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Nucleotide-binding oligomerization domain-containing 2 (NOD2)
is an intracellular receptor that plays an essential role in innate
immunity as a sensor of a component of the bacterial cell wall,
muramyl dipeptide (MDP). Crohn’s disease (CD)-associated NOD2
variants lead to defective innate immune responses, including de-
creased NF-xB activation and cytokine production. We report
herein that SAMP1/YitFc (SAMP) mice, which develop spontaneous
CD-like ileitis in the absence of NOD2 genetic mutations, fail to
respond to MDP administration by displaying decreased innate
cytokine production and dysregulated NOD2 signaling compared
with parental AKR control mice. We show that, unlike in other
mouse strains, in vivo administration of MDP does not prevent
dextran sodium sulfate-induced colitis in SAMP mice and that
the abnormal NOD2 response is specific to the hematopoietic cel-
lular component. Moreover, we demonstrate that MDP fails to
enhance intracellular bacterial killing in SAMP mice. These findings
shed important light on the initiating molecular events underlying
CD-like ileitis.

ucleotide-binding oligomerization domain-containing 2

(NOD2) is an intracellular pattern recognition receptor
(PRR) and member of the NOD-like receptor protein family
that is mainly expressed in monocyte-derived cells (1). NOD2
has the essential role of initiating innate immune responses upon
intracellular exposure to muramyl dipeptide (MDP), a break-
down product of peptidoglycan that is present in the cell wall of
both Gram-negative and Gram-positive bacteria (2, 3). Upon
MDP recognition, NOD2 binds to a downstream adaptor mol-
ecule, receptor-interacting protein-2 kinase (RIP-2), via caspase
recruitment domain interactions and initiates RIP-2 polyubi-
quitination. Activated RIP-2 induces ubiquitination of IxB ki-
nase-y, which in turn allows the recruitment of TAK-1 and leads
to downstream activation of both NF-xB and MAPK (4-6). In
addition to activating the NF-kB and MAPK signaling pathways,
NOD?2 activation has recently been shown to influence MHC
cross-presentation (7), autophagy induction, and resistance to
intracellular bacterial infection (8, 9). Thus, although most well
known for its acute signaling effects, NOD2 activation causes
a variety of cell biologic changes in vivo that are also likely im-
portant for immunologic homeostasis.

The importance of NOD2 is underscored by the finding that
polymorphisms within the NOD2 gene confer an increased risk
for developing Crohn’s disease (CD), a chronic inflammatory
disorder of the bowel (10-12). The associated risk is dose de-
pendent, with heterozygous carriers of the NOD2 gene poly-
morphisms harboring a twofold to fourfold increased risk of CD,
and homozygous or compound heterozygous carriers having a
20- to 40-fold increased risk. Notably, the CD-associated NOD2
gene polymorphisms cause a loss of function in the NOD2
pathway (3, 13). Although the exact mechanism by which this
innate immune dysfunction leads to inflammatory bowel disease
(14) is still unclear, it is generally thought that decreased NOD2
function manifests itself in a failure to respond to pathogens,
causing an increased bacterial load, abnormal interactions
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between the gut mucosal immune system and luminal antigens,
and subsequent chronic intestinal inflammation. Because NOD2
polymorphisms are associated with only 15-20% of CD patients
(15), it is possible that the remaining 85% lacking the NOD2
mutations may display a combined or separate functional defect in
innate immunity, possibly mediated by NOD2, which like the ge-
netic mutation, renders them unable to mount effective innate
immune responses.

The goal of our study was to determine the functional role of
NOD?2 during intestinal inflammation by studying the effects of
MDP stimulation in the SAMP1/YitFc (SAMP) murine model
of experimental CD-like ileitis. This strain was originally derived
from brother-sister breeding of AKR mice. These mice do not
carry genetic NOD2 variants, yet they spontaneously develop
severe chronic ileitis by 20 wk of age without chemical, genetic,
or immunological manipulation. Furthermore, the resulting ile-
itis in these mice bears remarkable phenotypic similarities to CD
with regard to disease location, histological features, extraintestinal
manifestations, and response to therapies that are effective in
treating the human disease. Our group and others have exten-
sively characterized this model and have provided insights into
the mechanisms of experimental chronic ileitis (16).

