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Crohn’s disease (CD) is a chronic inflammation affecting the gastrointestinal tract. Three mutations
(Arg702Trp, Gly908Arg and Leu1007fsinsC) within the NOD2/CARD15 gene increase CD susceptibility.
Here, we define cytokine regulation in primary human mononuclear cells, with muramyl dipeptide (MDP),
the minimal NOD2/CARD15 activating component of peptidoglycan. By microarray, MDP induces a broad
array of transcripts, including interleukin 1b (IL-1b) and interleukin 8 (IL-8). Leu1007fsinsC homozygotes
demonstrated decreased transcriptional response to MDP. Electromobility shift assay demonstrated that
MDP-induced NF-kB activation is mediated via p50 and p65 subunits, but not RelB or c-Rel. In wild-type indi-
viduals, MDP-induced IL-8 protein expression with a greater response to high dose (1 mg/ml) compared with
low-dose (10 ng/ml) MDP. At low MDP doses, in all homozygotes, we observed no induction of IL-8 protein.
With high doses of MDP, Leu1007fsinsC homozygotes showed no induction. Modest induction of IL-8 protein
was observed in Gly908Arg and Arg702Trp homozygotes, indicating varying MDP sensitivity of the CD-
associated mutations. In wild-type healthy control, CD and ulcerative colitis individuals, low-dose MDP
and TNFa alone results in only modest IL-1b protein induction. With MDP plus TNFa, there is a synergistic
induction of IL-1b secretion. In Leu1007fsinsC homozygotes, there is a profound defect in IL-1b secretion,
despite marked induction of IL-1b mRNA. These findings demonstrate post-transcriptional dependency on
the NOD2/CARD15 pathway for IL-1b secretion with MDP and TNFa treatment. Taken together, these studies
suggest that a signaling defect of innate immunity to MDP may be an essential underlying defect in the patho-
genesis of some CD patients.

INTRODUCTION

Crohn’s disease (CD) is a chronic, relapsing inflammation
affecting the gastrointestinal tract, most commonly the term-
inal ileum (1). It is characterized by chronic, intermittent
inflammation of the intestines resulting in abdominal pain,
diarrhea and, in children, growth retardation. Its prevalence
is between 100 and 200 per 100 000 persons in the US (2,3)
and the peak age of onset is between 15 and 30 years of
age. CD results from a complex interplay of genetic and
environmental factors (1,4), and three coding region poly-
morphisms (Arg702Trp, Gly908Arg and Leu1007fsinsC)
within the NOD2/CARD15 gene have been definitively associ-
ated with increased CD susceptibility (5,6). Heterozygous car-
riage of the risk alleles confers a 2–4-fold increased risk, and

double-dose carriage (homozygotes or compound heterozy-
gotes) confers a 20–40-fold increased risk (7,8).

NOD2/CARD15 is expressed in the cytoplasm of a variety
of cell types, including monocytes and monocyte-derived
cells (9), and is comprised of N-terminus caspase-activation
recruitment domains (CARD), a central nucleotide-binding
domain, and a C-terminus leucine-rich repeat (LRR) domain
(10). The LRR domain is required for NOD2/CARD15 signal-
ing in response to muramyl dipeptide (MDP) (11,12), the
minimally active component of bacterial cell wall peptidogly-
can present in the cell walls of Gram-negative and Gram-posi-
tive bacteria. Oligomerization of NOD2/CARD15 following
exposure to MDP results, via CARD–CARD interactions, in
the recruitment of the CARD-containing protein, RICK/
RIP2/CARDIAK (10,13,14). The intermediate domain of
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RICK interacts with the regulatory component, IKKg, of the
IKK complex to activate the NF-kB transcription factors.
The frameshift mutation, Leu1007fsinsC, is associated with
a complete loss of MDP-mediated NF-kB activation
(5,11,15,16), whereas Arg702Trp and Gly908Arg are associ-
ated with modest decreases in HEK293T cell transfectants,
despite the fact that all three mutations confer comparable
increased risk. These data indicate a role for altered bacterial
sensing in contributing to CD susceptibility (17).

Comprehensive studies in primary mononuclear cells in CD
patients comparing the functional effects of the individual
disease-associated mutations, as well as comparing functional
consequences in heterozygous carriers of established risk
alleles have not been reported. Cytokines involved in the
immediate innate immune responses include interleukin-8
(IL-8) and interleukin-1b (IL-1b). IL-8, a member of the
CXC chemokine family, is an important activator and chemo-
attractant for neutrophils and has been implicated in the patho-
genesis of a variety of inflammatory diseases, including
asthma, sepsis and inflammatory bowel disease (18,19). IL-8
is primarily regulated at the transcriptional level (20). In con-
trast, IL-1b is regulated at the transcriptional, translational and
post-translational levels (21–24). In particular, proteolytic
maturation of the inactive, 33 kDa IL-1b precursor (proIL-
1b) into the 17 kDa mature, secreted, biologically functional
form requires caspase-1 activity (25–27).

