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In 1932, Crohn, Ginzburg and Oppenheimer published a paper describing a series 
of 14 patients with chronic terminal ileal inflammation. (1) All patients underwent ileal 
resections because of obstruction or fistula formation. Histologic examination showed 
unspecific acute and chronic inflammation and, in some cases, giant cell and granuloma 
formation. Tuberculous enteritis, an important differential diagnosis, was ruled out by 
stains and cultures. The authors believed the condition represented a new disease entity
or a hitherto undescribed disease- and coined the term "regional ileitis." The disease is, 
of course, now known as Crohn's disease (CD) and affects not only the terminal ileum 
but most segments of the gastrointestinal tract. Current estimates of the prevalence of 
Crohn's disease in the U.S. suggest that about Yz million people are affected. An equal 
number of people suffer from ulcerative colitis (UC), the other disease in the 
inflammatory bowel disease (IBD) complex. The etiology of these two inflammatory 
bowel diseases has remained elusive. (2) Over the years, tremendous efforts have been 
expended in the pursuit of an infectious cause of Crohn' s disease. The granulomatous 
inflammation so typical for Crohn's disease shares similar characteristics with intestinal 
mycobacterial infection; atypical mycobacterial infection (M. paratuberculosus) as a 
cause of CD is still a favored hypothesis of some IBD investigators. (3) 

Over the past decade, there has been real progress in our understanding of 
inherited susceptibility, especially to Crohn's disease, from genetic studies in families 
with Crohn's disease and from studies of the inflammatory response in animal models of 
intestinal inflammation. ( 4-9) 

Genetics of Crohn 's disease 
Dr. Kirsner, at the University of Chicago, one ofthe first clinical investigators of 

inflammatory bowel disease in the U.S., recognized early on that there was familial 
clustering ofCrohn's disease and ulcerative 
colitis (Fig. 1) . (10) This observation was 
later extended to studies of identical twins 
with CD or UC where a high concordance 
rate (58%) ofCrohn's disease was noted. 
(11) The concordance rate for UC was only 
10%. The completion ofthe Human 
Genome project and the identification of 
multiple microsatellite markers spread 
throughout the genome have spurred the 
search for potential susceptibility genes for 
IBD. The common approach has been to use 
linkage analysis in nuclear families (i.e., 

Fig. 1 Familial Clustering of CD several members with IBD) and controls to 
identify chromosomal loci that are linked to 

IBD. Hugot was the first to use this approach successfully to link a locus on chromosome 
16 to Crohn's disease. (12) The linkage has since been corroborated by several 
independent studies in both the U.S. and Europe, but not in Japan. (13-15) The locus has 
been named IBD 1. Since then, eight more loci have been identified (IBD2 to IBD9) on 
chromosomes 1, 3, 5, 6, 10, 12, 14, and 19, respectively (Table 1). The identified loci 
contain 200-300 genes and only a few ofthe susceptibility genes within these loci have 
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been identified. The first 

lBO SUSCEPTIBILITY LOCI gene to be identified was in 
the IBDllocus. Two groups 
independently identified the 
gene as NOD2/CARD 15 LOCUS 
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(see later). (16, 17) 
Homozygosity for mutations 
of the gene increases the 
relative risk of developing 
Crohn's disease 40-fold. 
Recently, the genes in the 
IBD5 and IBD9 susceptibility 
loci have been identified. The 

Table 1 gene in the IBD5 locus 
encodes an organic cation 

transporter (OCTNl & 2) which transports long-chain fatty acids and carnitine into 
mitochondria. (18) The gene in IBD9 called DLG5 encodes a protein involved in cell 
contacts. (19) DLG5 binds to P-catenin and is expressed in tight junctions in the intestine. 
It is currently not known how these proteins confer susceptibility for Crohn's disease. 
With the rapid advances in genomics and with the use of genome-wide SNP maps (SNP 
=single nucleotide polymorphism), the identification of the genes in the remaining IBD 
loci is expected within the next few years. 

Animal models of IBD 
A number of animal models of intestinal inflammation have been developed in the 

past decade (Table 1). They can be divided into four categories: 1) spontaneous 
development of inflammation; 2) induced by exogenous agents; 3) barrier dysfunction; 
and 4) disruption of cytokine or T -cell function. The inflammation in most of these 
models is driven by increased production ofiL-12 which activates CD4 cells to produce 
the pro-inflammatory cytokines IFN-y and TNF- a and cause mucosal inflammation. 
(Table 2). 

• ANIMAL MODELS OF COLITIS 

SPONTANEOUS 
EXOGENOUS BARRIER IMMUNE 

AGENT DYSFUNCTION DYSFUNCTION 

COTTON-TOP [B(TRAN SODIUM mdr1a -t- MICE stat4 transgenic 
TAMARIN SULPHATE(DSS) mea 

SAMP1Nit MICE OXAZOLONE N--CADHERIN -t- TNF'"' 
MICE TCRa-> 

TRI Nl TROBENZENE TGFb·' 
SULPHONIC ACID IL-10·1-

[TNBS) HLA-1;127 
transgenic rats 

Table 2 
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For example, transgenic Stat 4 mice 
overproduce IL-12 which stimulates 
IFNy production and mice mutant for 
TNF ARE have increased production 
ofTNF-a. IL-12 production is 
controlled by IL-l 0 and TGF -P 
produced by regulatory T cells (T3) 
which suppress the inflammatory 
response. Thus, IL-l 0 and TGF- p 
knockout mice develop colitis due to 
unopposed IL-12 production. The 
exogenous agents trinitrobenzene 
sulphonic acid (TNBS) and 



oxazolone cause colitis when administered rectally in specific mice strains (Fig. 2). 

TNBS AND OXAZOLONE 
INDUCED COLITIS 
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Figure 2 

TNBS causes increased IL-12 
production and results in a 
typical T H 1 response with 
recruitment of CD4 cells 
producing IFN-a and TNF 
and transmural inflammation, 
i.e., a Crohn's-like response. 
Oxazolone, on the other hand, 
causes only mucosal 
inflammation which is driven 
by NKT cells, producing IL-
13. The inflammatory 
response seen in this model is 
typical for ulcerative colitis 
with only mucosal 
involvement. However, the 
response in this model is not a 
classic T H2 response which is 

typically driven by IL-4. Finally, the importance of an intact epithelial barrier function is 
shown by the develop-ment of colitis in mice with disruption of barrier function (mdr1a_1

_ 

and N-adhesin-1
} The important feature of these animal models is the fact that mucosal 

inflammation is prevented if these animals are raised in a germ-free environment. Thus, it 
is the presence of a normal intestinal flora that induces or maintains the inflammatory 
response. The search for a specific pathogen among the multitude of colonic bacteria has 
been unrevealing. Thus, antigens released from bacteria in the normal microflora which 
are tolerated in the normal host, cause mucosal inflammation in animals with a 
dysregulated immune system or decreased barrier function. The important lessons that 
have been learned from these models are that the inflammatory response is the result of 
either an excessive T -cell effector response or an ineffective or absent regulatory 
response. 

The observations from the genetic studies of IBD and from the studies of 
intestinal inflammation in animal models have led to the current working hypothesis of 
IBD which states that Crohn's disease and ulcerative colitis result from an excessive 
immune response to the normal intestinal microflora in genetically susceptible persons. 

