokine analyses from individuals of 
differing NOD2 genotypes. We were also careful to select high purity synthetic 
ligands, and test for endotoxin levels, to avoid the potential for misleading results in 
TLR studies due to contaminating biologically active impurities. 
 The comparison in this study was between NOD2 wild type and NOD2 
homozygotes. Heterozygotes were not studied because (i) these cannot be certainly 
identified due to rare variants (known rare variants comprise 24% of NOD2 
homozygotes6) and (ii) the possibility that true heterozygotes may have no or minimal 
functional alteration16. Li et al reported no difference between wild type and 
heterozygous individuals in MDP stimulated PBMC IL-8 secretion, and hypothesised 
that the genetic and biological data are consistent with an entirely recessive model 
with no true heterozygote effect - in which some apparent heterozygous Crohn’s cases 
are misclassified homozygotes (with a second unidentified mutation in the NOD2 
pathway)16. In the current study we did not test NOD2 wild type Crohn’s or 
inflammatory disease controls – but the Crohn’s double NOD2 mutant individuals 
studied had predominantly quiescent disease (Table 1) and had similar responses to 
CpG DNA and LPS (also, other TLR ligands9) as wild type controls. The observed 
differences between Crohn’s double NOD2 mutants and wild type controls after 
concomitant MDP stimulation are therefore unlikely to be a confounding effect of 
active inflammation. We studied peripheral blood rather than intestinal lamina propria 
mononuclear cells (LPMC) in the current study, due to ease of collection. Similar 
proliferative responses to CpG DNA have been reported in LPMC and PBMC17, and 
it will be of interest to study whether LPMC responses are also enhanced by NOD2 
stimulation. 
 Innate immune signalling through TLR9 dependent recognition of bacterial 
CpG DNA has special importance in the gastro-intestinal tract. First, Rachmilewitz et 
al. have suggested TLR9 signalling is essential in mediating the anti-inflammatory 
effects of probiotics (VSL-3, via the immunostimulatory CpG DNA component of the 
preparations)18 - drugs currently being studied in pouchitis and for maintaining 
remission in IBD. Second, although intestinal epithelial cell responses to some TLR 
ligands (e.g. lipopolysaccharide) are markedly downregulated, TLR9 signalling is 
intact in intestinal epithelia19. Paneth cells, which play an important role in protecting 
small intestine crypts through release of antimicrobial molecules, strongly express 
both NOD2 and TLR9 close to secretory granules in the intracellular compartment20 

21. Injection of mice with CpG DNA led to a decrease in the number of large secretory 
granules, consistent with Paneth cell degranulation and defensin release. CpG DNA 
treatment also increased resistance to oral challenge with virulent Salmonella 
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typhimurium21. Despite the relevance of TLR9 signalling to intestinal inflammation 
and innate immunity, the concentration of CpG DNA in the intestinal lumen (or, for 
Paneth cell sensing, locally within crypts) is not known. In the current study, we 
therefore used a CpG DNA concentration similar to other published studies and as 
recommended by the supplier, having performed initial dose-response experiments.  

