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The mechanisms underlying the susceptibility of individuals with caspase recruitment domain 15 (CARD15)
mutations and corresponding abnormalities of nucleotide-binding oligomerization domain 2 (NOD2) protein
to Crohn disease are still poorly understood. One possibility is based on previous studies showing that mur-
amyl dipeptide (MDP) activation of NOD2 negatively regulates TLR2 responses and that absence of such regu-
lation leads to heightened Th1 responses. We now report that administration of MDP protects mice from the
development of experimental colitis by downregulating multiple TLR responses, not just TLR2. The basis of
these in vivo findings was suggested by in vitro studies of DCs, in which we showed that prestimulation of cells
with MDP reduces cytokine responses to multiple TLR ligands and this reduction is dependent on enhanced
IFN regulatory factor 4 (IRF4) activity. Further studies of mouse models of colitis showed that this inhibitory
role of IRF4 does in fact apply to MDP-mediated protection from colitis, since neither IRF4-deficient mice
nor mice treated with siRNA specific for IRF4 were protected. These findings indicate that MDP activation
of NOD2 regulates innate responses to intestinal microflora by downregulating multiple TLR responses and

suggest that the absence of such regulation leads to increased susceptibility to Crohn disease.

Introduction

Nucleotide-binding oligomerization domain 2 (NOD2) is a
cytosolic protein that has an essential role in innate immunity as
a sensor of a peptide derived from bacterial peptidoglycan (PGN),
muramyl dipeptide (MDP) (1). NOD2 consists of a C-terminal
leucine-rich repeat region (LRR) for ligand recognition, a central
NOD, and 2 N-terminal caspase recruitment domains (CARDs) (1,
2). Upon sensing MDP, NOD2 undergoes conformational changes
that lead to a CARD-CARD interaction with RICK, a downstream
effector molecule. The latter then ubiquitinates NEMO (IKK-y)
and induces the activation of NF-«B (3).

The functional importance of NOD?2 is underscored by the fact
that a subpopulation of patients with Crohn disease bears muta-
tions in the CARDI15 gene encoding NOD2 (4, 5). Such mutations
lead to NOD2 molecules that exhibit defective NF-kB activation
upon stimulation with MDP (6-8), and thus, at first sight, NOD2
mutations associated with Crohn disease appear to be loss-of-
function defects. It should be noted, however, that PGN is recog-
nized independently of its MDP components by cell-surface TLR2
(9, 10) and also results in NF-kB activation through a distinct TLR
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signaling pathway involving MyD88. This introduces the possibil-
ity that TLR2 and NOD?2 signaling are linked and that one func-
tion of NOD2 is the regulation of TLR2 signaling. Evidence that
this is in fact the case comes from previous findings that show
that MDP activation of NOD2 in wild-type murine APCs inhibits
PGN-mediated IL-12 production and that NOD2-deficient APCs
exhibit greatly enhanced IL-12 production (11). These findings
suggest that NOD2 mutations in Crohn disease are, in effect, gain-
of-function defects with respect to IL-12 production that thus
are consistent with the fact that enhanced NF-kB-related Th1
cytokine responses play a critical role in the immunopathogenesis
of this disease (12-14). This conclusion is not negated by other
data showing that MDP-induced NOD?2 signaling may enhance
IL-8, TNF, and IL-1p production, usually via TLR pathways
(15-17); this latter fact leads to the suggestion that NOD2 can
affect TLR-mediated cytokine responses in both a negative and
positive fashion under different circumstances.

In a previous study (18), we showed that NOD2-deficient mice
adoptively transferred OVA-specific CD4* T cells and, administered
intrarectal Escherichia coli expressing OVA (ECOVA), developed coli-
tis associated with the expansion of OVA-specific CD4" T cells pro-
ducing IFN-y. Importantly, this colitis was dependent upon TLR2
signaling, since inflammation is suppressed in NOD2 and TLR2-
double-deficient mice. These data showing that deficient NOD2
signaling predisposed to colitis prompted us to test the possibility
that enhanced NOD2 signaling protects mice from the develop-
ment of colitis. Accordingly, we determined in the present study
whether administration of MDP and the attendant increase in
NOD2 stimulation could prevent experimental colitis, in this case
induced by trinitrobenzene sulfonic acid (TNBS) or dextran sodium
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Figure 1

Systemic administration of MDP prevents the development of TNBS colitis. C57BL/10 mice were administered MDP or PBS (i.p.; see Methods)
on days —3, -2, and —1 and then challenged with intrarectal TNBS on day 0. (A) Changes in body weight in mice treated with PBS or MDP
(n = 10) and challenged with intrarectal administration of TNBS. **P < 0.01 compared with mice treated with PBS. (B) H&E-stained colonic tis-
sue of mice harvested on day 4. Histology of PBS-treated mice showed massive infiltration of mononuclear cells as well as destruction of crypt
architecture (top row); histology of MDP-treated mice showed almost normal colonic tissue with minimal infiltration of mononuclear cells (bottom
row). Original magnification, x100. (C) Histology score of the colonic tissue of the mice harvested on day 4.

sulfate (DSS). Indeed, we found that pretreatment with MDP com-
pletely protected mice from TNBS or DSS colitis and that such
prevention was associated with the suppression of multiple TLR
signaling pathways, not just TLR2 signaling. In further studies
exploring the mechanism of this NOD2-mediated suppression
of inflammation, we found that prestimulation of APCs (human
DCs) with MDP reduced proinflammatory cytokine production
upon subsequent stimulation with TLR2, TLR3, TLR4, TLRS, and
TLRO ligands and that these widespread negative effects of NOD2
signaling were dependent on the induction of a protein that has
recently been shown to be a negative regulator of TLR signaling,
IEN regulatory factor 4 (IRF4) (19, 20). On this basis, we returned
to the studies of the protective MDP effects on murine colitis and
showed that these effects were also mediated by IRF4.

Results

Administration of MDP protects mice from TNBS colitis. We previously
reported that simultaneous stimulation of murine APCs with
PGN and MDP led to a reduction of IL-12 production induced by
PGN stimulation of APCs via TLR2 (11) and that this inhibitory
effect of NOD2 on TLR2 signaling plays an important role in the
prevention of colonic inflammation driven by microbial antigens
(18). Furthermore, we recently found that NOD2-transgenic mice
expressing NOD2 under the control of class II promoter or admin-
istered a plasmid expressing NOD2 manifest decreased suscepti-
bility to TNBS colitis (21). These findings led us in the present
study to determine whether administration of MDP protects mice
from experimental colitis.

In the first form of experimental colitis we studied, hapten-
induced colitis induced by administration of TNBS, C57BL/10
mice were administered MDP (100 ug i.p.) or PBS (i.p.) for 3 con-
secutive days (days -3 to -1) prior to intrarectal injection of 3.75
mg of TNBS in 45% ethanol (day 0). As shown by the body weight
curves depicted in Figure 1A, MDP administration prior to the
TNBS challenge protected mice from the loss of weight normally
seen during the development of TNBS colitis. Moreover, as shown
in Figure 1B, whereas mice that were administered PBS prior to
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intrarectal TNBS instillation exhibited destruction of crypt archi-
tecture and infiltration of mononuclear cells in the colonic lamina
propria (LP) in tissue examined on day 4 after challenge with TNBS,
mice that were administered MDP prior to intrarectal TNBS instil-
lation exhibited little epithelial damage or cellular infiltration. As
shown in Figure 1C, this was confirmed by the colitis scores. Thus,
these data provide strong evidence that MDP administration prior
to TNBS challenge inhibits the development of TNBS colitis.