In the present study, we provide evidence that SAMP mice have
dysregulated NOD?2 responses. This manifests itself in vivo as an
inability of MDP to ameliorate both the spontaneous CD-like ileitis
and the dextran sodium sulfate (DSS)-induced colitis in SAMP
mice. This dysfunctional response is specifically present in the he-
matopoietic cellular component of SAMP mice. SAMP macro-
phages produce less cytokines in response to MDP administration
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and demonstrate delayed acute signaling responses to MDP stim-
ulation. In addition, MDP fails to enhance intracellular Salmonella
killing in SAMP macrophages, a feature common with NOD2
dysfunction (9, 17). Finally, SAMP mice display increase suscep-
tibility to Salmonella infection in vivo. The end result is an in-
effective maintenance of immunologic mucosal homeostasis due
to dysregulation of NOD2-induced bacterial clearance with con-
comitant inflammatory disease susceptibility in the presence of
a WT NOD2 genotype.

Results

MDP Administration Does Not Protect Against SAMP CD-Like lleitis.
Increasing evidence suggests that one of the physiological functions
of NOD2 activation via MDP is to provide a temporal down-reg-
ulation of the inflammatory responses through inhibition of mul-
tiple TLR pathways. This evidence is based on in vitro studies
showing that NOD2 deficiency causes impaired tolerance to in-
fection with pathogenic and commensal bacteria in macrophages
that are rendered tolerant to LPS and MDP (18). Furthermore, in
vivo studies in normal mice show that administration of MDP leads
to the amelioration of both DSS and 2.4,6-trinitrobenzenesulfonic
acid (TNBS)-induced colitis, and that this effect is abrogated in
NOD2-deficient mice (19).

These findings led us to study the ability of MDP to protect
SAMP mice from the development of spontaneous CD-like ileitis.
Preinflamed SAMP mice were administered MDP (100 pg or
PBS, i.p.) twice weekly for a total of 6 wk. Histological assessment
of ileal inflammation, based on active inflammation, chronic in-
flammation, and villous distortion, showed no significant dif-
ferences in total inflammatory scores between MDP- and PBS-
treated mice (Fig. S1). These data suggest that, unlike in previous
studies of DSS- and TNBS-induced colitis in normal mice,
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MDP does not confer protection against spontaneous ileitis in
SAMP mice.

MDP Administration Does Not Protect SAMP Mice from DSS-Induced
Colitis. To test whether the in vivo protective effects of MDP are
specific for colitis, we treated SAMP mice with 3% (wt/vol) DSS
in drinking water for 7 d. By causing exposure of the lamina
propria of the colon to resident bacteria, this model tests the
acute inflammatory response and its repair in the colon. MDP
(through NOD?2) activation is known to be protective in this
acute colitis model (19). DSS-treated SAMP and AKR control
mice were administered MDP (100 pg or PBS, i.p.) for 3 con-
secutive days (days 0, 1, and 2 of colitis induction) to assess the
protective effects of MDP in this model of colitis. As shown in
Fig. 14, AKR control mice administered MDP lost significantly
less body weight than AKR mice receiving PBS. In contrast,
SAMP mice treated with MDP exhibited comparable body
weight loss to SAMP mice treated with PBS. Body weight cor-
related with myeloperoxidase activity evaluated in colons of
treated mice (Fig. 1B), and with the histological assessment of
colitis (Fig. 1C). Colonoscopy revealed that, in AKR mice, more
severe inflammation was associated with PBS treatment, dem-
onstrated by increased inflammatory cellular infiltrates in the
lamina propria, whereas MDP-treated mice showed only mild
inflammation with slight vascular changes and granularity. In
SAMP mice, severe inflammation, including marked wall thick-
ening, irregular vascular patterns, fibrin, granularity, and bleed-
ing, was observed in mice treated with both PBS and MDP (Fig.
1D). Representative histological sections are shown in Fig. 1E.
These data suggest that the previously reported in vivo protective
effects of MDP against DSS-induced murine colitis are also ob-
served in AKR control mice, but not in SAMP mice, suggesting

