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Abstract

The recent identification of the CARD15/NOD2 gene as a
susceptibility locus for Crohn’s disease represents an
important step towards the delineation of the immuno-
pathogenesis of inflammatory bowel disease. CARD15
functions as an intracellular receptor for bacterial com-
ponents and thus represents an important link between
inflammatory bowel disease and innate immunity. Three
major CARD15/NOD2 gene mutations have been associ-
ated with Crohn’s disease in Caucasians in several inde-
pendent studies. Together, they explain about 20% of the
genetic susceptibility for Crohn’s disease. Genotype-
phenotype analyses demonstrated an association of
these mutations with ileum-specific disease, an in-
creased incidence of the fibrostenotic phenotype and an
earlier age of disease onset. Beside these associations,
no other relationship between the CARD15/NOD2 geno-
type and disease behavior or response to treatment has
been detailed so far. Thus, the clinical impact of knowing
the patient’s genotype is limited at this time. Screening
for CARD 15 mutations in order to identify high-risk indi-
viduals or to introduce an individualized disease man-

agement is therefore currently not recommended.
Copyright © 2003 S. Karger AG, Basel

Introduction

The current hypothesis for the pathogenesis of chronic
inflammatory bowel disease comprises a loss of tolerance
towards luminal antigens in a genetically susceptible host
resulting in a chronic, spontaneously relapsing inflamma-
tion.

Several lines of evidence are compatible with a signifi-
cant role of genetic factors in inflammatory bowel disease,
especially in Crohn’s disease. The most striking example
is provided by twin studies, which report concordance
rates for Crohn’s disease between 42 and 58% in monozy-
gotic twins [ 1-4], whereas in dizygotic twins concordance
is not significantly enhanced. Epidemiological studies
demonstrate a familial aggregation with approximately 5-
10% of all affected individuals reporting a positive famil-
ial history of inflammatory bowel disease [5-7]. The rela-
tive risk for first degree relatives of patients with Crohn’s
disease is estimated to be about 15-fold increased when
compared to the general population [8, 9]. Ethnic differ-
ences in the prevalence of the disease further underline
the significant role of genetic susceptibility. The highest
prevalence rates are reported for Ashkenazi Jews. In Afri-
can-Americans the rates are lower than in Caucasians,
and in Asians the lowest rates have been observed [10-
15].

For several years, considerable efforts aimed at the
identification of the genetic background of inflammatory
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Fig. 1. Structural domains of the CARD15 protein. Like most of the members of the NOD
family, CARDI15 contains three distinct functional domains: a centrally located nucleotide-
binding domain, an amino-terminal effector-binding domain [in the case of CARD15 the two
caspase-recruitment domains (CARD)] and a carboxy-terminal ligand-recognition domain
[the leucine-rich repeats (LRR)]. The location of the three Crohn’s disease-associated variants
within the protein are indicated by arrows.

bowel disease. Two complementary approaches, namely
genetic linkage analysis and the search for candidate
genes, led to the identification of a number of susceptibili-
ty loci and to the postulation of functional candidate
genes with a presumptive role in immune regulation. The
first real breakthrough, however, was achieved only two
years ago with the identification of the CARD15/NOD2
gene as the first susceptibility gene with a consistent asso-
ciation with Crohn’s disease.

Alterations of the CARD15/NOD2 Gene and
Crohn’s Disease

In May 2001, two research groups reported indepen-
dently that Crohn’s disease is associated with mutations
in the NOD2 gene, which was later renamed CARDI15
[16, 17]. This association has been confirmed by numer-
ous other studies [18-28].

The CARDI15 gene is located in the pericentromeric
region of chromosome 16 inside the susceptibility locus
displaying the strongest linkage with Crohn’s disease [29,
30], namely the IBDI locus. It encodes a 1,040-amino-
acid protein containing several functional domains: two
N-terminal caspase activation and recruitment domains
(CARD:s), a centrally located nucleotide binding domain
(NBD) and a C-terminal leucine-rich repeat domain
(LRR) (fig. 1) [31]. Functional studies demonstrated that
CARDI15 is one of the numerous pattern-recognition
receptors implicated in the intracellular sensing of bacte-
rial components [31].

Crohn’s Disease-Associated CARD15 Genetic Variants
Three common variants of CARDI15 have been linked
to the development of Crohn’s disease. The most com-
mon genetic defect is the frameshift mutation 1007fs
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(3020insC) in exon 11, resulting in a premature stop
codon and thus in a truncated CARD15 protein. The two
other missense mutations are located in exons 4 and 8 and
lead to amino acid substitutions Arg702Trp and
Gly908Arg, respectively. These three mutations are lo-
cated in the leucine-rich repeat domain of the CARD15
protein or in its vicinity (fig. 1) and occur on the back-
ground of the most common variant Pro268Ser.