In this study, we examine the effects of MDP-mediated acti-
vation of primary peripheral mononuclear cells stratified on
NOD2/CARD15 genotype. Studies in mononuclear cells have
the advantage of evaluating MDP-mediated effects on cyto-
kine gene regulation. Such genotype–phenotype correlations
provide a means of identifying key functional outcomes
using primary cells that provide insight into likely mechan-
isms of disease pathogenesis. Furthermore, as we establish
that double-dose Leu1007fsinsC primary cells represent a
complete loss of function with respect to MDP responsiveness,
such studies have the capacity to identify those pathways
which are NOD2/CARD15-dependent, such as the post-tran-
scriptional activation of IL-1b expression with MDP and
TNFa treatment. Such studies provide a basis for more pre-
cisely defining functional outcomes contributing to the
genetic basis of NOD2/CARD15 variants in contributing to
CD susceptibility.

RESULTS

Monocyte-derived macrophage (MDM) response to MDP
is impaired in Leu1007fsinsC homozygotes

To define the broad transcriptional responses of wild-type and
mutant NOD2/CARD15 in response to MDP, we performed
microarray analyses using an in vitro model of MDMs
derived from three NOD2/CARD15 wild-type healthy controls
and two CD patients homozygous for the Leu1007fsinsC
mutation. Whereas MDP treatment results in significant altera-
tions in a number of transcripts in wild-type MDMs (Fig. 1A),
there is a globally blunted transcriptional response in
Leu1007fsinsC MDMs (Fig. 1B). Specifically, in all three
wild-type MDMs, MDP treatment results in a clearly greater
transcriptional response (Fig. 1C) compared with MDMs
from Leu1007fsinsC homozygotes.

Similar to other bacterial components, MDP treatment of
control MDMs, but not Leu1007fsinsC homozygotes, results
in a marked induction of abundant chemokines including
IL-8, RANTES, SCYA3 and SCYA4 which are well-known
to be rapidly transcriptionally activated (Table 1). In addition,
activated macrophages are known to induce a potent mix of
broadly active pro-inflammatory cytokines including IL-1b,
TNFa and IL-6 (28). All of these cytokines are induced
by MDP, similar to that of other known activators of macro-
phage function (29), including LPS (28). In contrast, although
LPS is well-known to strongly induce Th1-polarizing cyto-
kines (28,30,31), MDP treatment of macrophages modestly
induces IL-18, and does not induce IL-12 (p35 and p40 sub-
units) at all. Finally, MDP treatment neither significantly
induce TGFb nor IL-10, cytokines produced by suppressor
T cell subsets, which ameliorate Th1-mediated intestinal
inflammation (32).

MDP stimulation of primary peripheral blood
mononuclear cells (PBMCs) demonstrates
activation of p50 and p65 NF-kB subunits

NOD2/CARD15 has been reported to activate NF-kB activity
in cell transfectants, and the activation of NF-kB is instrumen-
tal in the regulation of many of the cytokines and chemokines
induced by MDP. Therefore, we sought to define the effects of
MDP on specific NF-kB family members in primary cells. In
wild-type healthy controls (n ¼ 3), compared with untreated
(U) nuclear extracts (Fig. 2A and B), MDP-treated (M)
extracts demonstrated a significant increase in a DNA–
protein complex. Co-incubation with NF-kB transcription
factor antibodies demonstrated a supershift of this DNA-
binding complex with antibodies against p65 (S1, Fig. 2A
and B) and p50 (S2, Fig. 2A and B), indicating that MDP-
mediated transcriptional activation of NF-kB can occur
through the p50–p65 classical pathway (33). Of note, incu-
bation with antibodies against c-Rel (S3, Fig. 2A) and RelB
(S4, Fig. 2A) had no effect. Similar to NOD2/CARD15 wild-
type healthy controls, MDP-induced binding of the p50–p65
complex in wild-type CD patients (n ¼ 4) (Fig. 2C). In con-
trast, in CD patients homozygous for the Leu1007fsinsC
(n ¼ 2) (Fig. 2D) and Gly908Arg (n ¼ 2) (Fig. 2E) mutations,
no induction of NF-kB-binding complex is observed. These data
establish that the altered transcriptional response of double-dose
carriers to MDP treatment is due in part to impaired activation of
NF-kB.

MDP and TNFa induction of IL-8 and IL-1b mRNA in
wild-type healthy controls

The dose-dependent effects in NF-kB consensus element
binding observed by electrophoretic mobility shift assay
(EMSA) are also observed with respect to increased IL-8
and IL-1b mRNA as measured by real-time polymerase
chain reaction (PCR) (Fig. 3). MDP treatment (1 mg/ml)
results in cytokine induction comparable to that observed
with TNFa (5 ng/ml) treatment. For both IL-8 and IL-1b,
further inductions in mRNA levels are observed with com-
bined MDP (10 ng/ml) and TNFa treatment.
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MDP dose-dependent regulation of IL-8 secretion in
NOD2/CARD15 healthy wild-type, CD wild-type and
mutant PBMCs

Next, we sought to more broadly define MDP regulation of IL-
8 in wild-type and mutant PBMCs. Because it is primarily
transcriptionally regulated and known to be activated by NF-
kB, protein measurements of secreted IL-8 from MDP-
treated PBMCs represent a straightforward measurement of
NOD2/CARD15 genotype-dependent alterations. In initial
dose-ranging experiments, we did not observe an induction
in wild-type cells at the 1 ng/ml dose, and saw a plateauing
of effects compared with the 1 and 10 mg/ml doses (data
not shown). In healthy controls (Fig. 4), we observed a signifi-
cant induction of IL-8 protein with low-dose (10 ng/ml) MDP
treatment alone (P ¼ 2 � 1024). We observed a significantly
greater induction of IL-8 protein expression with 1 mg/ml of
MDP compared with the 10 ng/ml dose (P ¼ 0.016), which
was consistent with the greater induction with high-dose
MDP by EMSA (Fig. 2B), and by mRNA quantification
using real-time PCR (P ¼ 0.034).

