
that an aberrant innate immune response to luminal 
bacteria may be a critical initiating step in the development 
of  the disease. These studies suggest that in at least 
some individuals with CD, innate immune responses are 
paradoxically impaired compared to normal controls.    

NOD2/CARD15 FuNCtiON AND EFFECt 
OF its mutAtiONs
Improved, albeit still incomplete, understanding of  the 
function of  NOD2/CARD15 have been particularly key 
to an appreciation of  the importance of  innate immune 
dysfunction in CD. NOD2 is expressed constitutively in 
macrophages, neutrophils and dendritic cells[1], as well as 
in Paneth and epithelial cells[2]. NOD2 is a cytoplasmic 
protein that serves as a microbial sensor, and its leucine-
rich repeat (LRR) domain is required for recognition of  
muramyl dipeptide (MDP), a fragment of  peptidoglycan 
present in bacterial cell walls. The ligand MDP ultimately 
leads to activation of  the transcription nuclear factor (NF-
kB), and induction of  proinflammatory cytokines[3,4]. 
Membrane recruitment of  NOD2 is essential for NF-
kB activation after the recognition of  MDP in intestinal 
epithelial cells and is mediated by a motif  comprising 
two leucine residues and a tryptophan in the COOH-
terminal domain of  NOD2[5]. Evidence that NOD2 may 
function as an antibacterial factor in intestinal epithelial 
cells was demonstrated in Caco-2 cells stably expressing 
wild type NOD2 when infected with Salmonella typhimurium. 
This protective effect was lost in cells expressing a most 
common mutant NOD2 associated with CD (3020insC)[6].   

Specific mutations of  the NOD2 gene have been 
definitively associated with increased susceptibility to ileal 
Crohn’s disease in Western (but not Asian) populations: 
Arg702Trp, Gly908Arg, and leu1007fsinsC (a frameshift 
mutat ion that tr uncates the carboxy ter minal 33 
aminoacids)[7,8]. Heterozygous carriage of  the risk alleles 
confers a 2-4 fold increased risk, and homozygotes or 
compound heterozygotes have a 20-40 fold increased risk [9]. 
More than 90% of  all CD associated mutations are located 
in the LRR domain, suggesting that these may affect the 
function of  NOD2 with respect to bacterial recognition 
and signaling. Transient transfection experiments indicate 
that CD-associated NOD2 mutants no longer activate NF-
kB in response to MDP[3,10], which suggests that defective 
NF-kB activation facilitates infection of  the lamina propia 
by enteric bacteria. 

Abbott DW et al[11] demonstrated that NOD2 activation 
leads to ubiquitinylation of  NEMO, a key component of  
the NF-kB signaling complex. They showed that NOD2-
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Abstract
In the past, Crohn’s disease (CD) has been understood 
primarily as an immunologic disorder characterized by 
an abnormal T-cell response. Recent in vitro  and in vivo  
data suggests that CD may instead be precipitated by 
innate immune dysfunction resulting from a combination 
of genetic and environmental factors. Some reports have 
demonstrated a defective immune response in a variety 
of other cellular components, including neutrophils, 
monocytes and dendrit ic cells. Recent studies of 
granulocyte-macrophage colony-stimulating factor (GM-
CSF) in CD, aiming to stimulate the innate immune 
system with the conception that an innate immune 
defect underlies the development of the disease, have 
been demonstrated a clinical benefit and reinforce this 
evolving understanding of the disease.
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iNtRODuCtiON
Over a period of  many years Crohn’s Disease (CD) 
has been thought to resu l t predominant ly f rom 
excessive activation of  type 1 helper T cells (TH1) with 
a characteristic cytokine profile including elevated 
interferon-γ and IL-2. However the pathways by which 
T cells became activated have remained an unsolved 
dilemma. Collectively recent studies using cell and animal 
models as well as studies of  individuals with CD suggest 
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dependent ubiquitinylation of  NEMO is dependent on the 
scaffolding protein kinase RIP2. Crohn’s disease-associated 
mutants of  NOD2 exhibited a decreased ability to bind 
RIP2, and this decreased ability to bind RIP2 correlates 
with a decreased ability to ubiquitinylate NEMO.

NOD2 mutants produce selective functional defects 
in leukocytes of  patients with CD as shown by van Heel  
et al[12] who analyzed cytokine expression of  peripheral 
blood mononuclear cells after exposure to MDP. In 
PBMC from CD patients the NOD2 ligand induced little 
TNFα and IL-1β, but strong IL-8 secretion. Futhermore, 
monocytes isolated from CD patients carrying the 1007fs 
(3020insC) mutation were reported to exhibit defects 
in the production of  the proinflammatory cytokines, 
TNFα, IL-6 and IL-8, as well as the anti-inflammatory 
cytokine IL-10[13]. Dendritic cells derived from CD patients 
homozygous for leu1007fsinsC also fail to up-regulate the 
costimulatory molecules CD80 and CD86 in response to 
MDP and lack production of  cytokines such as TNF-α, 
IL-12 and IL-10[14]. 