Intestinal composition of microflora 

The normal gastrointestinal flora is often referred to as the commensal flora ( ~ 'at 
table together') to indicate that it has no deleterious effects on the host. The gastro
intestinal tract from mouth to the rectum becomes rapidly colonized at birth by a variety 
of bacteria. (20) After weaning from a milk diet, the colonization at various places in 
the GI tract remains remarkably constant throughout life despite daily exposure to 
ingested bacteria. The number ofbacteria in the human upper gastrointestinal tract 
(stomach, jejunum) remains low at 102

- 103 bacteria/ml, presumably due to gastric acid 
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secretion and rapid transit 
(Fig. 3). The bacteria in this 
location are mainly aerobic 
and gram-positive (lactobacilli 
and streptococci). The 
bacterial density increases in 
the distal ileum to 1 08/ml and 
the flora becomes more 
diverse with more anaerobic 
bacteria. The colon is the 
major site ofbacterial 
colonization probably because 
of slow transit and low 
oxidation reduction potentials. 
The bacterial density in the 
colon has been estimated to be 
1012 bacteria /g stool and 99% 
of the bacteria are obligate 
anaerobe. The composition ofthe 
normal flora has been difficult to 

BACTERIAL DENSITY IN THE Gl TRACT 

Figure 3 

characterize because many of the bacteria cannot be cultivated by current techniques. 
Older estimates suggested that there were at least 400-500 bacterial species in the colonic 
flora. A new approach to identify bacterial species is the utilization of sequence analysis 
ofbacterial16S ribosomal RNA (rRNA). (21-24) This new technique has been extremely 
useful in the identification of new bacterial species, in the generation of phylogenetic 
trees based on sequence similarity, and to establish that the bacterial domain contains 55 

divisions (kingdoms) (Fig. 
4). 
Surprisingly, only eight of 

BACTERIAL DIVISIONS the known divisions are 

SCIENCE 307:1915,2005 

Figure 4 
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found in the human colonic 
flora and five ofthese are 
uncommon. The three 
major divisions are the CFB 
( cytophaga, flavobacterium, 
bacteroides), the firmicutes 
(Clostridia, Eubacteria) and 
proteobacteria. There are 
current! y more than 
200,000 rRNA sequences 
deposited in GenBank and 
1822 of these sequences are 
derived from human 
intestinal flora. Gordon and 
coworkers recently 
provided an estimate of the 



species' diversity by performing a relatedness analysis of these 1822 rRNA sequences. A 
cutoff of 98% sequence identity is commonly used to define species which yielded an 
estimate of about 800 species. (25) 

Effect of microflora on host 
The effect ofthe intestinal microflora on the host has mainly been studied in small 

animals by comparison of germ-free and conventionally raised animals fed similar diets. 
The germ-free environment is associated with a number of anatomical and physiological 
differences compared to animals with a normal microflora. The germ-free animals have 
thinner intestinal walls, smaller intestinal villi, decreased intestinal motility, decreased 
cardiac output and intestinal blood flow, and lack ofbile acid transformation. (20) 
Conventionally raised mice have 60% more fat stored in adipocytes than germ-free mice 
although there is no weight difference between the two groups. Gordon's group at 
Washington University has shown in an elegant series of studies that conventionally 
raised mice have increased intestinal monosaccharide absorption, increased hepatic 
triglyceride synthesis and increased lipoprotein lipase activity compared to germ-free 
mice on the same high carbohydrate diet. (26) 

Hooper et al used a novel technique to study the effect of a simplified micro flora 
on gene expression in the ileum of germ-free mice colonized with a single bacterium, 
Bacteroides thetaiotaomicron, a common member of the intestinal micro flora in both 
mice and man. (27) Isolated mRNA levels detected with microarrays representing 25,000 
mouse genes were compared between groups of germ-free and colonized mice. 
Significant changes (>2-fold) were observed in 118 probe sets in the colonized mice with 
an increase in 95 and a decrease in 23. The cellular origin of some of these changes was 
further defined by isolating cells from villus tips, crypts, and lamina propria, and the fold 
changes in 
expression of 
mRNAwere 
measured by 
quantitative PCR 
(Table 3). 

Colonization with 
B. 
thetaiotaomicron 
caused an increase 
in genes involved 
in nutrient 
digestion and 
absorption (SGLT-
1, co lipase, L
FABP),andin 
barrier function 
(sprr2a, DAF) and 
a decrease in 
glutathione S-
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transferase and multi-drug resistance protein (Mdrla). There was no evidence of mucosal 
inflammation in the colonized mice although there was an increase in the number oflgA
secreting plasma cells compared to germ-free mice. Thus, the introduction of a single 
bacterium into the GI tract of germ-free mice has a profound effect on gene expression in 
the ileum. 

Intestinal microflora and the immune system 
Germ-free animals have a poorly developed intestinal immune system with few 

and poorly organized Peyer's patches, rare lgA-secreting plasma cells in the lamina 
propria and small mesenteric lymph nodes and spleens compared to animals with a 
normal micro flora. These differences illustrate that the development of the intestinal 
immune system is governed by signals from the micro flora. (28-31) In the past, the 
difference between commensal bacteria and pathogens was defined by the ability to 
disrupt and cross the mucosal barrier. Pathogens have virulence factors ( adhesins, 
invasins) that facilitate tissue invasion, whereas commensals lack these factors and are 
thought to remain in the intestinal lumen or mucus layer. 

The development of the immune system in conventionally raised animals and by 
extension in man illustrates that there is ongoing cross-talk between commensals in the 
intestinal lumen and the immune system. Commensal bacteria may gain access to 
immune cells in the lamina propria through several different routes. The main entryway is 
thought to be M-cells, specialized epithelial cells located over Peyer's patches and 
follicle-associated epithelium (F AE) in the intestinal mucosa. (32) M -cells lack microvilli 
and take up bacteria by pinocytosis and present them to dendritic cells and macrophages 
in the subepithelial dome. In addition, commensal bacteria may enter the lamina propria 
through breaches in the mucosal barrier when cells are shed through the normal turnover 
of epithelial cells. Finally, it has recently been shown that a subset of dendritic cells that 
expresses the practalkine receptor (CX3CR1) have the capability to extend dendrites into 
the intestinal lumen. (33) The ligand for the receptor is mainly expressed on the 
basolateral surface of enterocytes in the terminal ileum. It was further found that both 
commensal and pathogenic bacteria administered orally were taken up by this population 
of dendritic cells. Thus, there is continuous sampling of antigens from the commensal 
flora by M -cells and dendritic cells which serve as a surveillance system for the innate 
immune response. Antigens taken up by dendritic cells in Peyer' s patches or lamina 
propria are processed for presentation to B- and T -cells with subsequent activation of the 
adaptive immune system. Despite continuous exposure to luminal antigens, there are no 
obvious signs of mucosal inflammation in normal mice or man. One of the reasons for the 
lack of inflammation is that a proinflammatory response such as the IL-12-driven THl 
response is suppressed by production ofthe regulatory cytokines TGF~ and IL-l 0, which 
is illustrated in two recent studies. The first study used macrophages isolated from human 
jejunum and showed that macrophages did not express innate immune system receptors 
and did not produce proinflammatory cytokines (IL-l, IL-6, IL-12, TNF) in response to 
bacteria or LPS as opposed to blood monocytes from which macrophages are derived 
(Fig. 5). (34) 
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The 
macrophages, 
however, 
maintained avid 
phagocytic and 
bacteriocidal 
activity. The 
down regulation 
ofcytokine 
production was 
shown to be due 
to TGFp 
secretion from 
mast cells and 
intestinal 
epithelial cells. In 
the second study, 