Fig. 1. MDP administration in vivo reduces DSS co-
litis in AKR mice, but not in SAMP mice. SAMP and
AKR mice were treated with 3% DSS in their drink-
ing water for 7 d (n = 8-11 per group). At the early
phase of colitis induction (days 0, 1, 2), mice were
administered either MDP (100 pg, i.p.) or PBS daily.
(A) Changes in body weight in SAMP and AKR mice
administered MDP or PBS (two-way ANOVA re-
peated measures, MDP protective effect for AKR
was significant at P = 0.023, but not for SAMP, P =
0.125). (B) Myeloperoxidase (MPO) activity calcu-
lated from the colons of treated mice (Kruskal-
o Wallis, P < 0.01, Dunn’s). (C) Colonic total in-
flammatory scores, as determined by the sum of
chronic inflammation, active inflammation, per-
centage reepithelialization, and percentage of ul-
ceration (one-way ANOVA, P < 0.001; pairwise
Bonferroni). (D) High-resolution endoscopic images
of the proximal colon after 7 d of DSS treatment
show severe inflammation in both groups of SAMP
mice (PBS and MDP) and mild inflammation (in-
cluding slight vascular changes and mild granularity)
in AKR control mice treated with MDP compared
with PBS. (E) Representative histopathological sec-
tions show active, severe ulcers, adjacent regenerative
crypts, active cryptitis, and increased inflammatory
cells in the lamina propria of SAMP mice treated with
PBS and MDP. Sections from AKR mice treated with
MDP show regenerative colonic mucosa with focal
mild, active cryptitis, and more minimal increased in-
flammatory cells compared with PBS-treated AKR
mice. (Scale bars, 100 pm.) Data are represented as
mean + SEM. The single asterisk (*), double asterisk
(**), and triple asterisk (***) denote significant differ-
ences at P < 0.05, P < 0.01, and P < 0.001, respec-
tively. Results are representative of three independent
experiments.
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that SAMP mice have an abnormal innate immune response to
MDP administration.

Defective Function of NOD2 Signaling in SAMP Mice Is Derived from
Hematopoietic Sources. Because NOD?2 is an intracellular PRR
expressed in a limited number of cell types (1), we next used
bone marrow (BM) chimera experiments to identify the specific
cellular compartment that is responsible for the abnormal im-
mune response to MDP in SAMP mice. We generated BM chi-
mera mice by adoptively transplanting BM from AKR donor mice
into irradiated SAMP mice (AKR BM—SAMP) and BM from
SAMP donor mice into irradiated AKR mice (SAMP BM—AKR);
irradiated AKR mice transplanted with AKR BM (AKR
BM—AKR) and irradiated SAMP mice transplanted with SAMP
BM (SAMP BM—SAMP) were used as controls. After 6 wk of
hematopoietic reconstitution to achieve chimerism, all groups
were treated with 3% DSS for 7 d in their drinking water to
induce colitis, as well as 3 d of MDP or PBS stimulation.
Markedly less mortality was observed in AKR BM—SAMP
mice administered MDP vs. PBS. Because no mortality was ob-
served in the other chimeric groups (Fig. 24), it is likely that the
increased mortality in the AKR BM—SAMP treated with PBS is
due to the primary epithelial dysfunction and increased perme-
ability characteristic of SAMP mice (20). Notably, as shown by
histological assessment of colitis, AKR BM—SAMP mice trea-
ted with MDP had lower total inflammatory scores compared
with those treated with PBS; similar results were seen in AKR
BM—AKR mice treated with MDP vs. PBS (Fig. 2B). However,
MDP treatment did not lower inflammatory scores in SAMP
BM—AKR mice or SAMP BM—SAMP mice, consistent with data
shown previously. The fact that irradiated AKR mice reconstituted
with SAMP BM do not display protective effects strongly sug-
gests that the abnormal NOD2 response to MDP stimulation is
specifically associated with the hematopoietic compartment in
SAMP mice. This result is further strengthened by our finding that
the protective effect associated with MDP stimulation was re-
stored in irradiated SAMP mice reconstituted with AKR BM.