We next determined whether this prevention of colitis develop-
ment was associated with reduced inflammatory cytokine responses
to microbial antigens, i.e., TLR ligands and nucleotide-bind-
ing oligomerization domain-like receptor (NLR) ligands. For
this purpose, mesenteric LNs (MLNs) and LP cells isolated
from mice pretreated with MDP or PBS before TNBS challenge
were stimulated with a broad range of TLR ligands. As shown
in Figure 2, A and B, MLN cells and colonic LP cells obtained
from mice administered MDP and then stimulated with a broad
range of TLR ligands displayed markedly reduced production of
IL-12p40,IL-12p70,IL-6, and TNF upon stimulation with TLR2,
TLR3, TLR4, TLRS, and TLRY ligands as compared with cells
obtained from mice administered PBS before TNBS challenge.
Thus, prior activation of NOD2 by MDP administration caused
suppression of multiple TLR pathways, not just TLR2. Further-
more, these reduced innate cytokine responses were associated
with reduced adaptive Thl responses since, as shown in Figure
2C, MLN and colonic LP cells from MDP-treated mice exhibited
markedly reduced IFN-y production upon anti-CD3 stimulation.
We next determined whether reduced cytokine responses were
due to the downregulation of NF-xB activation. Accordingly,
we isolated nuclear proteins from MLN cells and assessed such
activation by both EMSA and a semiquantitative method based
on the binding of the extract to NF-kB consensus sequences, fol-
lowed by detection of bound components with subunit-specific
Abs (NF-xB ELISA study) (11). As shown in Figure 2, D and E,
NF-xB activation by LPS or PGN stimulation was suppressed in
MLN cells from MDP-treated mice as compared with those from
PBS-treated mice. Taken together, these data suggest that MDP
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Figure 2

MDP administration reduces the TLR-induced cytokine responses of MLN and colonic LP cells from mice with TNBS colitis. (A) Colon LP
lymphocytes (1 x 10%/ml) isolated from the mice on day 3 were stimulated with PGN, PamzCSK4, LPS, and CpG in the presence of IFN-y (20
ng/ml); cultured supernatants were collected at 48 hours and analyzed for cytokine production. *P < 0.05; **P < 0.01 when supernatants from
MDP-treated mice were compared with supernatants from PBS-treated mice. (B) MLN cells (1 x 10%/ml) isolated from mice with TNBS colitis on
day 3 were stimulated with anti-CD3 (1 ug/ml) and a broad range of TLR ligands. Cultured supernatants were collected at 48 hours and analyzed
for cytokine production. *P < 0.05; **P < 0.01 when supernatants of MDP-treated mice were compared with supernatants of PBS-treated mice.
(C) MLN cells and colon LP lymphocytes isolated from the mice on day 3 were stimulated with anti-CD3 (1 ug/ml); cultured supernatants were
collected at 48 hours and analyzed for IFN-y production. **P < 0.01 when supernatants from MDP-treated mice were compared with superna-
tants from PBS-treated mice. (D) Evaluation of NF-kB activation in MLN cells isolated from the mice on day 3 and stimulated with LPS or PGN.
Nuclear extracts were prepared from MLN cells isolated from PBS- or MDP-treated mice and stimulated with LPS or PGN for 2 hours and then
subjected to EMSA. (E) Nuclear extracts obtained in D assayed for p65 and c-Rel activation using NF-«kB transcription factor ELISA. *P < 0.05;
**P < 0.01 compared with nuclear extracts from PBS-treated mice.

treatment protects against TNBS colitis by inhibiting responses  tion, since NOD2-deficient mice with DSS colitis exhibited compa-
to a wide range of TLR ligands. rable body weight loss whether they were treated with PBS or MDP.
Administration of MDP protects mice from DSS colitis. In studies  As shown in Figure 3B, these body weight data correlated with serum
of a second experimental colitis, DSS colitis, control NOD2-intact  amyloid A levels as well as with the colitis scores of the NOD2-intact
or NOD2-deficient mice treated with 4% DSS in the drinking water — mice treated with MDP and PBS, and again, no difference was seen in
from day O to day S to induce colitis were administered either MDP  these parameters in NOD2-deficient mice treated with MDP or PBS.
(100 ugi.p.) or PBS (i.p.) for 3 consecutive days at the early phase of ~ Thus, these studies provide strong evidence supporting the view that
the colitis (days 0, 1, 2). As shown in Figure 3A, NOD2-intact mice ~ MDP administration protects mice from the development of DSS
with DSS colitis treated with PBS but not those treated with MDP  colitis and complement the data above on TNBS colitis.
exhibited significant body weight loss during the observation period. In studies of the mechanism of such protection, we analyzed
Furthermore, this protective effect was mediated by NOD2 activa-  the profiles of cytokine production of mice described above that
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MDP administration prevents DSS colitis. NOD2-intact (NOD2++) and NOD2-deficient (NOD2--) mice were treated with drinking water contain-
ing 4% DSS for 6 days (days 0-5). At the early phase of colitis induction (days 0, 1, 2), mice were administered MDP (i.p.) or PBS every day.
(A) Changes of body weight in PBS- or MDP-injected mice. *P < 0.05; **P < 0.01, time point values of NOD2-intact mice administered MDP
compared with NOD2-intact mice administered PBS. (B) Serum amyloid A (SAA) levels and colitis scores of mice (see Methods) on day 7. SAA
levels were determined by ELISA. *P < 0.05, NOD2-intact mice administered MDP compared with mice administered PBS.

received MDP administration at the onset of DSS challenge. For
this purpose, MLN cells obtained from mice on day S after the ini-
tial challenge with DSS were stimulated with several TLR ligands.
As shown in Figure 4A; MDP administration was associated with
a reduction in TLR2-, TLR3-, and TLR4-mediated IL-12p40 and
IFN-y production by MLN cells obtained from NOD2-intact but
not NOD2-deficient mice. However, this reduction of IL-12p40 or
IFN-y production seen in NOD2-intact mice treated with MDP
was not observed in MLN cells from NOD2-deficient mice treated
with MDP. Finally, as shown in EMSA and NF-kB ELISA studies
in Figure 4, B and C, respectively, PGN or LPS-mediated NF-kB
activation was greatly suppressed in MLN cells from NOD2-intact
mice treated with MDP as compared with those not so treated.
Thus, as in the case of TNBS colitis, MDP pretreatment protects
mice from DSS-induced colitis through downregulation of pro-
inflammatory cytokine responses evoked by a number of TLR
ligands, not just TLR2.

MDP administration does not protect from DSS colitis in mice with
abnormal NOD2 arising from a CARDIS frame-shift mutation. The data
above show that MDP activation of NOD2 protects mice from
TNBS or DSS colitis by downregulating multiple TLR pathways.
To relate these findings to Crohn disease, we next determined
whether NOD?2 arising from a CARDIS5 mutation associated with
Crohn disease has a similar protective function. To this end, we
determined the ability of MDP to protect NOD2-deficient mice
reconstituted with plasmids expressing murine intact CARDI1S,
frame-shift CARDIS (L980fs) equivalent to human 3020insC, or
control “empty” plasmid from the development of DSS colitis.
Accordingly, NOD2-deficient mice were treated with 5.5% DSS in
drinking water from day 0 to day S to induce DSS colitis. As in
previous studies, the mice were administered MDP (100 ug i.p.)
for 3 consecutive days beginning at the time of colitis induction
(days 0, 1, 2), but in this case each MDP dose was accompanied by
i.p. administration of either intact CARDIS, frameshift CARDIS,
or control empty vector encapsulated in hemagglutinating virus
of Japan (HV]J) for efficient in vivo delivery (21). As shown by the
weight curves in Figure SA and the histologic data in Figure 5B,
while MDP injection protected NOD2-deficient mice reconstitut-
ed with intact CARDIS plasmid, it did not protect NOD2-deficient
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mice reconstituted with frame-shift CARDIS plasmid or with con-
trol empty plasmid. Colitis scores correlated with the tissue histol-
ogy shown in Figure 5B (data not shown). Thus, these data suggest
that abnormal NOD?2 arising from the Crohn disease-associated
CARDIS frame-shift mutation lacks the ability to control colonic
inflammation upon systemic administration of MDP.

Human DCs subjected to preactivation of NOD2 by MDP exhibit reduced
proinflammatory cytokine production upon subsequent stimulation with
TLR ligands. Since MDP administration inhibits the inflammation
occurring in murine models of colitis, it was of interest to determine
the conditions under which MDP stimulation could also inhibit
inflammatory cytokine responses to multiple TLR ligands in vitro.

In the relevant studies, we determined the effect of MDP pre-
stimulation of cells on the assumption that such prestimulation
recapitulated the pretreatment of mice in the above colitis models.
In initial studies, we preincubated human monocyte-derived DCs
with medium (absence of NOD2 prestimulation) or with MDP
(presence of NOD2 prestimulation) for 24 hours prior to stimula-
tion with TLR ligands alone or stimulation with TLR ligands plus
MDP (MDP costimulation). As shown in Figure 64, in keeping
with prior results, in the absence of NOD2 prestimulation, PGN-
mediated IL-12p40 and IL-6 production was inhibited by NOD2
costimulation, whereas double-stranded RNA (dsRNA), LPS, or
CpG-mediated IL-12p40, IL-6, and TNF production was variably
enhanced by NOD2 costimulation. In contrast, in the presence of
MDP prestimulation, production of proinflammatory cytokines
and chemokines such as IL-12p40, IL-6, and CXCL10 stimulated
with a wide range of TLR ligands was inhibited and there was rever-
sal of enhancement by NOD2 costimulation. The effect of NOD2
prestimulation and costimulation on TNF production was some-
what different, since here NOD2 costimulation in the absence of
NOD?2 prestimulation was either associated with no inhibition or
enhancement of TLR stimulation; nevertheless, in this case as well,
such enhancement was usually reversed by NOD2 prestimulation.
Thus, consistent with results obtained from studies of in vivo coli-
tis models, MDP pretreatment has a remarkable inhibitory effect
on multiple types of TLR responses.