In CD and ulcerative colitis (UC) patients wild-type for
CARD15/NOD2, we observed similar results, with significant
induction of IL-8 observed with low-dose MDP, and with a
significantly greater induction observed with high-dose
MDP. The data on wild-type PBMCs from either control or
identical by descent patients establish a primarily intact

MDP-mediated signaling pathway, with marked induction at
the 10 ng/ml of MDP, and a dose-response effect at 1 mg/ml.

Figure 5 illustrates the MDP dose-dependent IL-8 absolute
protein measurements for healthy control (Fig. 5A) and CD
wild-type (Fig. 5B), CD heterozygous (Fig. 5C) and CD
double-dose mutant (Fig. 5D) PBMCs. Note that for CD
wild-type and heterozygous individuals, the absolute levels of
IL-8 secretion were significantly higher compared with wild-
type healthy controls. In contrast, in all double-dose carriers
tested, no induction of IL-8 was observed with low-dose
MDP treatment, with only modest inductions observed with
high-dose MDP in the Arg702Trp and Gly908Arg homozy-
gotes. Of note is that for the Leu1007fsinsC double-dose car-
riers, no induction is observed even with high doses of MDP,
indicating that this mutation uniquely represents a complete
loss of responsiveness to MDP induction.

As NOD2/CARD15 heterozygotes demonstrate increased
disease risk, though lower than that of homozygotes (7,8),
we hypothesized that PBMCs from heterozygous CD patients
would demonstrate a range of IL-8 induction with MDP treat-
ment, reflecting functional heterogeneity in this group. We
examined MDP-mediated IL-8 induction of PBMCs from het-
erozygous CD patients and for whom no other rare amino acid
polymorphisms implicated in disease association were ident-
ified by sequencing. Although a range of IL-8 induction was
observed (Fig. 5), no significant differences were observed
in this cohort compared with wild-type CD patients.

Figure 1. Microarray analysis of MDP-treated MDMs stratified on CARD15 genotype. Scatter plots comparing hybridization intensities for unstimulated and
MDP-treated (10 ng/ml) MDMs from (A) three wild-type healthy controls and (B) two Leu1007fsinsC homozygotes. The dark and light dots demonstrate
transcripts which are present and absent, respectively. The inner two parallel lines represent a 2-fold increase or decrease, whereas the outer two lines
reflect a 10-fold change. (C) Number of increased and decreased genes from wild-type and Leu1007fsinsC homozygotes.
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Table 1. Regulation of cytokines in wild-type and mutant macrophages stimulated with MDP

mRNA transcript Healthy wild-type 1 Healthy wild-type 2 Healthy wild-type 3

US MDP MDP versus US US MDP MDP versus US US MDP MDP versus US

Signal Detect Signal Detect Change P-value Signal Detect Signal Detect Change P-value Signal Detect Signal Detect Change P-value

Chemokines
Interleukin 8 (IL8) NM 000584.1 927.1 P 11319 P I 0.00002 1015.8 P 11517.8 P I 0.000244 814.1 P 14190.9 P I 0.000244
(RANTES) NM 002985.1 175.6 P 5151.5 P I 0.00002 608.7 P 3304.6 P I 0.000491 1879.3 P 3617.9 P I 0.000491
Small inducible cytokine A4

(SCYA4) NM 002984.1
3267.1 P 11350.8 P I 0.00002 751.7 P 15774.7 P I 0.000244 616.1 P 17434.6 P I 0.000244

Small inducible cytokine A3
(SCYA3) NM 002983.1

2307.1 P 8027.7 P I 0.00002 2235.6 P 7759.2 P I 0.000244 1205.9 P 11132.2 P I 0.000244

Inflammatory cytokines
Interleukin 1, beta (1L1B),

NM 000576.1
822.9 P 11072.6 P I 0.00002 444.7 P 7497.1 P I 0.000219 480.1 P 10107.6 P I 0.000219

Tumor necrosis factor
(TNF) NM 000594.1

286.4 P 1067.8 P I 0.000068 92.9 P 532.5 P I 0.000244 139 P 809.3 P I 0.000244

Interleukin 6 (IL6) NM 000600.1 87.8 A 237.4 P I 0.00225 74 P 314.7 P I 0.001221 157.7 P 520.2 P I 0.000732
Th1-polarizing cytokines