SUPPRESSION OF CYTOKINE PRODUCTION 
IN HUMAN INTESTINAL MACROPHAGES 
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it was shown that 
isolated dendritic cells 

Figure 5 

from human colons were conditioned by intestinal epithelial cells to produce IL-6 and IL-
10 but not IL-12, which promoted a non-inflammatory TH2 response. (35) The factor 
secreted by epithelial cells was shown to be a newly-described chemokine, thymic 
stromallymphopoietin (TSLP). Blockage ofTSLP secretion reversed cytokine 
production in favor ofiL-12 and a TH1 inflammatory response. Hence, it is apparent that 
a complex control system has evolved to modify and regulate cytokine production and to 
prevent a proinflammatory response to commensal bacteria. 

Intestinal defense against bacteria 
a. Mucus production. There is constant mucus production and secretion 

from goblet cells in the small and large intestine which generate a layer of mucus on the 
mucosal surface. The mucus layer is thought to function as a protective shield of the 
epithelial cells against intraluminal bacteria and antigens, but it is difficult to assess the 
quantitative importance of mucus secretion in the defense against bacterial invasion. The 
mucus layer is absent over theM-cells which allows for unrestricted sampling ofbacteria. 
Two other defense mechanisms have evolved to restrict bacterial entry into the mucosa: 
IgA secretion and secretion ofbacteriocidal peptides. 

b. IgA secretion. More than 80% of all plasma cells reside in the intestinal 
lamina propria where they secrete 3-5 grams IgA on a daily basis. (36) IgA is transported 
across the epithelial cells via the polymeric immunoglobulin receptor after association 
with the J -chain and the secretory component. IgA is transported into the intestinal lumen 
as dimers or polymers and attach to commensal bacteria which prevent entry into 
the host. 

IgA B-cells originate in the germinal centers in Peyer's patches and isolated 
lymphoid follicles where B-cells, T-cells and dendritic cells reside. M-cells transport 
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commensal bacteria from the intestinal lumen to the germinal centers. The bacteria are 
taken up by macrophages where they are rapidly killed and by dendritic cells where they 
can survive up to 60 hours. Dendritic cells present commensal bacteria antigens to 
activated T -cells (CD4) which in turn stimulate IgM B-cells to class-switch to IgA 
production and develop antigenic specificity by somatic hypermutation (SHM) and, 
finally, to differentiate into IgA-secreting plasma cells and become part of the adaptive 
immune defense. The final step in B-cell maturation and differentiation takes place while 
the cells are in transit from germinal centers to mesenteric lymph nodes from which they 
return via the blood to the lamina propria. There is also aT -cell independent pathway for 
IgA production as the secretory IgA response measured in intestinal washings is almost 
identical in normal mice and T-cell-deficient mice. (37) This pathway is presumed to be 
confmed to the lamina propria outside ofPeyer's patches. Dendritic cells activated by 
lipopolysaccharide (LPS) have been shown to induce IgM B- cells to class-switch to IgA 
B-cells in vitro, independent ofT -cells. The induction was stimulated by transforming 
growth factor (TGF~) produced by lamina propria stromal cells. Secretory IgA in 
intestinal secretions has antibody specificity to antigens in bacterial cell walls of 
commensal bacteria. For example, studies in conventionally raised mice showed specific 
secretory IgA in intestinal washings against a common commensal in their flora (E. 
cloaca) but no detectable serum IgA or IgG against this bacterium. (38) Intestinal 
washings from germ-free mice had no detectable IgA binding to E. cloaca. Thus, the 
presence of commensal bacteria induces the generation oflgA secreting plasma cells in 
the lamina propria with antibody specificity to bacterial cell wall components which 
confines entry of commensal bacteria to the mucosal compartment and prevents a 
systemic immune response. (39) 

It has been difficult to assess the relative importance of secretory IgA in the 
overall defense against the intestinal microflora. IgA deficiency is a common immune 
deficiency with a benign phenotype. Patients with IgA deficiency compensate by 
producing secretory IgM and do not suffer from increased susceptibility to intestinal 
infections. Recently, it was observed that mice with a deficiency of activation-induced 
cytidine deaminase (AID) develop massive expansion oflymphoid follicles in the 
small intestine and a 100-fold increase in anaerobe bacteria in the small intestine. (40) 
AID activity is required for class-switch recombination and somatic hypermutation. 
Consequently, these mice have massive accumulation oflgM plasma cells in the 
lymphoid follicles. The increase in anaerobe bacteria in the small intestine is presumably 
due to the inability to generate secretory IgM with high antibody specificity. Treatment 
with antibiotics eradicated the anaerobe flora and led to regression or disappearance of 
the lymphoid follicles. AID deficiency in man causes the hyper-IgM syndrome which is 
characterized by very low serum levels of IgA and IgG with normal or increased IgM, 
recurrent respiratory and gastrointestinal infections, and nodular lymphoid hyperplasia. 
( 41) Thus, secretory IgA in intestinal secretions appears to pr<.?tect against intestinal 
infections, and to control homeostasis ofthe commensal flora. 

c. Secretion of antimicrobial peptides. Secretion of antimicrobial peptides 
by intestinal epithelial cells is part of the innate immune system and contributes to 
defense against luminal bacteria. Antimicrobial peptides are defined as short peptides ( ~ 
30-40 amino acids) with bacteriocidal activity. One of the main families of antimicrobial 
peptides in animals and man is the defensin family. ( 42-46) The mammalian defensins 
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are classified as a- and ~-defensins based on differences in disulfide bonds. a-defensins 
are stored in the granules ofneutrophils (HNPl-4) and in the secretory granules ofPaneth 
cells in the small intestine (HD5&6). ~-defensins are secreted by epithelial cells in both 
the small and large intestine (HBD1&2). a- and ~-defensins are synthesized as 
prepropeptides and after two cleavage steps, stored in granules as mature peptides. The 
secreted peptides are cationic and amphipathic which confers affinity for anionic 
phospholipids in bacterial membranes. Paneth cells are located at the base of intestinal 
crypts and are found only in the small intestine with a higher density in the distal small 
intestine. Paneth cells also secrete lysozyme and phospholipase A2, both of which 
have antimicrobial activity by their ability to degrade bacterial membranes. a-defensins 
have antimicrobial activity against E. coli, L. monocytogenes, S. typhimurium, S. aureus 
and Candida albicans. ~-defensins are mainly active against gram-negative bacteria. The 
bacteriocidal activity is observed at low defensin concentrations (1-10 ug/ml). The 
mechanism of action of defensins is thought to be pore formation in bacterial membranes 
resulting in increased permeability and dissolution of the electrochemical potential. 
Recently, Hooper et al showed that Paneth cells in mice secrete yet another antimicrobial 
peptide, Ang4, which is a member of the angiogenin family known for its role in 
stimulating blood vessel formation. (47) Ang4 expression is restricted to the intestine and 
localizes to the secretory granules in Paneth cells. Ang4 has antimicrobial activity against 
gram-positive bacteria (E. faecalis, L. monocytogenes), whereas E. coli was resistant. 
Isolated crypts from mouse small intestine release a-defensins, Ang4, lysozyme and 
phospholipase A2 in vitro in response to incubation with bacteria or LPS. The synthesis 
of defensins is thought to be constitutive whereas the expression of Ang4 mRNA in mice 
increases during the weaning period as the normal microflora becomes established. 