SAMP Mice Display Abnormal Cytokine Production and Dysregulated
NOD2 Signaling in Response to MDP Stimulation. To assess the func-
tion of NOD2 signaling in the hematopoietic compartment of
SAMP mice at the cellular level, we determined the effects of
MDP stimulation on innate cytokine production from bone mar-
row-derived macrophages (BMDMs) isolated from preinflamed
SAMP mice and age-matched AKR control mice. Cells were in-
cubated with MDP for 24 h and supernatants were tested for
production of innate cytokines, such as IL-1a, IL-6, IL-10, IL-12,
and TNF-a. Cytokine production by BMDM:s isolated from
SAMP mice was significantly reduced compared with AKR con-
trol mice (Table S1).

We also examined whether the decrease in MDP-stimulated
cytokine production was due to a decreased sensitivity of SAMP
BMDMs to MDP. BMDMs isolated from preinflamed SAMP
mice and age-matched AKR control mice were stimulated using
increasing concentrations of MDP for 24 h and supernatants
tested for cytokine production. MDP induced a significant dose-
dependent stimulation of TNF-a, IL-6, and IL-10 production in
AKR but not SAMP mice (Fig. 34). The lack of an MDP dose—
response in SAMP mice demonstrates that their defective MDP
response is not explained by a different threshold for activation
compared with AKR control mice.

Because MDP induces the secretion of proinflammatory cy-
tokines via both NF-kB and MAPK activation (4-6, 21), we next
sought to determine whether this MDP-induced functional de-
fect in SAMP mice is related to the inability of NOD?2 to signal
acutely through the NF-kB pathway. BMDMs isolated from both
sex-matched, littermate preinflamed SAMP mice and AKR con-
trols were left untreated or stimulated with MDP. Although the
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Fig. 2. The abnormal response to MDP in SAMP mice is contained within
the hematopoietic compartment. AKR and SAMP mice (n = 9 per group)
were transplanted with SAMP and AKR BM, respectively (n = 5 per group),
and administered MDP or PBS during the first 3 d of 3% DSS treatment. (A)
Percentage survival of chimeric mice during 3% DSS treatment. (Log-rank
test, hazard ratio for AKR—SAMP with DSS/PBS was 4.85 times higher than
for DSS/MDP, 95% confidence interval (Cl) of hazard ratio = 0.8, 26.7, P =
0.090; no effect on hazard ratio for SAMP—AKR, P = 1.0.) (B) Colonic total
inflammatory scores, as determined by the sum of chronic inflammation,
active inflammation, percentage reepithelialization, and percentage of ul-
ceration. (C) Representative histopathological sections for colons in each
chimeric group. AKR BM—SAMP mice treated with MDP showed more at-
tenuated intensity of colitis and active inflammation compared with control
(PBS treatment); no difference were seen in SAMP BM—AKR mice treated
with MDP or PBS, as well as SAMP BM—SAMP mice treated with MDP or PBS,
all of which showed severe ulceration with severe active and chronic in-
flammation. AKR BM—AKR mice showed no ulceration and mild active and
chronic inflammation with some regenerative changes in the group treated
with MDP compared with control (PBS). (Scale bars, 100 pm.) Data are rep-
resented as mean + SEM. The asterisks (*) denote significant differences at
P < 0.05. Results are representative of three independent experiments.

amplitude of ultimate signal was similar between BMDMs from
SAMP and AKR mice, SAMP mice showed a marked delay in
NF-«kB signaling (Fig. 3B). Immune homeostasis is in such tight
regulation between different cell types in the intestinal tract
and between the microbiome and the intestine, that even a 15-
to 20-min delay in optimally responding to intracellular bac-
terial breakdown products could cause a wider inflammatory
dysfunction.