Interleukin 18 (1L18) NM 001562.1 938.2 P 1657.6 P I 0.000088 760.2 P 1019.3 P I 0.000244 513.7 P 744.1 P I 0.000732
Interleukin 12A,

p35 (IL12A) NM 000882.1
15.9 A 27.4 A NC – 22.6 A 16.6 A NC 0.366211 19.4 A 15.3 A NC 0.398926

Interleukin 12B,
p40 (IL12B) NM 002187.1

79.4 P 92 A NC – 31.1 M 43.9 P NC 0.030273 31 A 45.6 A NC 0.095215

Down-regulatory cytokines
Transforming growth factor,

beta 1 (TGFB1) NM 000660.1
25.2 A 17 A NC – 23.6 A 36.5 A NC 0.219482 40.3 A 69.7 A NC 0.246094

Interleukin 10(IL10) NM 000572.1 195.1 P 151.5 A NC – 86.3 A 162.6 P I 0.354442 167 P 239.1 P NC 0.354442

Leu1007fsinsC homozygote 1 Leu1007fsinsC homozygote 2

US MDP MDP versus US US MDP MDP versus US

Signal Detect Signal Detect Change P-value Signal Detect Signal Detect Change P-value

Chemokines
Interleukin 8 (IL8) NM 000584.1 1803.3 P 2535.2 P NC – 1472.2 P 1077.8 P NC –
(RANTES) NM 002985.1 447.3 P 509.5 P NC – 479.6 P 313.7 P NC –
Small inducible cytokine A4

(SCYA4) NM 002984.1
2401.8 P 2214.2 P NC – 410.3 P 235.5 A NC –

Small inducible cytokine A3
(SCYA3) NM 002983.1

2136.3 P 1972.4 P NC – 1325 P 993.8 P NC –

Inflammatory cytokines
Interleukin 1, beta (1L1B),

NM 000576.1
2134.4 P 1916.4 P NC – 169.9 A 171.9 A NC –

Tumor necrosis factor
(TNF) NM 000594.1

280.9 P 287.1 P NC – 43.4 A 92.3 A NC –

Interleukin 6 (IL6) NM 000600.1 121.6 P 144.9 P NC – 91.7 P 73.9 P NC –
Th1-polarizing cytokines

Interleukin 18 (1L18) NM 001562.1 461.9 P 635.8 P NC – 780.9 P 880.1 P NC –
Interleukin 12A,

p35 (IL12A) NM 000882.1
68.2 A 40.3 A NC – 37.3 A 19.3 A NC –

Interleukin 12B,
p40 (IL12B) NM 002187.1

45.4 A 15.3 A NC – 19.3 A 19.3 A NC –

Down-regulatory cytokines
Transforming growth factor,

beta 1 (TGFB1) NM 000660.1
19.9 A 47.9 A NC – 29 A 41.3 A NC –

Interleukin 10(IL10) NM 000572.1 151.9 P 212.7 P NC – 290.7 P 228.8 P NC –

US, unstimulated; P, present; A, absent; I, increase; NC, no change.
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Marked synergistic effect of MDP and TNFa on IL-1b,
but not on IL-8 protein secretion in
healthy wild-type PBMCs

Whereas IL-8 is largely transcriptionally regulated, IL-1b
expression is regulated transcriptionally and post-transcrip-
tionally. Like MDP, TNFa treatment is known to induce
IL-8 secretion, in part via activation of NF-kB. At these
doses, in wild-type healthy controls and CD patients, com-
bined MDP and TNFa treatment did not result in a synergistic
effect in IL-8 secretion compared with either treatment alone
(Fig. 4, confidence intervals for ML/T–ML, ML/T–T cross
zero). In marked contrast (Fig. 4), for wild-type controls,
CD and UC patients, whereas IL-1b production with MDP
or TNFa alone results in modest absolute inductions of

IL-1b protein, a highly significant, synergistic effect is
observed with combined treatment compared with either
MDP (ML/T–ML) or TNFa alone (ML/T–T). Studies in
NOD2/CARD15 mutants may be utilized to further define
the regulatory levels at which this synergistic effect is
mediated.

Leu1007fsinsC double-dose carriers demonstrate a
complete loss of MDP and TNFa-mediated
IL-1b secretion

In four CD patients double-dose for the Leu1007fsinsC
mutations (three homozygotes and one compound heterozy-
gote), we observed no significant induction of IL-1b secretion

Figure 2. MDP-stimulated electromobility shift assays from PBMCs stratified on NOD2/CARD15 genotype. NF-kB EMSA of (A and B) healthy control and (C)
CD wild-type individuals were compared with CD individuals homozygous [(D) Leu1007fsinsC homozygote; (E) Gly908Arg homozygote] for established
NOD2/CARD15 risk alleles. Results for wild-type healthy control and CD individuals are representative of three separate experiments. Results for homozygotes
are representative of two separate experiments. U, unstimulated PBMC; M, MDP (10 ng/ml); MH, MDP (100 ng/ml); S1, supershift, MDP (10 ng/ml)/p65 anti-
body; S2, supershift, MDP (10 ng/ml)/p50 antibody; S3, supershift, MDP (10 ng/ml)/cRel antibody; S4, supershift, MDP (10 ng/ml)/RelB antibody; C1, MDP
(10 ng/ml) plus cold NF-kB oligo, C2, MDP (10 ng/ml) plus cold AP-1 oligo.