Approximately 30% of Crohn’s disease patients carry
one and up to 17% carry two mutated CARD15/NOD2
risk alleles [32]. The allele frequencies reported for
Crohn’s disease and control populations in a variety of
studies are depicted in table 1. The three above men-
tioned CARD15 variants seem to confer an increased risk
for Crohn’s disease only in Caucasians, as these mutations
were not detected in populations with a different ethnic
background, e.g. in Japanese [33-35], Korean [36] or Chi-
nese [37]. A study in African-Americans with Crohn’s dis-
ease also reported lower carriage rates of these alleles and
the presence of uncommon variants such as Arg790GIn
[38]. Among Caucasians, ethnic differences in the allele
frequencies have also been reported. Jewish patients have
a higher frequency of the Gly908Arg allele and a lower
frequency of the Arg702Trp allele, when compared to
non-Jewish Crohn’s disease patients [26]. The allele fre-
quencies in familial and sporadic Crohn’s disease were
comparable in two Caucasian cohorts [19, 24], whereas in
a population of Ashkenazi Jews, familial cases displayed a
significantly higher frequency of the Gly908Arg variant
than sporadic cases [39].

Having one copy of a mutated CARD15/NOD?2 allele
confers a 2- to 4-fold increased risk of developing Crohn’s
disease, whereas having two mutated copies in homozy-
gous or compound heterozygous form increases the risk
20- to 40-fold [16-18]. However, homozygosity for mu-
tant CARD15/NOD?2 has also been observed in healthy
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Fig. 2. Schematic representation of CARD15
function. Similar to Toll-like receptors on the
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cell surface, CARD15 functions as a receptor
for pathogen-associated molecular patterns
(PAMPs) in the cytosol. Recognition of mura-
myl dipeptide (MDP) derived from bacterial
peptidoglycan through the leucin-rich region
of CARDI1S5 results in activation of nuclear
factor NF-xB and subsequent initiation of an
inflammatory response.
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Table 1. Allele frequencies of Crohn’s disease-associated CARD15/NOD2 mutations in different studies (% values)

References Population CARD15/NOD2 mutations
1007fs Gly908Arg Arg702Trp
Crohn’s disease vs. Crohn’s disease vs. Crohn’s disease vs.
(controls) (controls) (controls)
Hugot et al. [16] European 12(2) 6(1) 11(4)
Hampe et al. [18] German/British 16 (4.4) not determined not determined
Lesage et al. [19] European 11(2) 6(1) 11(4)
Ahmad et al. [20] British 9.4(1.6) 3.3(1.4) 12.5(5.2)
Cuthbert et al. [21] European 12 (2) 6(1) 11(4)
Vavassori et al. [22] Italian 11.6(1.2) not determined not determined
Murillo et al. [23] Dutch 8.5(1) 4.3(3) not determined
Vermeire et al. [24] Canadian 10.3(0.7) 5.2(0.7) 12.9(4.2)
Radlmayr et al. [25] German 14 (1.66) not determined not determined
Bonen et al. [26] US Caucasians 8.4(4) 4.3(1.7) 10.8 (4)
Cavanaugh et al. [30] Australian 7 (0) 2(1) 11(5)

controls [40]. These data suggest that loss-of-function mu-
tations in the CARD15/NOD?2 gene are neither necessary
nor sufficient for developing Crohn’s disease, and that
other genetic factors as well as environmental influences
are needed for disease manifestation.

Role of CARD15: Link between Genetic Susceptibility

and Environmental Factors (e.g. Bacterial Flora)

The CARDI1S5 protein is located in the cytosol and is
now recognized as a member of a family of proteins which

CARDI15/NOD2 Mutations in Crohn’s
Disease

are involved in intracellular recognition of bacterial com-
ponents (fig.2) [41-42]. Although the expression of
CARD15 was reported to be restricted to peripheral blood
monocytes [31], recent studies have shown basic expres-
sion in granulocytes and dendritic cells [43] as well as in
several colonic epithelial cell lines and primary intestinal
epithelial cells [44]. Moreover, elevated amounts of
CARD15 were found in primary colonic epithelial cells
[45, 46] and in particular in Paneth cells [47] from
patients with inflammatory bowel disease. The expression
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of CARD15 can be enhanced by proinflammatory cyto-
kines and bacterial components via Nuclear Factor (NF)-
kB activation [43, 45].