It has been difficult to demonstrate the importance of defensins in the intestinal 
immune defense. Temporary ablation of the Paneth cell population in a transgenic mouse 
model had no apparent effect on the mice or the commensal flora. In mice, the cleavage 
of the prepropeptides to mature defensins depends on the enzymatic activity of 
matrilysin. Knockout mice with disruption of the matrilysin gene are more susceptible to 
infection with Salmonella typhimurium and they had higher bacterial counts in the lower 
small intestine than wild-type mice. Conversely, mice transgenic for human defensin 5 
(HD5) are more resistant to infection with S. typhimurium as they survived an oral dose 
that killed all the wild-type mice. ( 48) Intraperitoneal inoculation of S. typhimurium was 
equally lethal in both groups of mice indicating that intestinal secretion ofHD5 provides 
protection against infection. The question whether defensins and angiogenin control the 
density or composition of the commensal flora in different compartments of the 
gastrointestinal tract still remains to be elucidated. 

Pattern recognition receptors (PRRs) 

The innate immune system senses the entry of commensal and pathogenic 
bacteria across the mucosa by a conserved primitive recognition system that detects so
called pathogen-associated molecular patterns (P AMPs) that are expressed in bacterial 
cell walls such as peptidoglycan , LPS and lipotheicoic acid. The molecular patterns are 
shared by commensal and pathogenic bacteria. The main pattern recognition receptors are 
the toll-like receptors (TLRs) and the NODs (nucleotide oligomerization domain). 
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a. Toll-like receptors (TLRs). The TLR family now includes 11 members 
that recognize different molecular motifs in bacteria and viruses (Table 4). ( 49-51) 

The ligands and origin of 
ligands for some of these 
receptors are shown in Table 
4. Most ofthe TLRs are 
expressed in the cell 
membrane in macrophages, 
dendritic cells and also in 
intestinal epithelial cells. The 
intracellular domain ofthe 
TLRs is similar to the 
intracellular domain of the IL
l B. The extracellular domain 
contains multiple copies of 
leucine-rich repeats and is 
responsible for ligand 
recognition and binding. 

TOLL-LIKE RECEPTORS 

RECEPTOR LIGAND ORIGIN 

TLR1 
Triacyl Bacteria 

lipopeptides 

Peptidoglycan 
Gram liS TLR2 Lipotheicoic 
bacteria 

acid 

TLR3 
Double 

Viruses 
stranded RNA 

TLR4 LPS 
Gram reg 
bacteria 

TLR5 Flagellin Bacteria 

Ligand binding elicits a complicated cascade of intracellular molecular interactions that 
involve several adaptor molecules (Fig. 6). 

ACTIVATION OF TOLL-LIKE 
RECEPTORS 

MyD88 is an essential adaptor 
molecule that recruits IRAKl and 4 to 
the receptor complex and subsequent 
association with TRAF6 and T AKl 
and, finally, phosphorylation of ItcB 
and release ofNF-kB, which 
translocates to the nucleus and induces 
transcription of pro inflammatory 
cytokine and chemokine genes. The 
expression of TLR2 and TLR4 by 
intestinal epithelial cells is low despite 
constant exposure to commensal 
bacteria, but upregulated in chronic 
inflammation. TLRs signaling cascade 
can be blocked by intracellular 
molecules such as TolliP that associates 
with IRAKl and prevents its 
phosphorylation and subsequent 

activation ofNF-KB. Other negative regulators ofTLRS signaling include IRAK-M, 
SOCSl, MyD88s and SIGiRR which interfere with various steps in the signaling cascade 
and presumably function to downregulate the inflammatory response. The role ofTLR 
activation by commensal bacteria was recently investigated by inducing colitis with 
dextran sulfate (DSS) in four groups of mice: MyD88-deficient, TLR2-deficient, TLR4-
deficient and wild-type. (52) The a priori hypothesis was that MyD88-deficient mice 
would be less susceptible to inflammation due to lack of TLR signaling (Fig. 7). 
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Fiovvever,11yi>88-
deficient mice 
shovved severe 
morbidity and 
mortality as did 
TLR2- and TLR4-
deficient mice, vvhile 
all vvild-type mice 
survived. Thus, 
signaling by TLRs 
not only activates the 
immune system but 

INDUCTION OF DSS COLITIS 
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also induces protection of the Figure 7 
epithelial barrier. It was further shown that 11yi>88-deficient mice failed to induce 
cytoprotective factors (heat shock proteins 25 and 72) and factors involved in epithelial 
repair (IL-6, TNF), whereas these factors increased significantly in vvild-type mice after 
induction of colitis by I>SS. Finally, vvild-type mice treated for four vveeks vvith broad
spectrum antibiotics to eliminate the commensal flora shovved severe morbidity and 
mortality to I>SS-induced colitis. The commensal-depleted mice did not express heat 
shock proteins 25 or 72. Thus, ligands from commensal bacteria continuously activate 
TLRs and upregulate cytoprotective factors in case of epithelial injury. 

b. NOD proteins. The nucleotide binding oligomerization domain (NOI>) 
proteins are members of a family of intracellular pattern recognition receptors (PRRs) 
vvhich recognize distinct bacterial cell vvall motifs and induce an inflammatory and 
apoptotic response. The NO I> proteins serve as a detection system of intracellular 
infection and are part of the innate immune system. NOI> homologs are found in plants, 
bacteria, fungi and animals and there are novv more than 20 human homologs identified. 
(53) 

The NOI> proteins contain three functional domains: an effector binding domain 
(EBI>), a central NOI> domain, and a ligand recognition domain (LRI>) (Fig. 8). 
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The NOI> mediates 
oligomerization to dimers that is 
required for dovvnstream 
activation of the effector domain 
molecules. The EBI> ofNOI>l 
and NOI>2 contains one and tvvo 
CARI>s (Caspase Recruitment 
I>omain) vvhich belong to the 
death-domain fold family. The 
LRI> ofthe NOI> proteins 
contain leucine-rich repeats 
(LRRs) similar to the toll-like 
receptors. The ligands for 



NODI and NOD2 are degradation products ofbacterial cell walls. It was initially thought 
that peptidoglycan, a cell wall component of both gram-positive and gram-negative 
bacteria, was the ligand for NOD2. (54) It has now been convincingly shown by two 
independent groups that muramyl dipeptide (MDP), the minimal structural component of 
peptidoglycan, is the ligand for NOD2 signaling. (55, 56) MDP is composed ofN
acetylmuramic acid, L-alanine and D-glutamic acid. Signaling by the NOD proteins after 
ligand recognition proceeds by NOD oligomerization which activates the CARD domain 
which, in turn, recruits another CARD-containing interacting molecule. NOD 1 and 
NOD2 interact with RICK, a kinase, which then phosphorylates IKK (inhibitor ofNF
kB) and NF-kB translocates to the nucleus and induces transcription ofproinflammatory 
genes (TNF, IL-lp). Cells transfected with NOD2 and incubated with MDP showed a 15-
fold activation ofNF-KB. Replacement ofL-alanine with D-alanine in MDP eliminated a 
NF-KB response indicating that ligand recognition is stereoselective. MDP is not 
recognized by NOD 1 or TLRs. Thus, the NOD proteins can sense intracellular infections 
by gram-positive and gram-negative bacteria and mount an inflammatory response by 
NF-KB release or an apoptotic response by activation of caspases. 