Figure 3. MDP and TNFa regulation of IL-8 and IL-1b mRNA from wild-type PBMCs. For each individual, induction of mRNA levels was measured in tri-
plicate relative to unstimulated (US) mRNA levels. Average results between individuals (n ¼ 5) are plotted +SEM. ML, MDP 10 ng/ml; MH, MDP 1 mg/ml, T,
TNFa 5 ng/ml; ML/T, MDP 10 ng/ml plus TNFa 5 ng/ml.
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with MDP and TNFa treatment alone or in combination
(Table 2). As expected, no induction of IL-1b mRNA was
observed with MDP treatment alone. In addition, TNFa treat-
ment alone induced a marked increase (.50-fold) in IL-1b
mRNA, indicating an intact transcriptional response to
TNFa signaling. However, no induction of IL-1b protein
secretion was observed with MDP and TNFa treatment
together. As double-dose Leu1007fsinsC cells represent an
MDP-mediated loss of function mutant, this would indicate
that the MDP-NOD2/CARD15 pathway is involved in post-
transcriptional induction of IL-1b expression. Not unexpect-
edly, in all Leu1007fsinsC homozygotes, LPS alone signifi-
cantly induced IL-1b secretion, indicating that the post-
transcriptional activation of IL-1b expression mediated via
the LPS pathway is intact.

DISCUSSION

The capacity to define genotype–phenotype relationships is a
central goal of human genetics. Defining the host response of
primary monocytic cells to peptidoglycan components (MDP)
in CD provides an ideal opportunity to define such relation-
ships. Although murine studies with the NOD2/CARD15
knockout have confirmed the importance of the MDP signal-
ing pathway (34), key species differences exist between
human and murine responses to innate signals (35), highlight-
ing the importance of studies in primary human tissues.
Furthermore, studies with human cells from CD and UC
patients also have the potential advantage of defining shared
and distinct altered functional outcomes stratified on NOD2/
CARD15 wild-type.

Figure 4. MDP and TNFa regulation of IL-8 and IL-1b protein secretion from wild-type PBMCs. PBMCs were isolated from wild-type healthy control (n ¼ 8),
CD (n ¼ 9) and UC (n ¼ 10) individuals wild-type for NOD2/CARD15 and plated at 3 � 106/ml. Following MDP (ML, 10 ng/ml, MH; 1 mg/ml) and/or TNFa
(T) exposure for 16 h, IL-8 and IL-1b were measured in the media by ELISA in duplicate. US, unstimulated; ML/T, MDP (10 ng/ml) plus TNFa (5 ng/ml).
Absolute ELISA values were logarithmically transformed and confidence intervals (vertical lines) for the difference in the mean protein levels between two
conditions were constructed. P-values for testing that two conditions have the same effect on the mean protein levels were calculated using normal approxi-
mations. The ‘MH–ML’ data represent the differences in the log values between high- and low-dose MDP. Similarly, the ‘ML/T–ML’ data represent the differ-
ence between combined MDP and TNFa treatment compared with low-dose MDP alone.
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In this study, we demonstrated that primary MDMs from
Leu1007fsinsC homozygotes compared with wild-type con-
trols have a globally blunted transcriptional response (Fig. 1)
to MDP. Whereas it has been previously established that
MDP is capable of inducing NOD2/CARD15-dependent acti-
vation of NF-kB (11,12), these results would indicate that in
MDMs, there are likely to be no signaling pathways (e.g.
via toll-like receptors) for MDP that can function indepen-
dently of NOD2/CARD15. As such, treatment of primary
cells with MDP provides a powerful means of defining
NOD2/CARD15 genotype-dependent phenotypic outcomes.

Prior studies have demonstrated that all three of the
major risk alleles have comparable allele frequencies and
genetic risk for heterozygotes (2–4-fold) and homozygotes
(20–40-fold) (7,8). Despite genetic equivalence among the
three major variants, only the Leu1007fsinsC has a complete
loss of function in prior cellular transfectants studies
(5,11,15,16). In contrast, although the Gly908Arg and
Arg702Trp variants have a significant decrease in NF-kB
activity compared with wild-type NOD2/CARD15, some
induction of NF-kB activity was observed. The differences
among the three major mutations in prior cellular transfectant
studies are mirrored by the present findings with respect to
IL-8 regulation. IL-8 is regulated via both NF-kB and the

MAP kinase pathways (36). Because it is primarily transcrip-
tionally regulated, protein measurements of secreted IL-8 from
MDP-treated PBMCs of patients represent a simple, clear-cut
means of defining NOD2/CARD15 genotype-dependent altera-
tions. All double-dose carriers demonstrate no induction of IL-
8 protein with low-dose (10 ng/ml) MDP treatment. However,
at higher MDP doses (1 mg/ml), significant IL-8 induction is
observed in Arg702Trp and Gly908Arg homozygotes,
although the absolute IL-8 levels even at 1 mg/ml are quite
low compared with CD wild-type PBMCs (Fig. 5) and
might be predicted to result in impairment of neutrophil
recruitment. In contrast, the frameshift mutation acts like a
complete loss of function even at the higher MDP doses
(1 mg/ml). We speculate this may indicate that the lower
MDP doses are more physiologically relevant, although the
precise means by which the intracellular NOD2/CARD15
pathway is stimulated is largely unknown.