It is unlikely that the above inhibition of TLR responses by
NOD2 prestimulation is due to induction of either cell “exhaus-
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Figure 4

Cytokine production by MLN cells in mice treated with DSS. (A) MLN cells (1 x 108/ml) isolated from NOD2++ and NOD2-- mice on day 5 were
stimulated with a broad range of TLR ligands. Cultured supernatants were collected at 48 hours and analyzed for cytokine production by ELISA.
*P < 0.05 when supernatants were compared with supernatants from mice treated with PBS (white bars). (B) Activation of NF-kB in MLN cells
isolated from NOD2++ and NOD2-- mice on day 5 following stimulation with LPS or PGN. Nuclear extracts were prepared from MLN cells isolated
from PBS- or MDP-treated mice and stimulated with LPS or PGN for 2 hours and then subjected to EMSA. (C) Nuclear extracts obtained in B
assayed for p65 and c-Rel activation using NF-kB transcription factor ELISA. *P < 0.05 compared with nuclear extracts from PBS-treated mice.

tion” as defined previously (22) or simply to cell death. Thus, as
shown in Figure 6A, NOD2 pretreatment had no inhibitory effect
on either PGN- or LPS-induced TNF production and, as shown in
Supplemental Figure 1A (supplemental material available online
with this article; doi:10.1172/JC133145DS1), no effect on CXCL8
(IL-8) production. In addition, as shown in Supplemental Figure
1B, pretreatment had no effect on CD40 ligand-induced IL-12p40
or IL-6 production. As shown in Supplemental Figure 1C, pretreat-
ment led to enhanced expression of cell-activation markers with-
out a marked increase in apoptotic cells. Finally, this reduction
of proinflammatory cytokine production by NOD2 prestimula-
tion was unlikely to be due to counterregulation by IL-10 since,
as shown in Supplemental Figure 1A, IL-10 production was also
reduced in DCs subjected to NOD2 prestimulation.

Taken together, these data show that NOD2 prestimulation
reduces subsequent TLR-mediated induction of proinflammatory

The Journal of Clinical Investigation

cytokines and chemokines even in situations where simultaneous
TLR and NOD2 stimulation are associated with enhancing effects
of NOD2 costimulation. In further proof of this conclusion, as
shown in Supplemental Figure 2, DCs stimulated by killed E. coli
organisms and by multiple TLR ligands simultaneously also exhib-
ited reduced IL-12p40 responses upon NOD2 prestimulation.
Murine bone marrow—derived DCs also exhibit reduced TLR-medi-
ated cytokine responses upon NOD2 preactivation. To both confirm
and expand the above findings, we next determined the effect of
NOD?2 prestimulation on bone marrow-derived DCs (BMDCs)
generated from NOD2-deficient mice. In these studies, BMDCs
preincubated with MDP for 24 hours were subjected to stimula-
tion with a broad range of TLR ligands. As shown in Figure 6B,
NOD?2 prestimulation led to a substantial reduction of IL-12p40
and IL-6 production by NOD2-intact BMDCs stimulated with
TLR2, TLR4, TLRS, and TLRY ligands. In contrast, this inhibitory
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DSS colitis in MDP-treated NOD2-deficient mice reconstituted with intact or frameshift NOD2. NOD2-deficient (NOD2--) mice were treated
with drinking water containing 5.5% DSS for 6 days (days 0-5). At an early phase of colitis induction (days 0, 1, 2), mice were administered
MDP and HVJ-encapsulated plasmid (see Methods). (A) Changes in body weight in MDP-administered NOD2-deficient mice reconstituted with
intact NOD2, frameshift NOD2, or control empty vector. Weights of MDP-administered NOD2-deficient mice given DSS are shown as a control.
**P < 0.01, time point values of intact-NOD2-reconstituted mice compared with control empty vector—reconstituted mice. (B) H&E-stained colonic

tissue of the mice harvested on day 7. Original magnification, x50.

effect was not observed with NOD2-deficient BMDCs. As shown in
Supplemental Figure 3A, a similar effect of MDP pretreatment was
observed with IL-12p70 and TNF production. Finally, as shown in
Supplemental Figure 3B, MDP stimulation did not affect BMDC
expression of costimulatory molecules or MHC class II expression.
Similarly, MDP treatment did not change BMDC expression of
TLR2 and TLR4 (data not shown).

In further studies, we asked whether this reduction of proinflam-
matory cytokine responses by NOD2 prestimulation results in
decreased cytokine responses by naive OVA-specific CD4* T cells.
For this purpose, we determined the ability of DCs subjected to
NOD2 prestimulation to induce OVA-specific T cells to produce
IFN-y upon coculture with OVA peptide and naive T cells from
OVA-T cell receptor (OT-II) transgenic mice. As shown in Figure
6C, OVA peptide presentation by NOD2-intact NOD2-prestimu-
lated BMDCs as compared with nonprestimulated BMDCs led to
greatly reduced IFN-y production by CD4" T cells isolated from the
spleens of OT-II transgenic mice in the presence of TLR2, TLR4,
TLRS, and TLRY ligands. In contrast, this reduced response was
not observed with MDP-prestimulated NOD2-deficient BMDCs.
These studies of mouse DCs thus confirm the inhibitory effect
of NOD2 prestimulation observed with human DCs and provide
evidence that the effect is in fact mediated by NOD2.

Inhibition of TLR cytokine responses by NOD2 prestimulation is associat-
ed with upregulation of IRF4. The fact that we could inhibit multiple
TLR responses with NOD2 prestimulation allowed us to explore
the molecular basis of the inhibitory effect. Initially, we assessed
the effect of MDP prestimulation on subsequent TLR activation
of NF-kB in human DCs by performing gel-shift assays on nuclear
extracts isolated from the stimulated DCs. As shown in Figure 7A,
nuclear extracts isolated from MDP-prestimulated DCs subse-
quently stimulated with LPS, PGN, or flagellin gave rise to bands
of reduced intensity when incubated with 32P-labeled oligo probes
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specific to NF-kB as compared with extracts from cells not sub-
jected to prestimulation. These data suggest that NOD2 prestimu-
lation reduces subsequent activation of NF-kB by TLR ligands.

In further studies, we performed immunoblot analyses to deter-
mine the expression of signaling molecules involved in the TLR
signaling pathway or those previously shown to be negative regu-
lators of that pathway (19, 20, 23) in cells incubated in medium
versus cells incubated with MDP or LPS. Because of the results of
the gel-shift assay described above, we focused on those molecules
involved in the activation of NF-kB. As shown in Figure 7B, there
was no difference in the expression of TLR signaling molecules
such as MyD88, TAK1, TRAF6, IRF3, IRFS5, or IKK-y in cells with-
out and with either NOD2 (MDP) or TLR4 (LPS) stimulation. In
contrast, MDP-stimulated cells expressed increased amounts of
the negative regulator IRF4 at 24 hours after stimulation (and, as
shown in Supplemental Figure 4A, at 36 hours as well) but not
other negative regulators such as IL-1 receptor-associated kinase M
(IRAK-M) or SOCS1. Consistent with previous reports (19, 20, 23,
24), cells stimulated by LPS expressed increased amounts of both
IRF4 and IRAK-M but not SOCSI1.

Inhibition of TLR cytokine responses by NOD2 prestimulation requires
the expression of IRF4. To determine whether NOD2 prestimulation
is not only associated with IRF4 expression but actually requires
IRF4 expression, we initially asked whether gene silencing of IRF4
or IRAK-M expression by siRNA specific for these molecules affects
NOD2- or TLR4-mediated inhibitory effects. As shown in Figure
7C, transfection of human DCs with a mixture of IRF4 siRNA sub-
stantially reduced expression of IRF4 at the protein level in MDP-
and LPS-stimulated human DCs. Similarly, transfection of IRAK-M
siRNA reduced expression of IRAK-M in LPS-stimulated cells. As
shown in Figure 7D, transfection of IRF4 siRNA but not IRAK-M
siRNA led to increased IL-12p40 production in MDP-prestimulat-
ed DCs subsequently stimulated with PGN, N-palmitoyl(S)-[2,3-
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Figure 6