NOD2 mutations 
In 1996, Hugot et al identified a susceptibility locus for Crohn's disease in the 

peri centromeric region of chromosome 16 by linkage study of nuclear families with 
Crohn's disease. (12) The locus was called IBDl and the linkage was confirmed by 
several independent studies in other countries. (57-59) In 2001, two independent groups 
identified NOD2 as the gene within the IBDllocus that confers susceptibility to Crohn's 
disease. (16, 17) The two groups used different approaches to identify the gene. Hugot's 
group used first microsatellite markers and then SNPs to narrow down the gene location 
while Ogura's group assumed that NOD2 might be the susceptibility gene as it had been 
mapped to microsatellite markers that overlapped the IBD locus. Both groups sequenced 
NOD2 and identified three mutations that were associated with Crohn's disease (a 
frameshift mutation 3020insC and two missense mutations). Both groups further showed 
that the mutated NOD2 failed to respond to MDP in an NF-kB expression system, i.e. 
loss of function mutations, and that the mutations were found in or near the LRR domain. 
It is estimated that NOD mutation confers about 18% ofthe genetic risk for Crohn's 
disease. Heterozygosity for the common NOD2 mutation increases the risk for disease 3 
- 4-fold but homozygosity increases the risk 30- 40-fold. The intestinal inflammation in 
CD is characterized by a high expression ofNF-kB which is in contrast to experimental 
findings of lack ofNF -kB activation in cells with NOD2 mutations. This discrepancy has 
been under intense scrutiny and, recently, two groups using slightly different models of 
NOD2 mutations reached opposite conclusions as to why NOD2 mutations are associated 
with CD. One group used mice where the NOD2 locus was replaced by the mutated allele 
3020insC. (60) Mice homozygous for the 3020insC mutation developed normally and 
remained healthy. However, mice with the mutated allele were more susceptible to 
induced intestinal inflammation by dextran sulfate (DSS) than wild-type mice (more 
weight loss and higher mortality). Macrophages from these mice had higher NF-kB 
activation and significantly higher IL-l p secretion upon stimulation by MDP compared 
to macrophages from wild-type mice. The authors concluded that the 3020insC mutation 
in NOD2 is a gain of function mutation. The other group generated mice where NOD2 
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was ablated (NODT1-).(61) These mice also remained healthy without evidence of 
intestinal inflammation. Furthermore, they did not have increased susceptibility to DSS
induced colitis. Isolated macrophages from NOD2 mice failed to respond to MDP, 
whereas macrophages from wild-type mice showed activation ofNF -kB and secretion of 
IL-6 and TNF. There was no difference in survival when wild-type and NOD2 mice were 
challenged with Listeria monocytogenes intravenously or intraperitoneally. However, 
intragastric challenge with L. monocytogenes caused more morbidity and higher recovery 
ofbacteria from spleen and liver in NOD2 than in wild-type mice. Expression ofNOD2 
has been shown to be high in Paneth cells in the intestinal crypts which was confirmed in 
this study. It was further shown that the expression of defensins was significantly lower 
in NOD2 mice compared to wild-type, and decreased upon infection with L. 
monocytogenes. Thus, lack ofNOD2 function in Paneth cells leads to decreased defensin 
expression and presumably decreased secretion and renders these mice more susceptible 
to bacterial infections. The absence ofNOD2, therefore, represents a "loss of function" 
mutation in this study. It is of interest that patients with CD and NOD2 mutations 
primarily have ileal disease where Paneth cells have the highest density. (62) 
Furthermore, it has recently been shown that expression of a-defensins is reduced in ileal 
tissue in patients with NOD2-associated CD. (63) NOD2 mutations are found in up to 
50% of central Europeans with CD, but are absent in Japanese or African-American 
patients. The frequency ofNOD2 mutations in healthy individuals has been estimated to 
be 1%. Thus, the NOD2 mutations are the first identified genetic risk factors of CD and 
functional studies are beginning to unravel a defect in the innate immune system. There is 
another mutation in NOD2 which is not associated with CD. This mutation causes the 
Blau syndrome (arthritis, uveitis and skin rash). (53) The mutation is in the dimerization 
domain of the molecule and causes NF-KB activation. NOD2 mutations are, of course, 
just one of the risk factors of CD and identification of genes within the other 
susceptibility loci (IBD2-IBD9) is much anticipated. Knowledge of the function ofthese 
genes may ultimately lead to development of new treatments. 

New Treatments of CD 
The mucosal inflammation in CD is thought to proceed as illustrated in Fig. 9. 
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POINTS OF INTERVENTION IN THE 
INFLAMMATORY CASCADE 
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Figure 9 

Commensal bacteria or degradation products are taken up by dendritic cells in the Peyer's 
patches in the lamina propria and recognition by TLRs or NODs activates the innate 
immune system by release ofNF-KB and production ofproin:flammatory cytokines with a 
THl profile (IL-12). (64) Dendritic cells also present bacterial antigens via the MHC 
complex and co stimulatory molecules for engagement with T -cell receptors (TCR) on 
na!ve CD4 cells, to initiate a response of the adaptive immune system. The cells are 
transported to the mesenteric lymph nodes, become activated, express a4~ 7 integrin, and 
return via the blood to the lamina propria through interaction with a specific integrin 
receptor (MADCAMl). Activated CD4 THl cells produce IFNy and TNF, which 
stimulate macrophage cytokine production (IL-l~' IL-6, TNF). According to this scheme, 
there are several points in the inflammatory cascade where therapeutic interventions may 
be attempted. 

Infliximab, an anti-TNF antibody, was introduced as a treatment for therapy
resistant CD in 1999 and has proven to be a valuable addition to the limited number of 
treatment modalities for CD. Infliximab binds TNF and, more importantly, induces 
apoptosis ofTHl effector cells. However, about 40% of CD patients fail to respond to 
infliximab which underscores a need for new treatments. 
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Integrin antibodies 
Antibodies to a4P7 integrin prevent lymphocytes to home back to lamina propria 

and have been shown to improve colitis in an animal model (cotton-top tamarin). The 
effect ofnatalizumab, an a4 antibody, has recently been examined in a study of248 
patients with moderate to severe CD in a multi-center study in Europe. (65) Patients were 
divided into four groups to receive two infusions of natalizumab or placebo at 0 and 4 
weeks, and followed to week 12. Natalizumab was given at either 3 or 6 mg per kg body 
weight. One group received 3 mg/kg of natalizumab at week 0 and placebo at week 4. 
The response rate was measured with the Crohn's Disease Activity Index (CDAI). 
Clinical remission was defined as a score ofless than 150 and a clinical response as a 
decline in CDAI score by at least 70 points. At the end of the study, at week 12, the rate 
of remission in the groups given natalizumab was not significantly different from the 
placebo group. The rate of clinical response in the two groups that received two infusions 
of natalizumab (3 mg and 6 mg/kg, respectively), however, was statistically significant at 
both 4 and 12 weeks when compared to placebo (Table 5). 