These results establish that the Leu1007fsinsC mutation
most clearly defines those altered outcomes resulting from a
failure of NOD2/CARD15 to appropriately sense peptidogly-
can components via its C-terminus LRR domain.

In our cohort, 20% of healthy control European Americans
are heterozygous for the CARD15 risk alleles, compared
with 28% of CD patients. Heterozygous carriage of

Figure 5. MDP dose-dependent IL-8 induction in PBMCs from wild-type healthy control and CD patients wild-type, heterozygous and double-dose for the
Leu1007fsinsC, Gly908Arg and Arg702Trp mutations. PBMCs from wild-type healthy controls (n ¼ 8) and CD patients wild-type (n ¼ 9), heterozygous
(n ¼ 15) and double-dose for NOD2/CARD15 mutations (n ¼ 8) were plated at 3 � 106/ml and treated with MDP for 16 h. Note the scale differences
between cohorts.
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NOD2/CARD15 risk alleles increases CD susceptibility 2–4-
fold, whereas double-dose carriage increases risk 20–40-fold
(7,8). These findings are not consistent with an additive
model of disease risk and/or gene-dose effect on functional
alteration, where the risk to heterozygotes would be precisely
half-way between that for double-dose and wild-type carriers
(37). Rather, it may be speculated that the genetic data are con-
sistent with an autosomal recessive model where a subset of
heterozygous NOD2/CARD15 carriers are actually misclassified
double-dose carriers, carrying a second, currently unidentified,
disease-associated mutation contributing to reduced peptidogly-
can and/or MDP-responsiveness. In the present cohort, we did
not observe a significant difference in MDP dose-dependent
IL-8 induction in heterozygous compared with wild-type CD,
however, it may be that only a modest subset of NOD2/
CARD15 heterozygotes carry additional risk alleles contributing
to altered MDP or peptidoglycan responses.

Whereas MDP induces a number of rapid-response,
transcriptionally regulated chemokines such as IL-8, it also
regulates other members of the innate immune response
having more complex levels of gene regulation. Like IL-8,
IL-1b expression is induced by NF-kB, and IL-1b mRNA
levels are induced with MDP treatment. In addition to trans-
criptional activation (21), IL-1b mRNA stability and transla-
tional activation are mediated via the p38 and JNK pathways
(22). Finally, IL-1b is also regulated post-translationally.
IL-1b is produced by activated macrophages as a preprotein,
which is proteolytically processed to its active form by
caspase-1. Caspase-1 is itself proteolyzed from an inactive,

CARD-containing holoenzyme (45 kDa) to form an active
heterodimer of p20 (20 kDa) and 10 kDa subunits (23,24).
RICK is one of a limited number of proteins demonstrated
to bind to caspase-1 via CARD–CARD interactions and
results in its proteolytic activation (38–40). The induction
with MDP treatment of IL-1b mRNA but not secreted
protein demonstrates the presence of additional levels of
post-transcriptional regulation. Because RICK/RIP2 is not
known to be activated by TNFa signaling and TNFa alone
has not been reported to activate caspase-1, we hypothesize
that the marked synergistic effect of MDP and TNFa on
IL-1b secretion results in part from a NOD2/CARD15-
mediated activation of caspase-1 (Table 2). The failure to
significantly induce IL-1b secretion with MDP and TNFa in
Leu1007fsinsC double-dose carriers, therefore, results from
a significant defect in caspase-1 activation mediated via
NOD2/CARD15. Taken together, these data demonstrate an
additional function of NOD2/CARD15, namely, MDP-
mediated activation of caspase-1. These findings extend pre-
vious observations that NOD1/CARD4 contributes to acti-
vation of caspase-1 (40,41). As such, the defects in IL-8
and IL-1b secretion in NOD2/CARD15 mutants highlight
multiple defects in the immediate response of innate
immune cells to peptidoglycan products. This suggests that
a signaling defect of innate immunity to MDP may be an
essential underlying defect in the pathogenesis of a subset
of CD patients.

The concept that CD results in part from a defect in innate
immunity is supported by a combination of clinical and

Table 2. Quantitative RT-PCR and ELISA results implicate a post-transcriptional defect in IL-1b secretion in Leu1007fsinsC double-dose carriers

IL-Ib CT GAPDH CT DCT (IL-Ib
CT-GAPDH CT)

DDCT Estimated fold
mRNA change

IL-Ib protein
(pg/ml)

Leu1007fsinsC homozygote #1
Unstimulated 27.5 18.5 9 0 1 2.8
MDP 10 ng/ml 27 19.5 7.5 21.5 2.5 1.4
TNFa 5 ng/ml 19.7 20.1 20.4 29.4 .50 fold 19
MDP 10 ng/ml þ TNFa 5 ng/ml 19.5 19.8 20.3 29.3 .50 fold 3.4
LPS 15.1 19.6 24.5 213.5 .50 fold 1526