Human and mouse DCs prestimulated with MDP exhibit reduced cytokine and chemokine production when stimulated with TLR ligands. (A)
Human monocyte—derived DCs (1 x 108/ml) from 6 healthy donors were preincubated with MDP or medium for 24 hours and then stimulated
with a broad range of TLR ligands alone or in combination with MDP for an additional 24 hours. Cultured supernatants were collected at 24
hours and analyzed for cytokine and chemokine production by ELISA. *P < 0.05; **P < 0.01 compared with supernatants from DCs preincubated
with medium and stimulated with TLR ligands alone (light blue bars). (B) CD11c* DCs (1 x 108/ml) derived from bone marrow cells from NOD2-
intact (NOD2++) and NOD2-deficient (NOD2--) mice were preincubated with MDP (50 ug/ml) or medium alone for 24 hours and stimulated with
a broad range of TLR ligands. Cultured supernatants were collected at 24 hours and analyzed for cytokine production by ELISA. *P < 0.05;
**P < 0.01 when supernatants were compared with NOD2-intact DCs preincubated with medium and stimulated with TLR ligands (light blue
bars). (C) OVAsz3.330 peptide—specific CD4+ T cells (OT-Il) were purified from the spleens of OT-II transgenic mice; OT-Il cells (1 x 108/ml) were
cocultured with NOD2-intact or NOD2-deficient BMDCs (2 x 108/ml) in the presence of a broad range of TLR ligands and OVA peptide (0.5 uM);
cultured supernatants were collected at 72 hours and analyzed for IFN-y production by ELISA. *P < 0.05; **P < 0.01 compared with supernatants
from NOD2-intact DCs preincubated with medium and stimulated with TLR ligands (light blue bars).

bis(palmitoyloxy)-(2Rs)-propyl|Cys-Ser-Lys4 (Pam3;CSK4), and
LPS. In addition, as shown in Figure 7D, transfection of IRAK-M
siRNA but not IRF4 siRNA led to increased IL-12p40 production in
LPS-preincubated DCs stimulated with PGN, Pam3;CSK4, and LPS.
In a final study along these lines, we determined whether individual
IRF4-specific siRNAs could abolish inhibition of NOD2 prestimu-
lation to rule out off-target effects of the siRINA mixture. As seen in
the studies shown in Supplemental Figure 4B, addition of 2 differ-
ent siRNAs again led to loss of the inhibition of NOD2 prestimula-
tion in both PGN- and LPS-stimulated cell cultures.

In a second approach to studying the role of IRF4 in inhibi-
tion following NOD2 prestimulation, we examined the capac-

The Journal of Clinical Investigation

ity of such prestimulation to inhibit responses in cells naturally
lacking IRF4, such as human monocytes (25). In these studies,
we determined whether NOD2 prestimulation of THP1 cells,
a monocytic cell line, affects their subsequent TLR-induced
cytokine production. As shown previously, THP1 cells express
NOD?2 (26, 27) but, as shown in Figure 8A, do not express IRF4
before or after stimulation by MDP or LPS; in contrast, they
express IRAK-M, especially after stimulation with LPS. As shown
in Figure 8B, in keeping with the data shown above, MDP pre-
stimulation of THP1 cells did not result in reduced IL-12p40
or TNF responses following subsequent stimulation with PGN,
Pam;CSK4, or LPS, whereas LPS prestimulation did lead to

http://www.jci.org 7
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NOD2 stimulation is associated with upregulation of IRF4 expression. (A) NF-kB activation in
human monocyte—derived DCs. DCs were preincubated with MDP or medium for 24 hours and
then stimulated with LPS, PGN, or flagellin for 2 hours; nuclear extracts of the cells were then
obtained and subjected to gel-shift assays; results shown are representative of those obtained
with 2 healthy donors. (B) Upregulation of IRF4 in MDP-stimulated human monocyte—derived
DCs. Whole-cell extracts prepared from DCs incubated with MDP, LPS, or medium for 24
hours were immunoblotted with Abs against the indicated components; results shown are
representative of those obtained in 3 healthy donors. (C) IRF4 expression in monocyte-derived
DCs transfected with IRF4 siRNA. DCs were transfected with 2 ug of IRF4 siRNA, IRAK-M
siRNA, or control siRNA using the Amaxa nucleofection method; 16 hours after transfec-
tion, DCs were stimulated with MDP, LPS, or medium for 24 hours, at which point whole-cell
extracts were prepared and subjected to immunoblotting with Abs against the indicated com-
ponents. (D) Effects of IRF4 or IRAK-M siRNA transfection on cytokine production by human
monocyte—derived DCs. DCs (2 x 107/ml) from 6 healthy donors were transfected with IRF4
siRNA, IRAK-M siRNA, or control siRNA, as described in C. After 24 hours of culture with
MDP, LPS, or medium, DCs were stimulated with PGN, Pam3;CSK4, or LPS for another 24
hours; cultured supernatants were assayed for IL-12p40 by ELISA. *P < 0.05; **P < 0.01 com-
pared with DCs transfected with control siRNA and preincubated with medium (white bars).

reduced IL-12p40 or TNF production by THP1 cells subsequently
stimulated with PGN or LPS. Finally, as shown in Supplemen-
tal Figure 5, transfection of THP1 cells with an IRF4-express-
ing vector led to downregulation of PGN, Pam3;CSK4, and LPS
responses, which was particularly evident after MDP prestimula-
tion; thus, the lack of response to MDP prestimulation could in
fact be shown to be due to lack of IRF4 expression.

Along similar lines, we determined whether NOD2 prestimu-
lation affected TLR-induced CXCL8 or CXCL10 production in
HT-29 cells (i.e., a highly differentiated epithelial cell line), which,
like THP1 cells, do not express IRF4. Here again, NOD2 prestimu-
lation did not downregulate responses to subsequent stimulation
with dsRNA or flagellin stimulation (data not shown).

8 The Journal of Clinical Investigation

http://www.jci.org

The above in vitro studies involving gene
silencing of IRF4 and the study of cells
naturally lacking IRF4 provide strong sup-
port for the view that the inhibitory effects
of NOD2 prestimulation depend on IRF4.
Further support for this view comes from
in vivo studies described below. It should
be noted, however, that while IRF4 is nec-
essary for NOD2-mediated inhibition, it is
not sufficient for such inhibition. This fol-
lows from the fact that, as we have seen, LPS
induces IRF4 expression but IRF4 does not
mediate LPS-mediated inhibition. A further
confirmation of this point came from stud-
ies depicted in Supplemental Figure 6A,
showing that human DC stimulation with
the NOD1 ligand y-D-glutamyl-diaminopi-
melic acid (YDGDAP) also induced IRF4
expression (albeit less than that induced by
the NOD2 ligand), yet, as shown in Supple-
mental Figure 6B, prestimulation of cells
with the NOD1 ligand did not lead to inhi-
bition of subsequent TLR responses.

Sensitivity of PGN and LPS signaling to IRF4
inhibition. The studies described above
provide data that suggest that PGN and
LPS responses differed in their sensitiv-
ity to IRF4-mediated inhibition; NOD2
prestimulation produced more profound
inhibition of PGN (TLR2) responses than
LPS (TLR4) responses, and suppression of
PGN-mediated IL-12p40 production was
more resistant to IRF4 siRNA-induced
reversal than that of LPS-mediated
IL-12p40 production (Figure 7D). To
examine this possibility more directly,
we measured PGN and LPS responses in
human DCs transfected with increasing
doses of FLAG-tagged IRF4 cDNA (28). As
shown in Supplemental Figure 7, transfec-
tion of FLAG-tagged IRF4 induces protein
expression in a dose-dependent manner.
In addition, as also shown in Supplemen-
tal Figure 7, low expression of transfected
IRF4 (0.2 ug) is sufficient to greatly inhibit
PGN-induced production of IL-12p40 and
IL-6, whereas in contrast, high expression

of IRF4 is necessary to comparably inhibit LPS-induced produc-
tion of these cytokines. Thus, PGN-mediated TLR2 signaling is
more sensitive to negative regulation by IRF4 than LPS-mediated
TLR4 signaling. Since IRF4 levels can be assumed to be low in the
absence of prestimulation, i.e., when cells are stimulated by TLR
ligands and MDP simultaneously, these findings suggest that
the reason simultaneous stimulation of TLR ligands and MDP
results in reduced PGN-induced production of IL-12p40 while
it has little effect on IL-12p40 production by other TLR ligands
is that with simultaneous stimulation the level of IRF4 is suffi-
cient to suppress PGN responses but not responses to other TLR
ligands (11). However, further in vivo studies will be necessary to
substantiate this possibility.
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Figure 8

Mechanism of NOD2-induced IRF4 inhibition of TLR signaling. (A) Whole-cell extracts were prepared from THP1 cells stimulated with MDP or
LPS for 24 hours and then immunoblotted with Abs against IRF4, IRAK-M, and actin. (B) THP1 cells (5 x 105/ml) were prestimulated with MDP,
LPS, or medium for 24 hours and stimulated with TLR ligands; cultured supernatants were collected at 24 hours and analyzed for cytokine pro-
duction by ELISA. *P < 0.05 compared with the concentrations of cytokines by cells preincubated with medium and stimulated with TLR ligands
(white bars). (C) Physical interactions between IRF4 and RICK, MyD88, and TRAF6. Whole-cell extracts of HEK293 cells transfected with vectors
(2 ug) expressing FLAG-tagged human IRF4 and HA-tagged human MyD88 or with untagged RICK, TRAF6, or TRAF2 were immunoprecipitated
with anti-FLAG—conjugated beads and then immunoblotted with anti-HA Abs or with anti-RICK, -TRAF6, or -TRAF2. (D) Negative regulation of
NF-kB by IRF4. HT-29 cells (1 x 105/96-well plate) transfected with pNF-kB—Luc (50 ng) and pSV—f3-galactosidase (10 ng) were cotransfected
with vectors expressing human RICK (200 ng), human MyD88 (200 ng), or human TRAF6 (200 ng) with or without an IRF4-expressing vector (50
ng, 200 ng, 1000 ng). *P < 0.05; **P < 0.01 compared with cells without IRF4 transfection (white bars). (E) Physical interaction of IRF4 and RICK
in MDP-prestimulated human DCs. DCs were cultured with MDP or medium for 24 hours and then stimulated with Pam3sCSK4 for an additional
hour; whole-cell extracts were prepared and then immunoprecipitated with anti-IRF4 Abs and immunoblotted with anti-RICK Abs.