NATALIZUMAB STUDY 

PLACEBO 1 INFUSION 21NFUSIONS 21NFUSIONS 
3MG/KG 3MG/KG 6MGIKG 

n 63 68 66 51 

Remission 
14% 31%* 29%* 29%* week4 

Remission 
27% 28% 42%* 39%· 

week12 

Response 
29% 47%* 62%* 53%* week4 

Response 
43% 50% 61%* 65%* week12 

... p<0.05 

Table 5 

The clinical response is in the same range as that seen in treatment with infliximab. The 
number of patients who had adverse effects were similar in the four groups. Natalizumab 
has also been shown to have a significant effect in the treatment of patients with multiple 
sclerosis. However, natalizumab was withdrawn from the market in February 2005 after 
three patients (2 MS, 1 CD) developed progressive multifocalleukoencephalopathy 
(PML). 

Anti-interleukin-12 antibo!;!y 
IL-12 has a pivotal role in the induction ofthe TH1 response in CD inflammation. 

(66) 
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Inhibition ofiL-12 by an anti-IL-12 antibody in animal models of colitis reduces or 
resolves the inflammation. A fully humanized anti-IL-12 antibody has now been 
developed and the first results of a safety and dose-finding study in patients with active 
CD were recently published. (67) The primary endpoint of the study was safety and the 
secondary endpoints were rates of remission (CDAI < 150), and clinical response 
(decrease in CDAI by at least 100 points). The study only enrolled 79 patients who were 
divided into two cohorts to receive seven weekly subcutaneous injections of 1 mg or 3 
mg!k:g of the anti-IL-12 antibody or placebo. In cohort 1, there was a 4-week interval 
between the first and second injection while cohort 2 received the injections for seven 
consecutive weeks. The patients were followed for 18 weeks. The main adverse effect of 
the anti-IL-12 antibody was a local reaction at the injection site. There were nine cases of 
serious adverse effects which could not be attributed to the antibody. The clinical 
response and remission rates in cohort 1 were not statistically different between treatment 
groups and placebo. In cohort 2, the clinical response rate was significantly higher in the 
group receiving 3 mg/kg compared to 1 mg!k:g and placebo, and was maintained 
throughout the study (Fig. 10). 

EFFECT OF ANTI-INTERLEUKIN 12 
ANTIBODY IN ACTIVE CD 
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Figure 10 

The clinical remission rates were not significantly different among the three groups in 
cohort 2. Thus, short-term administration ofanti-IL-12 antibodies appears to be safe and, 
at 3 mg!k:g, induces a substantial clinical response. 

Treatments on the Horizon 
Our knowledge of the complex interplay of cytokines and chemokines in 

intestinal inflammation is rapidly expanding and has led to development of new 
treatments which are currently in phase I or II clinical trials in CD. Some of the 
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compounds that are being evaluated are semapimod, a mitogen-activated protein kinase 
inhibitor which blocks production of TNF, IL-l and IL-6, recombinant human IL-11 and 
an antagonist to chemokine receptor 9. These compounds interfere with proinflammatory 
cytokine signaling. Other agents that are being investigated for possible therapeutic effect 
in CD are omega-3 fatty acids and glucagon-like peptide 2. 

Ultimately, only controlled clinical trials will prove whether any of these new 
agents will be of clinical benefit in the treatment ofCrohn's disease. There was much 
hope that IL-l 0, which is effective in the treatment of several animal models of colitis, 
would also prove to be effective in active CD, but a large clinical trial failed to show a 
significant benefit. ( 68) Finally, a word of caution is warranted as the experience with 
natalizumab has shown that the long-term effect of interference with cytokine signaling is 
unknown. 

ACKNOWLEDGMENTS 
I gratefully acknowledge help from Thien Tran with the figures and Kerry Foreman with 
the manuscript. 

REFERENCES 
1. Crohn, B.B., Ginzburg, L., and Oppenheimer, G.D. 1932. Regional Ileitis. A 

pathological and clinical entity. JAmMed Assoc 99:1323-1329. 
2. Korzenik, J.R. 2005. Past and current theories of etiology ofiBD: toothpaste, 

worms, and refrigerators. J Clin Gastroenterol39:S59-65. 
3. Romero, C., Hamdi, A., Valentine, J.F., and Naser, S.A. 2005. Evaluation of 

surgical tissue from patients with Crohn's disease for the presence of 
Mycobacterium avium subspecies paratuberculosis DNA by in situ hybridization 
and nested polymerase chain reaction. Injlamm Bowel Dis 11:116-125. 

4. Bonen, D.K., and Cho, J.H. 2003. The genetics of inflammatory bowel disease. 
Gastroenterology 124:521-536. 

5. Hugot, J.P. 2004.1nflammatory bowel disease: a complex group of genetic 
disorders. Best Pract Res Clin Gastroenteroll8:451-462. 

6. Wild, G.E., and Rioux, J.D. 2004. Genome scan analyses and positional cloning 
strategy in IBD: successes and limitations. Best Pract Res Clin Gastroenterol 
18:541-553. 

7. Schreiber, S., Rosenstiel, P., Albrecht, M., Hampe, J., and Krawczak, M. 2005. 
Genetics of Crohn disease, an archetypal inflammatory barrier disease. Nat Rev 
Genet 6:376-388. 

8. Blumberg, R.S., Saubermann, L.J., and Strober, W. 1999. Animal models of 
mucosal inflammation and their relation to human inflammatory bowel disease. 
Curr Opin Immunolll :648-656. 

9. Bouma, G., and Strober, W. 2003. The immunological and genetic basis of 
inflammatory bowel disease. Nat Rev Immunol3:521-533. 

10. Singer, H.C., Anderson, J.G., Frischer, H., and Kirsner, J.B. 1971. Familial 
aspects of inflammatory bowel disease. Gastroenterology 61:423-430. 

11. Tysk, C., Lindberg, E., Jarnerot, G., and Floderus-Myrhed, B. 1988. Ulcerative 
colitis and Crohn's disease in an unselected population of monozygotic and 

19 



dizygotic twins. A study of heritability and the influence of smoking. Gut 29:990-
996. 

12. Hugot, J.P., Laurent-Puig, P., Gower-Rousseau, C., Olson, J.M., Lee, J.C., 
Beaugerie, L., Naom, I., Dupas, J.L., Van Gossum, A., Orholm, M., et al. 1996. 
Mapping of a susceptibility locus for Crohn's disease on chromosome 16. Nature 
379:821-823. 