Leu1007fsinsC homozygote #2
Unstimulated 31.3 18.5 12.8 0 1 Below range
MDP 10 ng/ml 31.2 20.1 11.1 21.7 3.2 Below range
TNFa 5 ng/ml 24.4 20.7 3.7 29.1 .50 fold 24
MDP 10 ng/ml þ TNFa 5 ng/ml 24.6 19.6 5 27.8 .50 fold 2.2
LPS 24.2 19.5 4.7 28.1 .50 fold 2113

Leu1007fsinsC homozygote #3
Unstimulated 23 18.7 4.3 0 1 Below range
MDP 10 ng/ml 23.4 19.1 4.3 0 1 Below range
TNFa 5 ng/ml 17.7 18.1 20.4 24.7 30 21
MDP 10 ng/ml þ TNFa 5 ng/ml 17.2 18.3 21.1 25.4 42 Below range
LPS 16.2 19.2 23 27.3 147 1604

Leu1007fsinsC/Gly908Arg
compound heterozygote
Unstimulated 23.8 18.4 5.4 0 1.0 4.1
MDP 1 mg/ml 25.2 19.8 5.4 0 1.0 5.4
TNFa 5 ng/ml 18.4 18.7 20.3 25.7 .50 fold 5.5
MDP 1 mg/ml þ TNFa 5 ng/ml 18.6 19.0 20.4 25.8 .50 fold 5.7

CT, cycle threshold; DDCT, difference for that condition compared with unstimulated. Fold mRNA change compared with unstimulated estimated
by 2DDCT.
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therapeutic experience, as well as from murine models. A
variety of uncommon human immunodeficiency disorders
(chronic granulomatous disease, glycogen storage disease Ib,
leukocyte adhesion deficiency) characterized by defects in
neutrophil or monocyte function can manifest a Crohn’s like
intestinal phenotype (42). Under normal conditions, rapid neu-
trophil migration to sites of foreign object invasion leads nor-
mally to rapid digestion and eradication. Failure of this
process (43,44) may result in the engulfment of foreign
objects by macrophages leading to chronic inflammation,
specifically, granuloma formation (17). This may well
explain the findings that granulomas are typically observed
uniquely with CD, and not UC.

NF-kB-deficient mice (p502/2p65þ/2) have increased
susceptibility to Helicobacter hepaticus-induced colitis, sug-
gesting a role for NF-kB in inhibiting intestinal inflammation
(45). Adoptive transfer studies in RAG-deficient mice
(deficient or sufficient in NF-kB) implicate a defect within
innate cells of NF-kB-deficient animals that abrogates the
ability of regulatory lymphocytes to suppress H. hepaticus-
induced intestinal inflammation (46). Taken together, these
data support the concept that defects in innate cell NF-kB acti-
vation in response to bacterial exposure can result in increased
intestinal inflammation. It may be speculated that defects in
the initial innate response and subsequent instruction of the
adaptive immune response results in increased susceptibility
to inflammation.

The importance of fully understanding mechanisms of
NOD2/CARD15 CD pathogenesis will include identifying
unique functional responses of the NOD2/CARD15 pathway,
especially in comparison with other innate pathways, such as
the plasma membrane toll-like receptors. Whereas it was pre-
viously known that NOD2/CARD15 activates NF-kB, here we
establish that MDP-mediated NOD2/CARD15 activation
specifically involves activation of the p50 and p65 NF-kB sub-
units, and not RelB and c-Rel. This pattern of NF-kB acti-
vation is in contrast with TLR4-mediated LPS activation,
which involves activation of p65, c-Rel, p50 and RelB (47).
It has been speculated that various members of the NF-kB
family mediate distinct functions of monocytic and dendritic
cell physiology (47), and dissecting unique features of these
interacting pathways is of highest importance.

MATERIALS AND METHODS

Patient recruitment

In all cases, informed consent for genetic and expression
studies was obtained in a protocol approved by the insti-
tutional review board at the University of Chicago. Diagnoses
for CD or UC were obtained from primary review of endo-
scopic, radiologic and pathologic data.

Patient genotyping

The Arg702Trp, Gly908Arg and Leu1007fsinsC variants were
typed using allele-specific PCR as described previously (5,15).
In all cases, confirmation of NOD2/CARD15 genotypes was
performed by sequencing. All heterozygotes were sequenced

throughout C-terminus to the nucleotide-binding domain in
order to test for the presence of additional amino-acid
polymorphisms (48).

Primary mononuclear cell culture

PBMCs were isolated by Ficoll-Hypaque centrifugation (Axis-
Shield Poc AS, Oslo, Norway) of peripheral blood of control
and CD individuals stratified by the three major CARD15
mutations. Cells were grown in RPMI supplemented with
10% fetal borine serum, 10 mM HEPES and 20 mg/ml genta-
mycin in 378C incubator with 95% O2 and 5% CO2. For the
microarray analysis, PBMCs were isolated from a CD individ-
ual homozygous for the Leu1007fsinsC variant, followed by
negative selection of monocytes through a Stemsep column
(StemCell, Vancouver, Canada). Monocytes were cultured in
M-CSF (R & D System Inc. Minneapolis, MI, USA) for
7 days to differentiate them to macrophages, and treated
with MDP (Sigma, St Louis, MO) for 6 h.