In vivo, it is likely that innate immune pattern recognition receptors are not 
triggered one-at-once by single ligands, but rather that complex activation of multiple 
receptors takes place due to the many TLR and NOD ligand motifs present on a 
microbial pathogen1 22. In NOD2 associated Crohn’s disease, the failure to enhance 
TLR9 signalling by concurrent muramyl dipeptide/NOD2 sensing may permit 
pathogen invasion of the intestinal lumen (although whether the defect is in Paneth 
cell degranulation, epithelial cell or macrophage/dendritic cell responses is unclear). 
Although conventional understanding is that TLR recognition triggers the innate 
immune system leading to an inflammatory response, a protective role of TLR 
activation by intestinal commensal bacteria has been demonstrated23. Under steady 
state conditions activation of TLRs by commensal microflora was critical for tissue 
repair, and protection against intestinal injury and associated mortality23. These data 
suggest studies of TLR signalling are of great relevance to understanding mechanisms 
of both pathogenesis and therapeutics in inflammatory bowel disease. 
 There have been three recent reports of NOD2 and TLR function studied in 
gene targeted mouse models. Watanabe et al. suggested that NOD2 mutant (targeted 
deletion of exon 1) mouse cells might show enhanced TLR2 mediated responses with 
MDP co-stimulation24. Maeda et al. generated mice with a targeted defect similar to 
the human 1007fs mutation, and demonstrated enhanced NF-κB activation and IL-1β 
secretion in response to MDP in mutant mice25. These effects are the opposite to those 
found in the current study, and indeed synergistic effects between muramyl dipeptide 
and stimuli including TNFα and lipopolysaccharide are now consistently described in 
human cells7-9 16. These human findings are also consistent with the report by 
Kobayashi et al. of synergy between TLR ligands (although CpG DNA was not 
studied) and MDP in wild type but not mutant mice (targeted deletion of exon 3)26. 
Synergy in IL-8 production between muramyl dipeptide and CpG DNA in a human 
monocyte cell line has recently been independently confirmed10, however 
concentrations of MDP a thousand-fold higher than those used for primary cells in the 
current study were necessary to observe any effects. These comparisons suggest 
caution is necessary in extrapolating NOD2 functional data obtained in vitro or in vivo 
from mouse (versus human27) or cell line studies (versus primary cells). Studies on 
primary human cells will remain the most relevant to Crohn’s disease. 
 The mechanism of enhancement of TLR signalling by muramyl 
dipeptide/NOD2 activation is unclear. Cell line studies suggested NOD2 interacts 
with RIP2 to activate NF-κB. Cytokine production from mouse cells deficient in RIP2 
is reduced on stimulation with lipopolysaccharide, peptidoglycan or double-stranded 
RNA but not bacterial CpG DNA28, indicating that RIP2 is downstream of TLR2/3/4 
but not TLR9. These data, taken together with our study showing NOD2 mediated 
enhancement of TLR9 responses in human cells, suggest a mechanism for the 
synergistic effect other than RIP2. A number of other NOD2 interacting proteins have 
been recently described (e.g. CLAN29, TAK130, NALP3/cryopyrin inflammasome31, 
GRIM1932) which may be implicated. Dual signalling via both TLR and NOD 
pathways may be necessary for efficient innate immune responses - further detailed 
studies are needed to dissect the mechanism of NOD2 mediated enhancement of TLR 
signalling, and the importance in vivo of the interaction. 
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In conclusion, NOD2 stimulation of human cells with muramyl dipeptide 
normally enhances TLR9 mediated innate immune responses to bacterial CpG DNA. 
This marked synergistic effect is lost in Crohn’s disease patients homozygous for 
NOD2 mutations, with major implications for Toll-like receptor mediated intestinal 
homeostasis and inflammatory responses to pathogens. 
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Figure 1 
CpG DNA dose-finding and specificity studies. 
(A) PBMC from n=2 healthy control individuals were stimulated with M362 CpG 
DNA 0.1 - 10µg/ml and LPS 1 ng/ml (positive control), and TNF measured by 
ELISA.  
(B) PBMC from n=6 healthy control individuals were stimulated with M362 CpG 
DNA or control M362C DNA at 10µg/ml and TNF measured by ELISA. 
 
Figure 2 
Synergistic interaction between CpG DNA and MDP. 
PBMC from n=7 NOD2 wild type healthy control individuals were stimulated with 
M362 CpG DNA 10µg/ml and MDP 1-100 ng/ml. TNF was measured by ELISA. 
Results are shown uncorrected (A), or to make obvious synergy (B) corrected by 
subtraction of media/MDP baseline responses. *indicates P<0.01 in ANOVA post-hoc 
testing. 
 
Figure 3 
Synergistic interaction between CpG DNA and MDP is lost in the presence of 
NOD2 mutations.  
PBMC from n=7 NOD2 wild type healthy control individuals, and n=19 NOD2 
mutation homozygous Crohn’s disease patients, were stimulated with M362 CpG 
DNA 10µg/ml, MDP 10ng/ml. TNF and IL-8 were measured by ELISA. Mutant 
genotypes comprised 1007fs/1007fs (n=4), 908Arg/1007fs (n=4), 702Trp/1007fs 
(n=6) and 702Trp/702Trp (n=5). Results are shown corrected by subtraction of 
respective media/MDP baseline responses. 
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