Synergistic Cytokine Production upon MDP and LPS Costimulation Is
Abrogated in SAMP Mice. Mouse macrophages have been shown to
produce low levels of cytokines in response to MDP. Further-
more, MDP and LPS costimulation has been shown to produce
a synergistic effect in macrophages with enhanced production of
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Fig. 3. Impaired in vitro production of innate cytokines and NOD2 signaling
in response to MDP in SAMP mice. (A) BMDMs isolated from preinflamed
SAMP (4 wk old) and age-matched AKR control mice were incubated with
different concentrations of MDP (1, 10, 100, 200 pg/mL) or control medium
for 24 h. Cell-free supernatants were analyzed by ELISA for production of
TNF-q, IL-6, and IL-10. AKR-derived cells responded producing significantly
increased amounts of TNF-« [linear regression, F(,4g) = 22.06, AKR vs. SAMP,
P < 0.00001] and IL-10 [linear regression, F(,69) = 6.09, AKR vs. SAMP, P =
0.0037] as the MDP doses increased, a response that did not occur in SAMP-
derived cells [linear regression, TNF-a, F5,34) = 0.11, P = 0.743; IL-10, F3,;34) =
0.11, P=0.39]. IL-6 produced by AKR and SAMP cells had a different pattern.
IL-6 production significantly increased with the lowest MDP dose [1 pg/mL,
generalized linear model (GLM), df = 22, P < 0.0001] but remained un-
changed as the MDP concentration increased (slope not different from
zero; GLM, df = 48, P > 0.59; pairwise comparisons, adjusted P > 0.23).
MDP-stimulated SAMP cells produced one-half of the amount of IL-6 pro-
duced by AKR in response to all MDP doses tested (paired adjusted linear
GLM coefficients, 6.91 vs. 15.28 pg/mL; mean difference, —8.37; 95% Cl of
difference, —13.94, —2.80; paired t test, P = 0.017). (B) BMDM:s isolated from
AKR and SAMP mice were left untreated or stimulated with MDP for 30, 60,
90, and 120 min. Lysates were standardized for equal protein concentration
before immunoblotting with antibodies against phosphorylated p105, total
and phosphorylated IkBa, and actin. Results are representative of three in-
dependent experiments. Data are represented as mean + SEM. *P < 0.05;
**P < 0.01; ***P < 0.001.

proinflammatory cytokines (22, 23). Thus, we next studied the
ability of SAMP BMDMs to secrete cytokines in response to the
combination of MDP and LPS stimulation. BMDMs isolated
from preinflamed SAMP mice and age-matched AKR control
mice were left untreated or incubated with MDP, LPS, or the
combination of MDP and LPS together for 24 h. Macrophages
isolated from AKR mice showed a synergistic enhancement of
cytokine production in response to costimulation with MDP and
LPS; this effect was not observed in cells isolated from SAMP
mice (Fig. 4). Given that SAMP mice have normal responses to
LPS, these results indicate that the defective innate cytokine
production is not a generalizable innate immune phenomenon.

NOD2-Dependent Intracellular Salmonella Killing Is Defective in SAMP
Mice. In addition to stimulating signaling pathways, MDP stim-
ulation of NOD?2 is known to enhance bacterial killing (9).
Therefore, we examined whether the dysfunctional cytokine re-
lease in MDP-stimulated SAMP BMDMs also impeded the
clearance of the intracellular pathogen, Salmonella typhimurium.
BMDMs from preinflamed SAMP mice or AKR age-matched
controls were infected with Salmonella in the presence or ab-
sence of MDP stimulation. Total bacterial loads were visualized
by immunofluorescent confocal microscopy and viable intra-
cellular Salmonella determined by gentamicin protection assay.
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No difference was observed in the total number of bacteria
infecting BMDMs at this time point (Fig. 5 4 and C). However,
there was a significant decrease in the number of viable in-
tracellular Salmonella recovered from AKR BMDMs that were
stimulated with MDP (Fig. 5B). SAMP BMDMs had higher
numbers of viable intracellular Salmonella than AKR BMDMs and
were refractory to MDP stimulation. These results demonstrate
reduced bacterial clearance in SAMP BMDMSs, which is inde-
pendent of bacterial internalization. MDP stimulation also fails to
enhance bacterial killing in these cells, suggesting that NOD2
dysfunction plays a role in this defective bacterial clearance.