Mechanisms of NOD2-induced IRF4 inhibition of TLR signaling. In
furcher studies, we explored the mechanisms underlying NOD2-
induced inhibition of TLR signaling. In initial studies, we deter-
mined possible physical interactions between IRF4 and various
components of the TLR signaling pathway. To this end, we per-
formed immunoblots on extracts of HEK293 cells cotransfected
with FLAG-tagged human IRF4 cDNA (28) together with either
MyD88, TRAFG6, or RICK cDNA, all relevant components of the
TLR and NOD?2 signaling pathways. In addition, we cotransfect-
ed the FLAG-tagged human IRF4 cDNA with TRAF2 cDNA, a
component of the TNF signaling pathway, as a negative control.
As shown in Figure 8C, we found that each of these components
except for TRAF2 does indeed bind to IRF4. In further studies,
we cotransfected plasmids expressing MyD88, TRAF6, RICK,
and IRF4 into HT-29 colon epithelial cells expressing an NF-xB
luciferase reporter to determine the capacity of IRF4 to inhibit
the capacity of each of the components to activate the reporter
and generate luciferase. As shown in Figure 8D, cotransfection

The Journal of Clinical Investigation

of IRF4 led to a dose-dependent reduction in NF-kB activa-
tion by each of the components, whereas IRF4 had no effect on
the ability of TNF, a non-TLR/NLR-related NF-xB activator
to activate NF-kB. This correlated with the fact that TNF sig-
nals mainly through TRAF2, shown above not to interact with
IRF4. In additional studies along these lines, we buttressed these
overexpression studies with a study of IRF4 binding to RICK
in stimulated human DCs (i.e., cells in which IRF4 and signal-
ing components were not overexpressed). As shown in Figure
8E, an immunoblot of extracts of Pam;CSK4-stimulated cells
prestimulated with MDP or medium alone provided evidence
that in MDP-prestimulated cells, IRF4 binds to RICK. These
data offer evidence that IRF4 inhibition of TLR responses may
involve, in part, binding to a key component of the TLR signal-
ing pathway, in line with previous studies of IRF4 inhibition (19,
20). However, further details of the inhibitory mechanism await
more complete studies of the functional effects of such binding
on NF-kxB activation.

hetp://www.jci.org 9
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Figure 9

Systemic administration of MDP prevents the development of TNBS colitis by upregulating IRF4 expression. Mice administered intrarectal TNBS
on day 0 were injected with MDP or PBS i.p. on days —3, —2, and —1 and also administered 100 ug of HVJ-encapsulated control siRNA or IRF4
siRNA by intrarectal instillation on days -2, —1, 0, and 1. (A) IRF4 expression in CD11b* myeloid cells from MLNs and spleens from mice on day 0
(top); IRF4 expression in whole-cell extracts of CD11b* myeloid cells from MLNs isolated from mice treated with IRF4 siRNA on day 0 (bottom).
(B) Changes of body weight in mice treated with MDP and siRNAs. **P < 0.01 compared with body weight of mice treated with PBS. (C) H&E-
stained colonic tissue of mice harvested on day 4. Histology of PBS-treated mice and IRF4 siRNA—treated mice showed massive infiltration of
mononuclear cells as well as destruction of crypt architecture; histology of control siRNA-treated mice showed almost normal colon tissue with
minimal infiltration of mononuclear cells. Original magnification, x100. (D) MLN cells (1 x 10%/ml) isolated from mice on day 4 were stimulated
with a broad range of TLR ligands; cultured supernatants were collected at 48 hours and analyzed for cytokine production by ELISA. *P < 0.05;
**P < 0.01 compared with the concentrations of cytokines from PBS-treated mice (white bars).

Systemic administration of MDP prevents the development of TNBS or
DSS colitis by upregulating IRF4 expression. The in vitro studies described
above provided considerable evidence that the suppression of mul-
tiple TLR pathways mediated by MDP activation of NOD2 depends
upon the expression of IRF4. To verify this hypothesis in vivo, we
returned to the studies of the effect of MDP pretreatment on the
development of experimental colitis to determine whether IRF4 also
mediated inhibitory MDP effects in these models.

We first asked whether systemic injection of MDP induces
upregulation of IRF4 as in the case of human DCs. For this, CD11b*
myeloid cells were isolated from MLNs and spleens of mice that
had been administered either MDP or PBS. As shown in Figure 9A,
IRF4 protein was barely detectable in cells from PBS-treated mice
but was easily detected in cells from MDP-treated mice. We next

10
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determined the effect of IRF4 gene silencing on the capacity of
MDP administration to protect mice from TNBS colitis. In these
studies, mice administered MDP (i.p.) according to the schedule
described in Figure 1 were also administered 100 ug of either siRNA
targeting murine IRF4 or control siRNA encapsulated in HVJ by the
intrarectal route on day -2 to day 1 (with respect to TNBS admin-
istration). As shown in Figure 9A, induction of IRF4 expression
was not seen in CD11b* MLN cells examined on day 0 obtained
from mice administered both MDP and HVJ-IRF4 siRNA, whereas
IRF4 expression was clearly seen in cells from mice administered
MDP and HVJ-control siRNA. As shown in Figure 9B, while mice
administered MDP and control siRNA did not exhibit body weight
loss following TNBS challenge, mice administered MDP and IRF4
siRNA exhibited a body weight loss similar to that of mice admin-

http://www.jci.org
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Figure 10

IRF4 signaling is necessary for the suppres-
sion of DSS colitis. IRF4-intact (IRF4++) and
IRF4-deficient (IRF4--) mice were treated
with 5% DSS in drinking water for 6 days
(days 0-5). At an early phase of colitis induc-
tion (days 0, 1, 2), mice were administered
MDP or PBS (i.p.). (A) Weight curves of
IRF4-- or IRF** mice administered MDP or
PBS. **P < 0.01 compared with PBS-injected
IRF4++ mice. (B) Histology score of IRF4--
mice treated with PBS or MDP on day 7. (C)
MLN cells (1 x 10%/ml) isolated from IRF4++
and IRF4-- mice on day 7 were stimulated
with PGN, LPS, or CpG; cultured superna-
tants were collected at 48 hours and analyzed
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istered PBS. As shown in Figure 9C, these weight loss data corre-
lated with pathology: mice administered MDP and IRF4 siRNA
exhibited severe colonic epithelial cell damage and massive infil-
tration of inflammatory cells in the LP equivalent to the changes
seen in mice treated with PBS. Finally, as shown in Figure 9D, the
weight loss data correlated with cytokine production findings in
that the marked reduction in TLR-mediated IL-12p40, IL-6, and
TNF accompanying MDP administration was almost completely
restored by IRF4 siRNA administration. Taken together, these data
show that MDP administration protects mice from TNBS colitis via
its ability to induce NOD2 induction of IRF4 and subsequent IRF4
inhibition of TLR-mediated inflammatory cytokine production.

Finally, we asked whether the protection from DSS colitis in mice
treated with MDP depends upon IRF4, in this case utilizing a well-
described gene-targeted mouse with a background strain suscep-
tible to DSS colitis (29). Indeed, immunoblot studies of extracts of
spleen cells of IRF4-deficient mice with DSS colitis did not reveal
an IRF4 band, whereas IRF4-intact mice did reveal a band (data
not shown). As shown in Figure 10A, as judged by body weight
loss, MDP administration as described above did not inhibit the
development of DSS colitis in IRF4-deficient mice, whereas it did
inhibit such colitis in IRF4-intact mice. In addition, as shown in
Figure 10B, the colitis scores of MDP-treated and untreated IRF4-
deficient mice were not significantly different, whereas those of
MDP-treated IRF4-intact mice were significantly reduced as com-
pared with untreated IRF4-intact mice. Finally, as shown in Fig-
ure 10C, whereas MLN cells from MDP-treated IRF4-intact mice
exhibited a clear decrease in both IL-12p40 and IFN-y secretion
upon TLR ligand stimulation, comparable cells from IRF4-defi-
cient mice exhibited no such decrease.