RElAtiON OF NOD2 AND tlR pAthwAys
Intersect ion between TLR and NOD2 pathways 
is suggested by reports of  synergistic induction of  
proinflammatory cytokines such as TNFα and IL-1β upon 
costimulation with MDP and specific TLR ligands[15,16]. 
MDP also substantially upregulated secretion of  TNFα 
and IL-1β induced by ligands to five different TLR 
ligands, TLRs 2, 4, 5, 7 and 9: (Pam3CysSerLys4, LPS, 
Flagellin, MALP-2 and R-848, respectively). Of  note, 
these effects were observed in the presence of  the most 
common NOD2 mutants associated with CD. In studies 
using mice lacking NOD2, Watanabe et al[17] observed 
reduced responses to MDP, but enhanced responses to 
the TLR2 ligand, peptidoglycan e.g. increases in IL-12. 
They interpreted these findings to suggest that the NOD2 
signaling pathways normally downregulate the TLR2 
pathways. In their model, loss of  function mutation of  
NOD2 together with TLR2 signals delivered by other 
bacterial products could result in enhanced cytokine 
responses to commensal bacteria by macrophages. 
These findings suggest that interaction between NOD2 
and specific TLR pathways may represent an important 
modulatory mechanism of  innate immune responses 
which is altered in some patients with CD. 

However, controversy remains about the role of  
NOD2 and the interactions between NOD and TLR 
signaling pathways. While these results suggest that this 
NOD2 mutation may have enhanced responsiveness to 
bacterial peptidoglycan, interpretation of  the significance 
of  these findings remains controversial, because transient 
transfection assays using the CD-associated NOD2 
mutants, as described above, have consistently shown 
defective cytokine responses to MDP and decreased 
activation of  NF-kB[18]. In contrast to Watanabe et al 
Kobayashi and colleagues[19] did not find upregulation of  
TLR responses following disruption of  NOD2. Kobayashi 
et al did find that mutations in NOD2 in mice affect the 
expression of  small antibacterial proteins called cryptidins 
(α-defensins in humans) by intestinal epithelial cells. This 

data is consistent with the notion that NOD2 regulates 
the production of  antibacterial peptides in Paneth cells in 
the intestinal crypts, and that this may contribute to local 
control of  pathogenic bacteria (Figure 1). 

OthER pOtENtiAl DEFECts iN iNNAtE 
muCOsAl DEFENsE mEChANisms iN CD 
pAtiENts 
Altered defensin expression in CD
In general, α-defensins (1-3, 5 and 6) are induced in the 
colonic mucosa of  CD and UC patients. However, NOD2 
mutations in CD patients are associated with diminished 
mucosal α-defensin expression[20]. Decreased β-defensin 1 
and the lack of  induction of  both inducible antimicrobial 
peptides β-defensins 2 and 3 in CD could result in 
enhanced bacterial survival and perhaps invasion[21].   

Neutrophil function in CD
Neutrophils act as a first line defense at the mucosal-
microbial interface by killing and digesting bacteria within 
phagocytic vacuoles. Neutrophil-mediated clearance 
of  mucosal microbes would prevent activation and 
recruitment of  monocytes/macrophages. Several defects 
have been described in patients with CD, including 
impairment in migration of  neutrophils[22]; complement 
dys funct ion tha t produces impa i red neut roph i l 
recruitment[23]; decrease of  phagocytic and bactericidal 
neutrophil function[24] and deficient superoxide generation 
in neutrophils[25].   

A number of  genetic syndromes with well described 
defects of  the innate immune system may also provide 
insights into pathophysiology relevant to CD. Patients 
with glycogen storage disease (GSD) Ib[26,27], chronic 
granulomatous disease (CGD)[28], Chediak Higashi 
syndrome[29], Hermansky-Pudlak syndrome[30] leukocyte 
adhesion deficiency[31], Turner’s syndrome[32], and 

Deficiency in the production 
of defensins

↓

↓↓

High concentration of mucosal 
bacteria and its products 

Insufficient monocytes
Macrophages activated

Reduced neutrophil
accumulation 

Impaired function
of T cells

IL-8 a potent 
neutrophil 
chemoattracant

IL-12
IL-6

IL-10
IL-1B
TNF

Defective NF-kB
activation

NOD2 mutations

NOD2 
mutations

Figure 1  Impairment of different innate immune mechanisms. These mechanisms 
play a central role in the homeostasis of intestinal barrier function. Identified 
environmental risks and genetic susceptibility may contribute to the innate immune 
dysfunction.
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congenital[33], cyclic[34] and autoimmune[35] neutropenias can 
all manifest features of  CD or CD-like phenotype[36]. Each 
of  these syndromes comprises a quantitative or qualitative 
deficiency in the function of  neutrophils, monocytes, or 
macrophages, suggesting that varied functional cellular 
deficiencies can result in a common intestinal phenotype 
of  CD.    

The finding that two murine lines with disruption of  
either CCAAT/enhancer binding protein (CEBP)-ε[37] 
and a cell-type specific disruption of  the Stat3 gene in 
neutrophils and macrophages[38] develops enterocolitis, 
support the role of  the neutrophil and the macrophage 
in the development of  CD. Stat-3 disrupted mice show 
an immune response skewed toward Th-1 activity, 
demonstra t ing tha t neutrophi l and macrophage 
dysfunction may eventuate in a Th-1 phenotype.