SAMP Mice Are More Susceptible to Salmonella Invasion in Vivo. To
test whether SAMP mice have increased susceptibility to bacteria
invasion in vivo, we infected SAMP mice and AKR controls
intragastrically with 10° colony-forming units (CFU) of Salmo-
nella. Bacterial loads from mesenteric lymph nodes (MLNs),
cecum, and feces were calculated 2 d postinfection. As shown in
Fig. 5D, Salmonella counts were significantly higher in MLNS,
cecum, and feces of SAMP mice compared with those found in
AKR controls. The increased bacterial burden in these tissues
and fecal content demonstrates that SAMP mice are more sus-
ceptible to Salmonella invasion and possess a defective bacterial
clearance in vivo.

Discussion

Although the precise molecular mechanisms responsible for the
pathogenesis of CD remain unclear, increasing evidence sup-
ports the hypothesis that this chronic, relapsing inflammatory
disease of the gut results from a primary defect in intestinal in-
nate immunity. The most compelling support for this hypothesis
comes from the clear genetic association of CD with carriage of
polymorphisms within the CARDI5 gene, which represent the
most frequent genetic defect in CD (14, 24). CARDI5 en-
codes the NOD2 protein, an innate immune PRR that detects
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Fig. 4. Impaired synergism of MDP and LPS on innate cytokine production
in SAMP vs. AKR BMDMs. BMDM:s isolated from preinflamed SAMP and age-
matched AKR control mice were stimulated with medium (control), MDP
(10 pg/mL), LPS (10 ng/mL), or a combination of MDP and LPS (n > 9). Cul-
tured supernatants were collected after 24 h and were analyzed by ELISA for
production of IL-1q, IL-6, and TNF-a. Data are represented as mean + SEM
(Kruskal-Wallis, pairwise Mann-Whitney). The single asterisk (*) and double
asterisk (**) denote significant differences at P < 0.05 and P < 0.01, re-
spectively.
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and absence of MDP (10 pg/mL). (A) Quantification of immunofluorescent
micrographs stained for total number of Salmonella per cell (six fields
counted from two separate experiments; mean + SEM). (B) Viable in-
tracellular Salmonella recovered in gentamicin protection assays. (C) Con-
focal micrographs of infected BMDMs. Salmonella shown in red, and nuclei
stained with DAPI (blue) (six independent experiments; mean + SEM). The
double asterisk (**) denotes significant differences at P < 0.01 (one-way
ANOVA, pairwise Bonferroni). (D) SAMP and AKR mice were pretreated with
streptomycin and infected with 10° CFU of Salmonella or with sterile PBS;
bacterial loads from mesenteric lymph nodes (MLNs), cecum, and feces were
calculated 2 d postinfection. SAMP mice were significantly more likely
to yield higher Salmonella counts than AKR [linear regression, Fi,23), P <
0.00001, adjusted R* = 0.7891].