Discussion
In a previous study, we demonstrated that MDP signaling via
NOD?2 has downregulatory effects on TLR2 signaling, particularly
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IRF4++  IRF4" for cytokine production by ELISA.

the pathway leading to the induction of IL-12 secretion (1, 2, 11).
Now we show that MDP signaling via NOD2 has, somewhat sur-
prisingly, much more global inhibitory effects in that it inhibits
not only TLR2 and IL-12, but also other TLR responses and other
cytokine responses. This conclusion is based on in vivo studies that
showed that administration of MDP to mice led to the ameliora-
tion of both DSS colitis and the hapten (TNBS) colitis and that,
furthermore, such amelioration was the result of a direct downregu-
latory effect on multiple TLR pathways responsible for the produc-
tion of key inflammatory cytokines such as IL-12 and IL-6. It was
also based on in vitro studies that showed first that NOD2 (MDP)
prestimulation of human monocyte-derived DCs is followed by a
greatly diminished capacity of TLR2, TLR3, TLR4, TLRS, and TLR9
ligands to induce production of IL-12, IL-6, and CXCL10 and sec-
ond that NOD2 prestimulation of human DCs abolishes the subse-
quent ability of MDP to synergize with ligands of TLR3 and TLR9
in the induction of IL-12, IL-6, and TNF. That these “tolerogenic”
effects of MDP prestimulation were in fact mediated by NOD2 was
shown in parallel studies of murine BMDCs, which showed that
NOD?2 prestimulation of NOD2-deficient cells did not generate an
inhibitory effect, whereas prestimulation of NOD2-intact cells did
generate such an effect. Overall, these data provide strong evidence
that NOD2 prestimulation of APCs negatively regulates inflam-
matory responses induced by a broad range of TLR ligands and
therefore is another explanation of why defective NOD2 function
contributes to the pathogenesis of Crohn disease.

The concept that a major function of NOD2 signaling is the
regulation of TLR responses had its inception mainly in in vitro
studies showing that splenic macrophages or DCs from NOD2-
deficient mice produce increased amounts of IL-12p40 and -p70
compared with cells from wild-type mice; in addition, responses
of cells from NOD2-deficient mice but not wild-type mice could
be downregulated with MDP (11). However, these data were ques-
tioned by other investigators who also postulated that NOD2
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abnormalities are associated with Crohn disease due to effects of
the abnormalities on other, nonregulatory activities of NOD2,
including reduced epithelial a-defensin production or the over-
production of IL-1f (30, 31). In addition, a number of studies have
appeared that show that NOD2 activation enhances concomitant
TLR stimulation (32, 33). Our approach to bridging this discrep-
ancy has been to obtain new and independent data that support
the concept of NOD2 regulation. In one such study, we showed
that NOD2-deficient mice that received adoptively transferred
TCR-transgenic T cells that recognize OVA peptide develop a Th1-
mediated colitis when exposed to recombinant E. coli expressing
OVA (ECOVA); moreover, this in vivo evidence of increased respon-
siveness of NOD2-deficient mice was abolished in mice that were
deficient in both NOD2 and TLR2, indicating that, in this case,
NOD?2 was mainly regulating an inflammatory response mediated
by a particular TLR (18). In another such study, we showed that,
whereas mice that are deficient in NOD2 exhibit increased TLR2
responses, mice that overexpress NOD2 as the result of the pres-
ence of either a NOD2 transgene or administration of a NOD2-
expressing plasmid exhibit decreased TLR2 responses; moreover,
such mice are less susceptible to 2 forms of induced colitis (21).
Interestingly, overexpression of a NOD2 plasmid reflecting the
LRR frameshift defect found in Crohn disease was far less effec-
tive in protecting mice from the development of colitis. Finally,
the studies presented here add increased validity to the concept
that NOD2 has downregulatory activity. In the first place, the fact
that in vivo administration of MDP to mice prevents colitis in 2
independent murine models of colitis provides rather unequivocal
evidence that the net effect of NOD2 signaling (when enhanced
by exogenous ligand) is the profound inhibition of TLR respons-
es necessary for inflammation. In the second place, our results
show that in vitro responses to MDP (even those that are initially
enhancing to concomitant TLR responses) are almost uniformly
inhibitory to subsequent TLR responses when NOD2 signaling is
provided prior to the time of TLR signaling and an inhibitory sub-
stance (IRF4) has had time to accumulate. This last observation
helps resolve discrepancies with previous studies showing NOD2
signaling enhancement (32, 33).

In our studies of the mechanism of the inhibitory effect of
NOD2 prestimulation, we showed that a previously identified TLR
inhibitory molecule, IRF4 (19, 20), was induced by MDP signal-
ing. Several subsequent studies strongly suggested that IRF4 was,
in fact, the mediator of NOD2 inhibition. First, silencing of IRF4
gene expression by either a mixture of or 2 individual IRF4-specific
siRNAs abolished the inhibitory effect of NOD2 prestimulation
on the human DC responses to TLR2 and TLR4 ligands. Second,
neither NOD2 prestimulation of the human monocytic cell line
THP1 nor prestimulation of HT-29 epithelial cells inhibited sub-
sequent cytokine responses to TLR ligands, consistent with the
finding that both of these cells do not express IRF4. Third and
most importantly, the protective effect of MDP administration on
TNBS colitis was abolished in mice administered intrarectal IRF4-
specific siRNA, and the protective effect of MDP on DSS colitis
was abolished in IRF4-deficient mice. These in vitro and in vivo
studies together provided strong evidence that IRF4 was indeed
the major mediator of NOD2 inhibition.

As to the molecular interactions that account for IRF4 inhibi-
tion, one has to consider first the report by Negishi et al. in which
evidence was presented showing that IRF4 competes with IRFS for
binding to MyD88 and thereby prevents a key step in the MyD88
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signaling pathway (19). However, this proposed mechanism of
IRF4 inhibition cannot be the sole explanation of the NOD2
inhibitory effect in the studies reported here because the latter
inhibitory effect also involves suppression of a TLR pathway not
involving MyD88, the TLR3 pathway. An alternative (or additional)
mechanism of IRF4 inhibition arises from our cotransfection stud-
ies in which various signaling components were overexpressed,
IRF4 bound to TRAF6 and RICK as well as MyD88, and such bind-
ing resulted in reduction of MyD88, TRAF6, and RICK-mediated
NF-kB activation (Figure 8D). These data lead to the view that
the mechanism of IRF4 inhibition is due to its capacity to bind
to TRAF6 and/or RICK and thus interfere with the ability of these
components to activate the NF-kB pathway. However, this mecha-
nism is still not completely adequate because it does not explain
why inhibition associated with LPS prestimulation is not affected
by IRF4 gene silencing despite the fact that LPS prestimulation
also induces increased IRF4 expression; in addition, it does not
explain why NOD1 prestimulation does not result in inhibition
even though such stimulation induces IRF4 expression. Since gen-
eration of activated RICK is a prominent if not unique feature of
the NOD signaling pathway, one way of resolving this discrepancy
is to assume that IRF4 induced by NOD2 prestimulation binds
to RICK and the complex formed has a heightened propensity to
inhibit TLR signaling, perhaps by interfering with the signaling
functions of other TLR components involved in both the MyD88
and TRIF pathways. The fact that NOD2 prestimulation of DCs
did lead to the formation of IRF4/RICK complexes under physi-
ologic conditions offers initial support for this idea, but much
further work will be necessary before it can be accepted. In partic-
ular, it will be important to define far more completely how IRF4
binding to RICK (and perhaps other TLR signaling components as
well) affects the function of the TLR signaling pathway.