Functional studies in human embryonic kidney (HEK)
293T cells transfected with CARDI15 revealed that the
wild-type protein mediates responsiveness to lipopolysac-
charide (LPS) and peptidoglycan (PGN) preparations
from several bacteria [17, 26, 31, 48]. Recent works iden-
tified muramyl dipeptide (MDP), the minimal essential
structure of bacterial peptidoglycan, as the moiety specifi-
cally recognised by CARD15 [49, 50]. The three major
Crohn’s disease-associated variants are defective in their
ability to activate NF-xB in response to MDP [17, 26].
Especially the truncated CARD15 protein, which arises
from the 1007fs mutation, completely lacks this activity
[17, 49, 50]. These results were obtained in transfected
cells and were subsequently verified by assessment of
mRNA expression and protein synthesis of pro- and anti-
inflammatory cytokines in peripheral blood monocytes
from individuals carrying different CARDI15 variants
[49, Torok et al., unpubl. data].

At present, it is not clear how CARD15/NOD2 muta-
tions and the ensuing decreased NF-xB activation confer
susceptibility to Crohn’s disease. Assuming that CARD15
is a pattern-recognition receptor, it seems possible that the
mutations result in an inadequate innate immune re-
sponse, e.g. a defective activation of monocytes-macro-
phages in response to intestinal microbes. This disturbed
response could be associated with impaired killing of
intracellular microbes resulting in compensatory increase
of other components of the immune system such as a
marked effector T cell response [51]. On the other hand,
the absence of functional CARDI1S5 in epithelial cells
could lead to an impaired secretion of chemokines and
defensins in response to microbial products followed by a
proliferation of bacteria in the crypts and a loss of barrier
function of the mucosa. Several observations support this
hypotheses. Hisamatsu et al. [44] showed that CARD15
functions as an antibacterial factor in human intestinal
epithelial cells by constraining intracellular bacterial sur-
vival and that the 1007fs mutant lacks this activity. More-
over, a recent communication by Wehkamp et al. [52]
reported an impaired expression of antibacterial peptides
(defensins) in epithelial cells from Crohn’s disease pa-
tients carrying CARD15/NOD2 mutations.

The identification of CARD15/NOD?2 as a susceptibil-
ity locus for Crohn’s disease confirms at the molecular
level that an inappropriate activation of the mucosal
immune system by the intestinal flora plays a causal role
in the development of Crohn’s disease. Thus, this associa-
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tion confers an important link between inflammatory
bowel disease and innate immunity [53].

Clinical Implications

Among the cases classified as Crohn’s disease, differ-
ent clinical phenotypes with regard to disease location,
extent, aggressiveness, behavior, local and systemic com-
plications as well as varying responses to medical therapy
have been described [54]. The observation of conserved
phenotypes in multiplex Crohn’s disease families [55, 56]
1s compatible with the assumption that the genetic back-
ground influences the phenotype.

Following the identification of CARD15/NOD?2 as a
susceptibility gene for Crohn’s disease, many questions
were raised regarding the importance of this discovery for
the daily clinical practice. Could mutations in this gene
determine the natural history of Crohn’s disease? Is the
CARD15/NOD?2 genotype associated with a specific phe-
notype, a specific location, extent or aggressiveness of the
disease? Can it predict the response to a specific thera-
peutic agent? Is there a diagnostic role for the mutations?
Should we perform screening for CARD15/NOD2 mu-
tants in the general population, in the groups at risk, or in
Crohn’s disease patients before initiating a specific thera-
py? Only a few of these questions can be answered satis-
factorily at present.

CARDI15/NOD2 Genotype and Clinical Course of

Crohn’s Disease

Several studies about the relationship between
CARD15/NOD2 mutations and the clinical presentation
of Crohn’s disease have been published. The only consis-
tent finding concerns the disease location, as a number of
studies reported a significant association between carriage
of one or more CARD15/NOD? risk alleles and ileal dis-
ease. Ahmad and colleagues [20] performed genotype-
phenotype analysis in 244 extensively characterized
Crohn’s disease patients with a median follow-up of 16
years. The results demonstrated that CARD15/NOD?2
mutations determine ileal disease. Among 429 patients
analyzed in a large European study, the frequency of
CARDI15 mutations was significantly increased in ileum-
specific disease, when compared with colon-specific dis-
ease (26.9 vs. 12.7%, p = 0.0004) [21]. In a French study
comprising 166 sporadic and 287 familial cases of
Crohn’s disease, the patients carrying two risk alleles were
characterized by a less frequent colonic involvement than
wild-type patients (p = 0.003) [19]. The predominance of
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ileal disease in patients carrying mutations in CARDI15
was also reported in other studies [24, 57, 58]. Important-
ly, the association with disease location (ileal and right
colonic disease) was the only one also confirmed in a pro-
spective cohort study, in which 106 German and 55 Nor-
wegian patients with Crohn’s disease were enrolled [57].