Thus a variety of  studies and clinical insights have 
suggested that CD may result from an impaired mucosal 
innate immune response. In the context of  these earlier 
findings, a recent study by Marks et al [39] support the 
hypothesis that the mucosal innate immune system plays 
a central role early in the development of  CD. Marks  
et al[39] found a significantly decreased production of  IL-8 
and IL-1β (45% and 50% reduction respectively) from 
macrophages of  patients with CD. This defect in the 
production of  these cytokines was independent of  the 
presence of  NOD2 mutations and helps to clarify the 
controversy generated by Li et al[40] who reported that 
the presence of  NOD2 mutations showed no induction 
(Leu1007finsC) or modest induction (Gly908Arg and 
Arg702Trp) of  IL-8 and IL-1β). Macrophages from CD 
patients produce less IL-8 in response to pro-inflammatory 
agonists, suggesting that these cells may influence the 
acute inflammatory response. Impaired secretion of  IL-8 
appears to result in a failure of  neutrophil migration. This 
finding was confirmed by normalizing neutrophil efflux 
after augmentation of  endogenous IL-8 secretion by 
topical MDP. The authors suggest that in CD, reduced or 
delayed recruitment of  neutrophils to sites where bacteria 
penetrate the intestinal wall may result in the persistence 
of  bacteria and other debris in the tissue and lead to the 
chronic inflammation typical of  this disease.       

The data of  Marks et al[39] suggests that CD patients 
possess a generalized impaired innate immune response as 
reflected by diminished response to intradermal injection 
of  killed bacteria as well as trauma of  the skin or the 
intestine. When killed bacteria were injected into the 
forearms of  CD patients, there was less blood flow to the 
injection site than non-CD patients. They also found that 
CD patients had reduced neutrophil accumulation and 
interleukin-8 (IL-8) production at sites of  tissue trauma 
in the intestine and skin. This study supports the idea that 
CD may in some way be associated with relative inability 
to mount an acute inflammatory response compared to 
normal individuals.        

thERApEutiC AppROAChEs
Marks et al[39] suggest the provocative notion that IL-8 
either by direct enteral administration or through 
synthesis by genetically modified gut organisms might 

have therapeutic value. Similarly, they propose that if  
diminished recruitment of  neutrophils is a backdrop to 
CD, agents that increase blood flow such as long-acting 
phosphodiesterase-5 inhibitors might be useful in healing 
or preventing lesions in CD. In support of  this possibility, 
they report that oral administration of  sildenafil markedly 
increased blood flow to sites of  bacterial injection in CD 
patients. 

Recent reports suggest that agents which act to 
enhance innate immune defenses can indeed confer 
therapeutic benefit. The endogenous growth factor 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) performs important functions in both the 
phagocytic and epithelial components of  intestinal early 
innate immune defense. GM-CSF is expressed by both 
CD4+ T cells and Paneth cells in the intestine, and its 
receptors have been recently demonstrated to be present 
on intestinal epithelial cells which proliferate in response 
to GM-CSF in vitro[41,42]. Within the immune system, GM-
CSF increases phagocytic cell function through its effects 
on oxidative burst, phagocytosis, and intracellular bacterial 
killing[43].  

In the context of  the evolving concepts of  CD 
pathophysiology, these observations provided the rationale 
for clinical trials of  granulocyte colony stimulating 
factor (G-CSF, specifically filgrastim) and GM-CSF 
(sargramostim). Both pilot studies suggested a benefit[44,45], 
though GM-CSF appeared more effective. A recent 
randomized controlled trial of  124 patients found a 
significant benefit in response at 100-point decrease in 
CDAI and in remission. The response was sustained for 
a mean of  8-10 wk after discontinuation of  therapy[46]. 

Figure 2  Targets of immunostimulation therapy in Crohn’s disease. Potential 
therapies encompass interventions focused on augmenting the intestinal innate 
immune function in different mechanisms of action.
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While mechanistic studies were not included in the trial, 
recent translational studies[47] have demonstrated that GM-
CSF can reverse several neutrophil impairments in cells 
obtained from individuals with CD (Figure 2). 

In summary, mucosal innate immunodeficiency 
characterized by impaired dysfunction of  neutrophils, 
monocytes and dendritic cells as well as intestinal 
epithelium play a critical early role in the development 
of  CD. These defects may arise from a variety of  genetic 
defects which are presumably worsened by environmental 
factors to culminate in decreased cytokine production 
and insufficient bacterial killing. Persistence of  microbial 
derived stimuli subsequently leads to T cell activation, 
accounting for the T cell driven nature of  the established 
disease. This concept would provide insight into why 
immunosuppression may be effective in some individuals 
by limiting the secondary, chronic T-cell response, while 
immune stimulation, possibly with GM-CSF, may also 
prove to be effective as a general strategy particularly 
in acute and early phases of  the disease. A better 
understanding of  the early initiating events in CD may 
result in even better therapeutic approaches that enhance 
the innate immune system.
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