As alluded to above, we previously reported that MDP, when
present in cultures with PGN, downregulates PGN-mediated
(TLR2-mediated) NF-kB activation and thus, that in the absence
of NOD2, PGN induces greatly increased IL-12 responses (11). In
this case, the effects of MDP on induction of IL-12 appeared to be
focused solely on TLR2 responses rather than on all TLR responses,
as is the case when cells are prestimulated by MDP. Despite this
discrepancy, the inhibitory effect of NOD2 signaling on TLR2
responses in cultures stimulated by MDP and PGN simultaneous-
ly is most likely mediated by essentially the same mechanism as
that discussed governing the inhibitory effect of NOD2 prestimu-
lation. The data concerning the TLR specificity of the inhibition
can be reconciled if we assume that in cultures in which cells are
stimulated by TLR ligand and MDP simultaneously, IRF4 levels
are not sufficiently high at the time of initial TLR stimulation to
suppress all TLR responses but are sufficiently high to suppress
TLR2 responses; in contrast, when cells are stimulated by MDP
and TLR ligands sequentially, as in the present studies, sufficient
IRF4 is generated by the time of stimulation to affect all responses.
The finding that TLR2 responses were in fact more sensitive to
IRF4 inhibition than other TLR responses supports this view
(Supplemental Figure 7). This ability of NOD2 signaling to exert
differential effects depending on the strength or duration of the
signaling suggests that such signaling affects mucosal responses
at 2 levels. At one level, that occurring with the simultaneous acti-
vation of TLRs and NOD2, MDP stimulation results in suppres-
sion of the TLR2 pathway and its resulting IL-12 production while
leaving intact or even enhancing TNF or IL-8 production by sev-
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eral other TLR pathways (11). Thus, at this level, NOD2 signaling
inhibits a potentially inflammatory Th1 response while still allow-
ing (or even facilitating) the development of some elements of host
defense. At another level, that occurring when NOD2 signaling
occurs prior to TLR signaling or with continuous administration
of MDP, one sees inhibition of multiple TLR responses. This level
may be operative under physiologic conditions wherein the muco-
sal system is constantly exposed to commensal flora. It therefore
may be the level responsible for the immune dysregulation associ-
ated with the CARD1S mutations of Crohn disease.

The state of unresponsiveness induced by preexposure to MDP
via NOD2 signaling is not unlike that induced by preexposure
to TLR ligands such as LPS and CpG via their respective TLRs,
although in vitro studies show that the unresponsiveness induced
by each of these stimuli differs both qualitatively and quantita-
tively from that observed with MDP (T. Watanabe and W. Strober,
unpublished observations). This undoubtedly reflects the fact that
somewhat different mechanisms underlie the various unresponsive
states induced by different ligands. For instance, there is evidence
that the state of unresponsiveness induced by LPS is mediated, at
least in part, by IRAK-M (23) and not, as in the case of the unre-
sponsiveness induced by MDP, by IRF4 (19). The latter is supported
by the fact that in the present study, gene silencing of IRF4 did not
affect LPS-induced unresponsiveness and in previous studies by the
fact that IRF4-deficient mice manifest normal LPS-induced unre-
sponsiveness (20). In a like manner, the unresponsiveness induced
by CpG is probably due to yet a third mechanism, since in a recent
study it was shown that this unresponsiveness is dependent on
intact TLRY signaling and induction of type I IFN (34). Finally, it
should be noted that the ability of NOD2 signaling to limit TLR
responses does not conflict with recent data showing that signal-
ing via TLR ligands can ameliorate mucosal inflammation under
circumstances in which exogenous ligand is administered (34, 35).
This follows from the fact that, while TLR signaling is essential for
gut inflammation (36), the latter can, in principle, be regulated
by TLR signaling or NOD2 signaling, particularly when these are
induced by the administration of exogenous ligands under condi-
tions that favor the buildup of inhibitory factors.

In conclusion, it is important to mention that these findings
have certain implications both with respect to the possible mecha-
nism by which CARD1S mutations function as susceptibility fac-
tors in Crohn disease and with respect to a possible new approach
to treatment of this disease. As shown in the study of NOD2-defi-
cient mice reconstituted with plasmids expressing a NOD2 con-
struct with a CARDIS5 frame-shift mutation, the NOD2 resulting
from a CARDIS mutation does not confer MDP-mediated protec-
tion from DSS colitis. These data, and by implication, the data
obtained in NOD2-intact mice imply that in patients with Crohn
disease-related CARDIS mutations, an important negative regu-
latory mechanism with respect to responses to the various TLR
ligands associated with the normal mucosal microflora is impaired
and the background innate immune response potentially induced
by these ligands is correspondingly enhanced. While this in itself
may not be sufficient to induce pathologic inflammation of the
gastrointestinal tract, it could set the stage for such inflammation
when, as already mentioned, a second abnormality is also present,
such as a propensity to mount an adaptive immune response to
one or another antigen associated with the intestinal microflora
(18). With respect to treatment, the present findings showing that
NOD2-ligand (MDP) administration to normal mice inhibits or

The Journal of Clinical Investigation

research article

abolishes induced experimental colitis implies that MDP admin-
istration to Crohn disease patients without NOD2 mutations may
prevent recurrence of disease. It should be noted, however, that
this potential therapy must first contend with the fact that MDP
or certain derivatives of MDP have been shown to have adjuvant
properties possibly because, as noted here and previously, activa-
tion of NOD?2 can transiently enhance certain immune responses
before it exerts a more dominant inhibitory response (37-39); in
addition, MDP administration to mice has been noted to have
arthritogenic properties (40). The therapeutic use of MDP is never-
theless still possible because not all MDP preparations have these
effects and the latter may be dependent on dose or route of admin-
istration. Thus, while the use of MDP for the treatment of Crohn
disease must proceed with caution, it remains a viable possibility.

Methods

Reagents. Recombinant human and murine GM-CSF and IL-4 were from
Peprotech. NOD2 ligand MDP was from Sigma-Aldrich. NOD1 ligand
(YDGDAP) was synthesized by the Peptide Institute. Unless otherwise
described, the doses of TLR ligands and NOD ligands used for stimulation
were as follows: PGN (TLR2 ligand, 10 ug/ml; Fluka); LTA (lipoteichoic
acid, TLR2 ligand, 10 ug/ml); Pam3;CSK4 (Pam, TLR2 ligand, 1 ug/ml; Invi-
voGen); dsRNA (TLR3 ligand, 50 ug/ml; InvivoGen); LPS (TLR4 ligand,
1 ug/ml; Sigma-Aldrich); flagellin (TLRS ligand, 1 ug/ml; InvivoGen); and
CpG (TLRY ligand, 1 uM; InvivoGen); MDP (NOD2 ligand, 10 ug/ml); and
YDGDAP (NOD1 ligand, 10 pug/ml).

Induction of colitis. TNBS colitis was induced in C57BL/10 mice obtained
from Jackson Laboratories, as described previously (41). On days -3, -2,
and -1, mice received i.p. injection of MDP (100 ug) or PBS for a total
of 3 times before intrarectal administration of 3.75 mg of TNBS in
100 ul of 45% ethanol. MLN cells and colon LP lymphocytes were isolated
on day 3, as described previously (42). Cells (1 x 10°/ml) were stimulated
with anti-CD3 (1 ug/ml; BD Biosciences — Pharmingen) and TLR ligands,
as described above. In the case of LP lymphocytes, cells were stimulated
with TLR ligands in the presence of murine IFN-y (20 ng/ml; Peprotech).
Cultured supernatants were collected at 24 hours and analyzed for cytokine
production by ELISA. In some experiments, whole-cell extracts were pre-
pared from splenic and MLN CD11b* cells from mice on day 0 for the anal-
ysis of IRF4 expression. CD11b* cells were isolated as described previously
(11). For the induction of DSS colitis experiments, NOD2-intact, NOD2-
deficient, or IRF4-deficient mice (29) were given a range of DSS doses that
included 4%, 5%, or 5.5% DSS (MW 36,000-50,000; ICN Biomedicals) in
drinking water for 6 days (days 0-5) and then placed on regular water for
2 days (days 6-7). Mice were administered MDP (100 ug i.p.) or PBS fora
total of 3 times on days 0, 1, and 2. MLN cells (1 x 10%/ml) were stimulated
with TLR ligands, as described above. In the experiments in which mice
received intact-NOD2, frameshift-NOD2, or control-empty vector plas-
mid, plasmids were encapsulated in HVJ (GenomlIdea) using protamine
sulfate according to the manufacturer’s protocol. 100 ug/mouse of encap-
sulated plasmid with 100 ug/mouse of MDP were administered i.p. on days
0, 1, and 2. Animal use was approved by the NIH Animal Care and Use
Committee. All animal use adhered to NIH Animal Care Guidelines.