Microarray

The target preparation protocol followed the Affymetrix
GeneChip Expression Analysis Manual (Santa Clara, CA,
USA) with minor modifications. Briefly, 10 mg of total
RNA was used to synthesize double-stranded cDNA using
the Superscript Choice System (Invitrogen Corporation,
Carlsbad, CA). First strand cDNA synthesis was primed
with a T7-(dT24) oligonucleotide. From 3 mg of phase-log
gel-purified cDNA, biotin-labeled antisense cRNA was
synthesized using BioArray High Yield RNA Transcript
Labeling Kit. After precipitation with 4 M lithium chloride,
20 mg of cRNA was fragmented in fragmentation buffer
(40 mM Tris–Acetate, pH 8.1, 100 mM KOAc, 30 mM

MgOAc) for 35 min at 948C and then hybridized to Affy-
metrix Arrays for 16 h at 458C and 60 rpm in an Affymetrix
Hybridization Oven 640. The arrays were washed and stained
with streptavidin phycoerythrin in Affymetrix Fluidics Station
400 using the Affymetrix GeneChip protocol and then
scanned using the Affymetrix Agilent GeneArray Scanner.
Data analysis was performed using GeneSpring software
(Silicon Genetics).

Electrophoretic mobility shift assays

EMSAs were performed using nuclear extracts (2 mg) and
binding buffer containing 5 mM Tris (pH 7.5), 37.5 mM KCl,
0.5 mM EDTA, 2% Ficoll, 50 mg/ml poly (dI–dC) (Sigma,
St Louis, MO) and 5000 cpm of [g-32P]-ATP labeled probe,
and incubated on ice for 15 min. After 1 h of MDP (Sigma,
St Louis, MO, USA) stimulation, nuclear extracts were iso-
lated. For the supershift studies, antibodies against p65, p50,
RelB and cRel of the NF-kB (Santa Cruz Biotechnology
Inc., Santa Cruz, CA) family of transcription factors, were
added. The DNA–protein complexes were analyzed by elec-
trophoresis through a 5% polyacrylamide gel. The gels were
dried and exposed to radiographic film.
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IL-1b and IL-8 protein abundance

Freshly isolated PBMCs from healthy controls, wild-type CD
patients, CD heterozygotes or CD homozygotes were grown at
3 � 106/ml in 6-well plates. Cells were treated with either
MDP, TNFa (R & D system Inc., Minneapolis, MN) alone,
or in combination of MDP and TNFa for 16–18 h at the
doses indicated. LPS was purified by phenol extraction and
contains up to 60% RNA and ,1% protein contaminations.
Conditioned media were collected, and IL-8 and IL-1b
protein were measured by enzyme-linked immunosoxbent
assay (ELISA) (Pierce Biotechnology Inc., Rockford, IL).

RT-PCR

PBMCs were stimulated with human TNFa and MDP for
16 h. Total RNA was isolated by RNAeasy mini kit. RNA
was treated by DNase. Each RT reaction was carried out by
combining 5–10 mg of total RNA mix with 500 ng of
random primer, 1 ml of 10 mM dNTPs (658C, 5 min), 4 ml of
5� first strand buffer, 2 ml of 0.1 M dithiothreital and 1 ml
of RNase out (258C, 10 min), 1 ml of Superscript II (428C,
50 min and 708C, 15 min). The quantitative PCR reaction
was performed by using Sybr Green PCR core reagents kit
(Applied Biosystems, Foster City, CA, USA). For each gene
tested, a master mix combining amplitaq gold, 20 mM Tris–
HCl, 50 mM KCl, 3 mM MgCl2, 200 mM dGTP, 200 mM

dATP, 200 mM dCTP, 400 mM dUTP, 1 U UDG, 200 nM

forward primer, 200 nM reverse primer was added to cDNA.
The BioRad iCycler was carried out following thermal proto-
col 508C for 2 min, 958C for 7 min and 45 cycles of 958C for
15 s and 608C for 1 min. All reactions were run in iCycler
iQ PCR plates and measured in triplicate. The specificity
of primers was confirmed by melt curve analysis. IL-1b
forward primer sequence: ACAGATGAAGTGCTCCTTCCA;
IL-1b reverse primer sequence: GTCGGAGATTCGTAGC-
TGGAT; IL-8 forward primer sequence: ATGACTTCCAA-
GCTGGCCGTGGCT; and IL-8 reverse primer sequence:
TCTCAGCCCTCTTCAAAAACTTCTC.

Statistical analysis

The data were logarithmically transformed to bring the
measurements on a scale where their distribution is close to a
normal distribution. Confidence intervals for the difference in
the mean protein or mRNA levels between two stimuli were
constructed using normal approximations to the distribution
of the differences. P-values for testing the two stimuli have
the same effect on the mean protein or mRNA were calculated
using normal approximations and using a permutation pro-
cedure. The results were similar in magnitude, and P-values
based on the normal approximations are reported.
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