Data concerning disease behavior are more inconsis-
tent. Reasons could be the use of different definitions for
the classification as well as the fact that disease behavior
changes through time, which underscores the need for
long observation periods and illustrates the inherent diffi-
culties of retrospectively differentiating clinical subtypes.
Some groups reported an association with the fibrostenot-
ic phenotype [19, 25, 57-59], the presence of fistulas [25,
57-59] or the need for surgery [25, 58], whereas others did
not confirm such findings [20, 60].

An earlier age of disease onset in patients carrying two
CARDI15/NOD?2 risk alleles in homozygous or compound
heterozygous form has also been reported [19, 20, 61].
Onset of disease occurred approximately 2 years earlier in
these patients, when compared with all Crohn’s disease
patients.

CARDI15 and Response to Treatment

At this time little is known about the influence of
CARDI15 genotype on the response to medical therapy
in Crohn’s disease. Vermeire et al. [62] studied the
CARDI15/NOD2 genotype in 245 patients with Crohn’s
disease receiving therapy with anti TNF-alpha antibodies
(infliximab) and observed no relationship between the
presence of mutations and short-term response or re-
sponse duration. Moreover, the authors could not identify
any clinical characteristic which, in combination with
CARDI15/NOD2 mutations, modified the response to
treatment. Similarly, Mascheretti et al. [63] reported no
association between the response to infliximab and the
CARDI15 variants in two independent cohorts of 90 and
444 patients with Crohn’s disease. These negative find-
ings exclude the three CARD15 mutants as a predictive
factor for therapeutic response to infliximab. However,
data concerning other therapeutic approaches, such as
glucocorticoids, aminosalicylates or immunosuppressors,
are lacking so far.

Screening for CARD15/NOD2 Variants?

One of the major questions raised is whether screening
for CARD15/NOD?2 genotype in the population at risk or
in patients already diagnosed with Crohn’s disease should
be introduced into the clinical practice.

CARDI15/NOD2 Mutations in Crohn’s
Disease

Giving the limited penetrance and the lack of consis-
tent information about the positive and negative predic-
tive values of genotypes in unaffected relatives (the major
risk group), a screening for CARD15/NOD?2 variants is
currently not recommended. The majority of high-risk
individuals will not develop Crohn’s disease, as studies in
twin siblings demonstrated [64]. Moreover, even if high-
risk individuals are detected by genotyping, there are at
present no efficient prophylactic methods that could pre-
vent disease onset. Thus, the diagnostic role of CARD15/
NOD?2 genotyping is limited. It was suggested that muta-
tion analysis will help to classify undifferentiated colitis
cases. However, the low frequency of CARD15/NOD2
mutations in Crohn’s disease patients with an ulcerative
colitis-like phenotype limits this clinical application [53].

Recommending genotyping in patients already diag-
nosed with Crohn’s disease is also premature. Data about
the influence of the genotype on disease behavior are
inconsistent and large prospective studies are needed to
determine whether mutations in CARDI15/NOD2 can
predict the prognosis of Crohn’s disease, e.g. a more
aggressive disease course with need of early immunosup-
pressive therapy.

In addition, the lack of data regarding the association
between CARDI15 variants and specific therapeutic re-
sponses currently disables the possibility of individual-
ised, genotype-based therapies.

Conclusions

The association of CARD15/NOD2 mutations with
Crohn’s disease opens up a new era in the history of
inflammatory bowel disease. It shows how the two com-
plementary approaches, linkage analysis and the study of
candidate genes can be successfully used in the identifica-
tion of disease susceptibility genes. The role of CARD15
as a pattern recognition receptor and the loss of function
of the genetic variants associated with Crohn’s disease
establishes a link between innate immunity and chronic
bowel inflammation and confirms the pathogenetic im-
portance of luminal bacteria. Moreover, these data are
compatible with an immunodeficiency of the mucosal
immune system as a pivotal first step in the pathogenesis
of Crohn’s disease [65]. Although the discoveries are
important for understanding the etiology of Crohn’s dis-
ease, at this time, they have only a modest role in clinical
practice. Further studies are needed to clarify the geno-
type-phenotype relationships and the role of genetic test-
ing in predicting disease behavior. A better understanding
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of the pathophysiologic mechanisms could lead to the
development of new prophylactic and therapeutic strate-
gies and to an individualized manner of their application.
In case these prophylactic and therapeutic goals are
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