intracellular peptidoglycan from the bacterial cell wall, of which
MDP is the minimal activating component, and initiates a sig-
naling cascade that results in NF-xB activation and cytokine
production (4-6, 21), MHC cross-presentation (7), autophagy in-
duction, and intracellular bacterial killing (8). The CD-associated
NOD?2 polymorphisms are considered a loss-of-function pheno-
type because they cause defective NF-kB activation and reduced
cytokine production in response to MDP stimulation (4, 13). Al-
though the NOD2 polymorphisms represent the first genetic risk
factor associated with CD, they account for only ~15-20% of CD
cases (15). In the remaining 85% of CD patients that carry WT
NOD?2, either too much or too little NOD2 signaling might be
deleterious and NOD2’s influence on innate immune signaling
could be in such tight balance that any deviation, either positively
or negatively, could cause immunologic dysfunction. In this con-
text, we found evidence for a functional defect in NOD?2 signaling
in response to MDP stimulation in the SAMP mouse model of CD.
Importantly, these unique inbred mice do not possess any muta-
tions in the NOD2 gene, but develop a progressive, spontaneous
CD-like ileitis histologically obvious after 10 wk of age, allowing us
to study both preinflamed and inflamed disease states (16).
MDP-induced NOD?2 signaling plays a protective role in cer-
tain animal models of colitis. As demonstrated previously, in vivo
administration of MDP to mice leads to amelioration of both
DSS- and TNBS-induced colitis (19). In fact, during earlier time
points (i.e., 3 h after MDP pretreatment), MDP enhances the
effects of subsequent TLR stimuli. In contrast, upon longer
MDP pretreatment self- and cross-tolerance occurs as evidenced
by up-regulation of inhibitory signaling molecules, such as IL-1
receptor-associated kinase 1, and subsequent down-regulation

Corridoni et al.

of inflammatory pathways (25). Further evidence for the down-
regulatory effects of NOD?2 signaling comes from ex vivo studies
showing that MDP prestimulation of human monocyte-derived
dendritic cells is followed by a diminished capacity of several
TLR ligands to induce production of innate cytokines and also
abolishes the subsequent ability of MDP to synergize with TLR3
and TLRY in inducing IL-12, IL-6, and TNF-a (19). Interestingly,
our results show that MDP administration is not protective
against both the spontaneous SAMP CD-like ileitis and DSS-
induced colitis in SAMP mice, consistent with the hypothesis that
these mice possess an underlying functional defect in the NOD2
signaling pathway. We speculate that this defect is specific for
NOD?2 and does not involve other PRRs, including NOD1.

NOD?2 is well known to be expressed in the cytosol of both
professional antigen-presenting cells and, upon inflammatory
stimulation, in intestinal epithelial cells (1). In the present study,
we used BM chimera experiments to localize the defective re-
sponse to MDP in SAMP mice to the hematopoietic compart-
ment. This finding supports the concept that the inflammatory
defect in CD is, in fact, systemic, even though the disease is
principally localized to the gut (26). This is supported by a paper
by Marks et al. (27) that showed that patients with CD had both
impaired inflammatory responses in the colon and skin chal-
lenged by heat-killed bacteria. In these patients the ability to
clear Escherichia coli at the site of injection was also impaired.
Interestingly, we also observed impaired bacterial clearance in
SAMP mice. In separate studies, Smith et al. (28) showed that
macrophages derived from blood monocytes of CD patients fail
to secrete proinflammatory cytokines and chemokines in res-
ponse to bacteria or bacterial products. Of note, this phenotype
was shared by all CD patients tested, regardless of their NOD2
genotype, and was markedly distinct from healthy controls. This
parallels our findings that BMDMs from SAMP mice (which
have a WT NOD2 genotype) are refractory to MDP-stimulated
cytokine production and MDP-enhanced Salmonella clearance.
Because NOD?2 signaling is tightly linked to autophagy (9), it is
possible that autophagic mechanisms are also impaired in SAMP
mice. This hypothesis is actively being tested in our laboratory at
the present time. Altogether, our findings strongly support the
concept of a functional defect in innate immunity within the
hematopoietic compartment of CD patients that renders patients
unable to mount an effective immune response to acute bacterial
injury. This functional defect of CD patients is mirrored in our
SAMP mouse model of CD-like ileitis and suggests that NOD2
dysfunction in hematopoietic cells plays a critical role in disease
pathogenesis.