13. Hampe, J., Cuthbert, A., Croucher, P.J., Mirza, M.M., Mascheretti, S., Fisher, S., 
Frenzel, H., King, K., Hasselmeyer, A., MacPherson, A.J., et al. 2001. 
Association between insertion mutation in NOD2 gene and Crohn's disease in 
German and British populations. Lancet 357:1925-1928. 

14. Hampe, J., Grebe, J., Nikolaus, S., Solberg, C., Croucher, P.J., Mascheretti, S., 
Jahnsen, J., Mourn, B., Klump, B., Krawczak, M., et al. 2002. Association of 
NOD2 (CARD 15) genotype with clinical course ofCrohn's disease: a cohort 
study. Lancet 359:1661-1665. 

15. Helio, T., Halme, L., Lappalainen, M., Fodstad, H., Paavola-Sakki, P., Turunen, 
U., Farkkila, M., Krusius, T., and Kontula, K. 2003. CARD15/NOD2 gene 
variants are associated with familially occurring and complicated forms of 
Crohn's disease. Gut 52:558-562. 

16. Hugot, J.P., Chamaillard, M., Zouali, H., Lesage, S., Cezard, J.P., Belaiche, J., 
Almer, S., Tysk, C., O'Morain, C.A., Gassull, M., et al. 2001. Association of 
NOD2 leucine-rich repeat variants with susceptibility to Crohn's disease. Nature 
411:599-603. 

17. Ogura, Y., Bonen, D.K., Inohara, N., Nicolae, D.L., Chen, F.F., Ramos, R., 
Britton, H., Moran, T., Karaliuskas, R., Duerr, R.H., et al. 2001. A frameshift 
mutation in NOD2 associated with susceptibility to Crohn's disease. Nature 
411:603-606. 

18. Peltekova, V.D., Wintle, R.F., Rubin, L.A., Amos, C.I., Huang, Q., Gu, X., 
Newman, B., Van Oene, M., Cescon, D., Greenberg, G., et al. 2004. Functional 
variants of OCTN cation transporter genes are associated with Crohn disease. Nat 
Genet 36:471-475. 

19. Daly, M.J., Pearce, A.V., Farwell, L., Fisher, S.A., Latiano, A., Prescott, N.J., 
Forbes, A., Mansfield, J., Sanderson, J., Langelier, D., et al. 2005. Association of 
DLG5 R30Q variant with inflammatory bowel disease. Eur J Hum Genet. 

20. Berg, R.D. 1996. The indigenous gastrointestinal microflora. Trends Microbial 
4:430-435. 

21. Hugenholtz, P., Goebel, B.M., and Pace, N.R. 1998. Impact of culture
independent studies on the emerging phylogenetic view ofbacterial diversity. J 
Bacteriol180:4765-4774. 

22. Hold, G.L., Pryde, S.E., Russell, V.J., Furrie, E., and Flint, H.J. 2002. Assessment 
of microbial diversity in human colonic samples by 16S rDNA sequence analysis. 
FEMS Microbiology 39:33-39. 

23. Wang, X., Heazlewood, S.P., Krause, D.O., and Florin, T.H. 2003. Molecular 
characterization of the microbial species that colonize human ileal and colonic 
mucosa by using 16S rDNA sequence analysis. J Appl Microbiol95:508-520. 

20 



24. Eckburg, P.B., Bik, E.M., Bernstein, C.N., Purdom, E., Dethlefsen, L., Sargent, 
M., Gill, S.R., Nelson, K.E., and Reiman, D.A. 2005. Diversity of the Human 
Intestinal Microbial Flora. Science. 

25. Backhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A., and Gordon, J.l. 2005. 
Host-bacterial mutualism in the human intestine. Science 307:1915-1920. 

26. Backhed, F., Ding, H., Wang, T., Hooper, L.V., Koh, G.Y., Nagy, A., 
Semenkovich, C.F., and Gordon, J.l. 2004. The gut microbiota as an 
environmental factor that regulates fat storage. Proc Nat! Acad Sci US A 
101:15718-15723. 

27. Hooper, L.V., Wong, M.H., Thelin, A., Hansson, L., Falk, P.G., and Gordon, J.l. 
2001. Molecular analysis of commensal host-microbial relationships in the 
intestine. Science 291:881-884. 

28. Nagler-Anderson, C. 2001. Man the Barrier! Strategic defences in the intestinal 
mucosa. Nature Reviews.Immunology 1:59-67. 

29. Macpherson, A.J., and Harris, N.L. 2004. Interactions between commensal 
intestinal bacteria and the immune system. Nat Rev Immuno/4:478-485. 

30. Sansonetti, P.J. 2004. War and peace at mucosal surfaces. Nat Rev Immunol 
4:953-964. 

31. Macdonald, T.T., and Monteleone, G. 2005. Immunity, inflammation, and allergy 
in the gut. Science 307:1920-1925. 

32. Jang, M.H., Kweon, M.N., Iwatani, K., Yamamoto, M., Terahara, K., Sasakawa, 
C., Suzuki, T., Nochi, T., Yokota, Y., Rennert, P.D., et al. 2004. Intestinal villous 
M cells: an antigen entry site in the mucosal epithelium. Proc Nat! Acad Sci US A 
101:6110-6115. 

33. Niess, J.H., Brand, S., Gu, X., Landsman, L., Jung, S., McCormick, B.A., Vyas, 
J.M., Boes, M., Ploegh, H.L., Fox, J.G., et al. 2005. CX3CR1-mediated dendritic 
cell access to the intestinal lumen and bacterial clearance. Science 307:254-258. 

34. Smythies, L.E., Sellers, M., Clements, R.H., Mosteller-Barnum, M., Meng, G., 
Benjamin, W.H., Orenstein, J.M., and Smith, P.D. 2005. Human intestinal 
macrophages display profound inflammatory anergy despite avid phagocytic and 
bacteriocidal activity. J Clin Invest 115:66-75. 

35. Rimoldi, M., Chieppa, M., Salucci, V., Avogadri, F., Sonzogni, A., Sampietro, 
G.M., Nespoli, A., Viale, G., Allavena, P., and Rescigno, M. 2005. Intestinal 
immune homeostasis is regulated by the crosstalk between epithelial cells and 
dendritic cells. Nat Immuno/6:507-514. 

36. Fagarasan, S., and Honjo, T. 2003. Intestinal IgA synthesis: regulation of front
line body defences. Nat Rev Immunol 3:63-72. 

37. Macpherson, A.J., Gatto, D., Sainsbury, E., Harriman, G.R., Hengartner, H., and 
Zinkemagel, R.M. 2000. A primitive T cell-independent mechanism of intestinal 
mucosal IgA responses to commensal bacteria. Science 288:2222-2226. 

38. Macpherson, A.J., and Uhr, T. 2004. Induction of protective IgA by intestinal 
dendritic cells carrying commensal bacteria. Science 303:1662-1665. 

39. Macpherson, A.J., and Uhr, T. 2004. Compartmentalization of the mucosal 
immune responses to commensal intestinal bacteria. Ann NY Acad Sci 1029:36-
43. 

21 



40. Fagarasan, S., Muramatsu, M., Suzuki, K., Nagaoka, H., Hiai, H., and Honjo, T. 
2002. Critical roles of activation-induced cytidine deaminase in the homeostasis 
of gut flora. Science 298:1424-1427. 