Plasmids encoding intact NOD2 and frameshift NOD2. A pcDNA4HisMax plas-
mid encoding mouse NOD2 complementary DNA was used as intact NOD2.
Mutated NOD2 plasmid was obtained by inserting a mutation into intact
NOD2 by the primer 5'-CAGAAGCCCTCCTGCAGGCCCCTTAAGGGAA-
CAGTGCCATTCTGGAG-3' and its antisense primer using the QuikChange
1T XL Site-Directed Mutagenesis Kit (Stratagene). This mouse NOD2 cDNA
is equivalent to the human 3020insC Crohn disease frameshift mutation.
This mutated NOD2 will be referred to as frameshift NOD2.
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Human monocyte—derived DCs. Monocytes were elutriated from the
peripheral blood of healthy donors and were cultured in 6-well plates
(1 x 10%/ml) in 5 ml of complete medium (RPMI 1640 medium sup-
plemented with 2 mM L-glutamine and 10% fetal calf serum) supple-
mented with recombinant GM-CSF (20 ng/ml) and recombinant IL-4
(20 ng/ml). After 3 days of culture, half of the medium in each well was
exchanged. After 6 days of culture, more than 90% of the cells expressed
characteristic DC-specific markers (CD1a and HLA-DR), as determined
by flow cytometry. After being washed twice, cells (1 x 10°/ml) were
incubated with MDP, LPS, CpG, or medium for 24 hours in the absence
of GM-CSF and IL-4 and then stimulated with a broad range of TLR
ligands in the presence or absence of MDP after washing 3 times. Cul-
tured supernatants were collected at 24 hours and analyzed for cytokine
and chemokine production by ELISA. In some experiments, DCs
(2 x 10%/ml) were transfected with 2 ug of control siRNA, IRF4 siRNA, or
IRAK-M siRNA (Santa Cruz Biotechnology Inc.) by a human DC nucleo-
fection kit (Amaxa). DCs were transfected with either a mixture of or 2
individual IRF4-specific siRNAs. The sequences of IRF4 siRNA were as
follows: IRF4 siRNA no. 1, 5'-CUCCUUUCCUAUCUUUACAUU-3'; IRF4
siRNA no. 2, 5'-GGUAGGUAUUAGUGUUUGAUU-3". siRNA-transfected
DCs were treated with MDP or LPS followed by stimulation with TLR
ligands, as described above.

Murine BMDCs. BM cells were prepared from NOD2-intact and NOD2-
deficient mice (43) and cultured in 6-well plates (1 x 10°/ml) in 5 ml of
complete RPMI medium supplemented with recombinant GM-CSF (20
ng/ml) and recombinant IL-4 (20 ng/ml). After 3 days of culture, half of
the medium in each well was exchanged. On day 6, cells were harvested
and sorted by anti-mouse CD11c magnetic beads (Miltenyi Biotech), as
described previously (44). CD11c* DCs (1 x 10%/ml) were incubated with
MDP (50 ug/ml) or medium for 24 hours and then stimulated with a
broad range of TLR ligands, as described above. Cultured supernatants
were collected at 48 hours and analyzed for cytokine production by
ELISA. In some experiments, CD11c* DCs (2 x 10¢/ml) preincubated with
MDP or medium were cocultured with splenic CD4* T cells (1 x 10¢/ml)
isolated from OT-II transgenic mice (Jackson Laboratories) (45) in the
presence of OVAs;3.330 peptide (0.5 uM) and TLR ligands, as described
above. Splenic CD4" T cells were purified with the use of anti-mouse CD4
magnetic beads (Miltenyi Biotech), as described previously (46). Cultured
supernatants were collected at 60 hours and analyzed for cytokine pro-
duction by ELISA. In the experiments staining for surface costimulatory
molecules, CD11c* DCs from NOD2-intact mice were incubated with
MDP (50 ug/ml) or medium for 24 hours and then stained with anti-
CD80, anti-CD86 (eBioscience), and anti-MHC class II (Miltenyi Biotech)
followed by flow cytometric analysis.

Immunoprecipitation. HEK293 cells (ATCC) (1 x 10%/cells) were trans-
fected with 2 ug of FLAG-tagged human IRF4 vector together with 2 ug
of human MyD88, TRAF6, RICK, NOD2 vector (InvivoGen), or TRAF2
vector (Origene) by Trans IT LT1 (Mirus). Whole-cell lysates were prepared
48 hours after the transfection and were incubated with anti-FLAG-conju-
gated beads (Sigma-Aldrich) overnight. In some experiments, human DCs
were incubated with anti-IRF4 Abs (Santa Cruz Biotechnology Inc.) and
protein A/G plus agarose (Santa Cruz Biotechnology Inc.).

Luciferase assay. HT-29 cells (1 x 106/ml; ATCC) were transiently transfected
with the reporter plasmid pNF-kB-Luc containing 4-kB binding sites
(Clontech) and pSV-f-galactosidase vector (Promega) together with a plas-
mid expressing MyD88, TRAF6, RICK, and IRF4 by Trans-IT LT1 reagent.
After overnight incubation with serum-free medium, cell lysates were ana-
lyzed for luciferase activity (Promega) and galactosidase activity (Applied
Biosystems) for normalization. The luciferase activity was normalized for
transfection efficiency and is called NF-kB activation fold in the text.
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Human monocytic cell lines. Two human monocytic cell lines, THP1 and
Monomac6, were used. Cells (5 x 10%/ml) were preincubated with MDP,
LPS, or medium for 24 hours and stimulated with TLR ligands after
washing 3 times. Cultured supernatants were collected at 24 hours and
analyzed for cytokine production by ELISA. In some experiments, THP1
and human DCs were transfected with a vector expressing human IRF4
cDNA or a control vector by Amaxa followed by stimulation with MDP
and TLR ligands.

IRF4 siRNA study in TNBS colitis. Sequences of siRNAs were as follows:
control siRNA, 5'-UAAGGCUAUGAAGAGAUACUU-3'’; and IRF4 siRNA,
5'-GGACACACCUAUGAUGUUAUU-3". These siRNAs were obtained
from Dharmacon. For in vivo transfection, 1 mg siRNA was encapsulated
in HV]J as previously described (11, 41). C57BL/10 mice that were treated
with MDP during days -3 and -1 were intrarectally administered 100 ug of
IRF4 or control siRNA encapsulated in HVJ envelope for a total of 4 times
ondays-2,-1,0,and 1.

Histological analysis. Colon was harvested at the indicated time points.
Colon tissues were stained with H&E and used for the scoring of inflam-
mation, as described by Obermeier et al. for DSS colitis (47) and Neurath
et al. for TNBS colitis (48). Histology was scored for DSS colitis as follows
for epithelium: 0, normal morphology; 1, loss of goblet cells; 2, loss of gob-
let cells in large areas; 3, loss of crypts; and 4, loss of crypts in large areas.
For infiltration, scoring was as follows: 0, no infiltrate; 1, infiltrate around
crypt basis; 2, infiltrate reaching to lamina muscularis mucosa; 3, extensive
infiltration reaching the lamina muscularis mucosae and thickening of the
mucosa with abundant edema; and 4, infiltration of the lamina submu-
cosa. The total histological score is given as epithelium plus infiltration.
Histology was scored for TNBS colitis as follows: 0, no sign of inflamma-
tion; 1, very low level; 2, low level of leukocytic infiltration; 3, high level of
leukocytic infiltration, high vascular density, and thickening of the colon
wall; and 4, transmural infiltrations, loss of goblet cells, high vascular den-
sity, and thickening of the colon wall.

ELISA. Protein concentrations of cytokines and chemokines were deter-
mined by BD Biosciences — Pharmingen ELISA kits for assay of human
IL-12p40, human IL-12p70, human TNF, human IL-10, human CXCLS,
human CXCL10, mouse IL-12p40, mouse IL-12p70, mouse IL-6, and
mouse IFN-y; eBioScience kits for assay of human IL-6; and Biosource kits
for assay of mouse serum amyloid A.

Western blot analysis. Cell lysis and blotting was done as described (11).
The membrane was blotted with Abs as follows: anti-TAK1, MyD88,
TRAF6, IRF3, SOCS1, anti-mouse IRF4 (Santa Cruz Biotechnology Inc.),
anti-human IRF4, anti-IRAK-M, anti-IKK-y (Cell Signaling), anti-IRF5
(Abcam), and RICK (Cayman Chemicals).

Gel-shift assays. Nuclear extracts were prepared from human DCs preincu-
bated with MDP or medium for 24 hours and stimulated with TLR ligands
for 2 hours. In colitis experiments, MLN cells isolated from mice at the
indicated time points were stimulated with TLR ligands for 2 hours, and
then nuclear extracts were prepared. Nuclear extracts were obtained with
the use of TransFactor Extraction Kit (Clontech). Analysis of NF-kB activa-
tion by gel-shift assay was performed according to the protocol contained
in the Gel-shift NF-kB kit (Active Motif). Analysis of p65 and c-Rel activa-
tion was measured by TransAM Kit (Active Motif).

Statistics. Two-tailed Student’s ¢ test was used to evaluate the significance
of differences. Statistical analysis was performed with the StatView v.4.5
program (Abacus Concepts). P < 0.05 was regarded as statistically signifi-
cant. Results are presented as means + SEM unless otherwise described.
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