Consistent with the in vivo studies, we found that MDP
stimulation of BMDMs isolated from preinflamed SAMP mice
resulted in abnormal cytokines responses. This dysfunction pre-
sented in acute signaling studies as an ~20-min delay in BMDMs
from SAMP mice responding to administration of MDP. Be-
cause intestinal immune homeostasis is in such tight balance with
multiple cytokines and cell types influencing one another, even
with ultimately normal amplitude, a delay in NOD2 signaling
upon epithelial breach in vivo could cause a dysfunctional im-
mune response. We propose that the delay in signaling may
contribute to this defect by establishing a dysfunctional innate
immune response that then amplifies as physiologic cytokines are
not present in the proper time frame, context, or amount nec-
essary for effective bacterial clearance.

Taken together, our study provides compelling evidence that
CD may be initiated by a deficit in intestinal innate immunity,
which is either genetic or functional in nature. In fact, we provide
evidence that SAMP mice, which develop spontaneous CD-like
ileitis in the absence of CARDIS5 genetic mutations, possess
a NOD?2 dysregulation that inhibits their ability to respond ap-
propriately to bacterial stimulation. These findings shed impor-
tant light on the initiating molecular events underlying CD and
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may have important therapeutic implications by facilitating the
identification of patients with early disease who may benefit from
interventions aimed at boosting innate immune responses and
restoring physiological NOD2 function.

Materials and Methods

Experimental Animals. SAMP and AKR mice were maintained under specific
pathogen-free conditions, fed standard laboratory chow (Harlan Teklad), and
kept on 12-h light/dark cycles. All procedures were approved by Case Western
Reserve University’s Institutional Animal Care and Use Committee and As-
sociation for Assessment and Accreditation of Laboratory Animal Care
guidelines. For a full description, see SI Materials and Methods.

Cells Isolation and Culture. BM macrophages precursors were harvested from
femurs of mice and cultured for 7 d in DMEM containing 10% FBS, 25 mM
Hepes buffer, 1 mM sodium pyruvate, 5 x 10~ 2-ME, antibiotic, and 25% of
LADMAC cell conditioned medium as a source of M-CSF. For a full de-
scription, see S/ Materials and Methods.

ELISA. BMDMs were stimulated for 24 h with MDP (1, 10, 100, 200 pg/mL) or
LPS (10 ng/mL); secreted cytokines were measured by ELISA. For a full de-
scription, see S/ Materials and Methods.

Western Blot Analysis. \Western blot was performed as described previously
(29). Membranes were blotted with antibodies as follows: anti-P105, anti-
phospho-lkBa, total-IkBa, and anti-actin (Cell Signaling). For a full description,
see S| Materials and Methods.

Histology. Colons and ilea from experimental mice were removed from mice
and histologically evaluated as described (30). For a full description, see S/
Materials and Methods.

Images Acquisition. Images were obtained on an Olympus BX41 microscope.
For a full description, see S/ Materials and Methods.

Induction of Colitis and MDP Administration. Induction of acute colitis was
achieved in AKR, SAMP, and BM chimeric mice by exposing them to 3% DSS in
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their drinking water for 7 d. For a full description, see SI Materials
and Methods.

Colonoscopic Investigation. Colonoscopy was performed using a flexible digital
ureteroscope on the day 7 of DSS treatment. For a full description, see S/
Materials and Methods.

BM Chimeric Mice. Mice receiving BM transfer were irradiated (900 radiation
absorbed dose) immediately before transplantation. BM was harvested from
femurs and tibias of 4-wk-old SAMP or AKR mice. For a full description, see S/
Materials and Methods.

Myeloperoxidase Assay Activity. Colon samples were assayed for myeloper-
oxidase (MPO) activity as previously described (31, 32). For a full description,
see S| Materials and Methods.

Salmonella Infection Assays. Salmonella infection assays were performed as
previously described (9). For a full description, see S/ Materials and Methods.

Salmonella Infection in Vivo. SAMP and AKR control mice (4-6 wk) were
infected with Salmonella for 2 d. For a full description, see SI Materials
and Methods.

Statistical Analysis. Analyses of continuous data were conducted using para-
metric Student t tests, one-way or two-way ANOVAs, or linear regression
(when appropriate), or their nonparametric alternatives. For a full description,
see S/ Materials and Methods.
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