41. Revy, P., Muto, T., Levy, Y., Geissmann, F., Plebani, A., Sanal, 0., Catalan, N., 
Forveille, M., Dufourcq-Labelouse, R., Gennery, A., et al. 2000. Activation
induced cytidine deaminase (AID) deficiency causes the autosomal recessive 
form ofthe Hyper-lgM syndrome (HIGM2). Cell102:565-575. 

42. Ayabe, T., Satchell, D.P., Wilson, C.L., Parks, W.C., Selsted, M.E., and Ouellette, 
A.J. 2000. Secretion of microbicidal alpha-defensins by intestinal Paneth cells in 
response to bacteria. Nat Immunol1: 113-118. 

43. Ouellette, A.J., and Bevins, C.L. 2001. Paneth cell defensins and innate immunity 
of the small bowel. Injlamm Bowel Dis 7:43-50. 

44. Ganz, T. 2003. Defensins: antimicrobial peptides of innate immunity. Nat Rev 
Irnrnunol3:710-720. 

45. Cunliffe, R.N., and Mahida, Y.R. 2004. Expression and regulation of 
antimicrobial peptides in the gastrointestinal tract. J Leukoc Biol75:49-58. 

46. Eckmann, L. 2005. Defence molecules in intestinal innate immunity against 
bacterial infections. Curr Opin Gastroenterol 21 : 14 7-151. 

47. Hooper, L.V., Stappenbeck, T.S., Hong, C.V., and Gordon, J.I. 2003. 
Angiogenins: a new class of microbicidal proteins involved in innate immunity. 
Nat Irnrnunol4:269-273. 

48. Salzman, N.H., Ghosh, D., Huttner, K.M., Paterson, Y., and Bevins, C.L. 2003. 
Protection against enteric salmonellosis in transgenic mice expressing a human 
intestinal defensin. Nature 422:522-526. 

49. Akira, S., and Takeda, K. 2004. Toll-like receptor signalling. Nat Rev Irnrnunol 
4:499-511. 

50. Philpott, D.J., and Girardin, S.E. 2004. The role of Toll-like receptors and Nod 
proteins in bacterial infection. Mol Irnmunol41:1099-1108. 

51. Abreu, M.T., Fukata, M., and Arditi, M. 2005. TLR signaling in the gut in health 
and disease. J Irnrnuno/174:4453-4460. 

52. Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., and Medzhitov, 
R. 2004. Recognition of commensal microflora by toll-like receptors is required 
for intestinal homeostasis. Cel/118:229-241. 

53. Inohara, N., and Nunez, G. 2003. NODs: intracellular proteins involved in 
inflammation and apoptosis. Nat Rev Irnmuno/3:371-382. 

54. Girardin, S.E., and Philpott, D.J. 2004. Mini-review: the role of peptidoglycan 
recognition in innate immunity. Eur J Irnmunol34:1777-1782. 

55. Inohara, N., Ogura, Y., Fontalba, A., Gutierrez, 0., Pons, F., Crespo, J., Fukase, 
K., Inamura, S., Kusumoto, S., Hashimoto, M., et al. 2003. Host recognition of 
bacterial muramyl dipeptide mediated through NOD2. Implications for Crohn's 
disease. J Biol Chern 278:5509-5512. 

56. Girardin, S.E., Boneca, I.G., Viala, J., Chamaillard, M., Labigne, A., Thomas, G., 
Philpott, D.J., and Sansonetti, P.J. 2003. Nod2 is a general sensor of 
peptidoglycan through muramyl dipeptide (MDP) detection. J Biol Chern 
278:8869-8872. 

22 



57. Brant, S.R., Fu, Y., Fields, C.T., Baltazar, R., Ravenhill, G., Pickles, M.R., Rohal, 
P.M., Mann, J., Kirschner, B.S., Jabs, E.W., et al. 1998. American families with 
Crohn's disease have strong evidence for linkage to chromosome 16 but not 
chromosome 12. Gastroenterology 115:1056-1061. 

58. Cavanaugh, J.A., Callen, D.F., Wilson, S.R., Stanford, P.M., Sraml, M.E., 
Gorska, M., Crawford, J., Whitmore, S.A., Shlegel, C., Foote, S., et al. 1998. 
Analysis of Australian Crohn's disease pedigrees refines the localization for 
susceptibility to inflammatory bowel disease on chromosome 16. Ann Hum Genet 
62 ( Pt 4):291-298. 

59. Annese, V., Latiano, A., Bovio, P., Forabosco, P., Piepoli, A., Lombardi, G., 
Andreoli, A., Astegiano, M., Gionchetti, P., Riegler, G., et al. 1999. Genetic 
analysis in Italian families with inflammatory bowel disease supports linkage to 
the IBDllocus--a GISC study. Eur J Hum Genet 7:567-573. 

60. Maeda, S., Hsu, L.C., Liu, H., Bankston, L.A., Iimura, M., Kagnoff, M.F., 
Eckmann, L., and Karin, M. 2005. Nod2 mutation in Crohn's disease potentiates 
NF-kappaB activity and IL-l beta processing. Science 307:734-738. 

61. Kobayashi, K.S., Chamaillard, M., Ogura, Y., Henegariu, 0., Inohara, N., Nunez, 
G., and Flavell, R.A. 2005. Nod2-dependent regulation of innate and adaptive 
immunity in the intestinal tract. Science 307:731-734. 

62. Aldhous, M.C., Nimmo, E.R., and Satsangi, J. 2003. NOD2/CARD15 and the 
Paneth cell: another piece in the genetic jigsaw of inflammatory bowel disease. 
Gut 52:1533-1535. 

63. Wehkamp, J., Schmid, M., Fellermann, K., and Stange, E.F. 2005. Defensin 
deficiency, intestinal microbes, and the clinical phenotypes of Crohn's disease. J 
Leukoc Bio/77:460-465. 

64. Kapsenberg, M.L. 2003. Dendritic-cell control ofpathogen-driven T-cell 
polarization. Nat Rev Immuno/3:984-993. 

65. Ghosh, S., Goldin, E., Gordon, F.H., Malchow, H.A., Rask-Madsen, J., Rutgeerts, 
P., Vyhnalek, P., Zadorova, Z., Palmer, T., and Donoghue, S. 2003. Natalizumab 
for active Crohn's disease. N Eng! J Med 348:24-32. 

66. Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance and 
adaptive immunity. Nat Rev Immuno/3:133-146. 

67. Mannon, P.J., Fuss, I.J., Mayer, L., Elson, C.O., Sandborn, W.J., Present, D., 
Dolin, B., Goodman, N., Groden, C., Hornung, R.L., et al. 2004. Anti-interleukin-
12 antibody for active Crohn's disease. N Eng! J Med 351:2069-2079. 

68. Schreiber, S., Fedorak, R.N., Nielsen, O.H., Wild, G., Williams, C.N., Nikolaus, 
S., Jacyna, M., Lashner, B.A., Gangl, A., Rutgeerts, P., et al. 2000. Safety and 
efficacy of recombinant human interleukin 10 in chronic active Crohn's disease. 
Crohn's Disease IL-10 Cooperative Study Group. Gastroenterology 119:1461-
1472. 

23 


