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Background: In addition to LPS, MDP in the bacterial cell wall induces a tolerant state in host cells.
Results: Upon MDP stimulation, the MDP receptor Nod2 is rapidly ubiquitinated and degraded.
Conclusion: The rapid degradation of Nod2 confers MDP tolerance.
Significance: This serves as a defense mechanism to prevent septic shock.

The innate immune system serves as the first line of defense
by detecting microbes and initiating inflammatory responses.
Although both Toll-like receptor (TLR) and nucleotide binding
domain and leucine-rich repeat (NLR) proteins are important
for this process, their excessive activation is hazardous to hosts;
thus, tight regulation is required. Endotoxin tolerance is refrac-
tory to repeated lipopolysaccharide (LPS) stimulation and
serves as a host defense mechanism against septic shock caused
by an excessive TLR4 response during Gram-negative bacterial
infection. Gram-positive bacteria as well as their cell wall com-
ponents also induce shock.However, themechanismunderlying
tolerance is not understood. Here, we show that activation of
Nod2 by its ligand, muramyl dipeptide (MDP) in the bacterial
cell wall, induces rapid degradation of Nod2, which confers
MDP tolerance in vitro and in vivo. Nod2 is constitutively asso-
ciated with a chaperone protein, Hsp90, which is required for
Nod2 stability and protectsNod2 fromdegradation. UponMDP
stimulation, Hsp90 rapidly dissociates fromNod2, which subse-
quently undergoes ubiquitination and proteasomal degrada-
tion. The SOCS-3 protein induced by Nod2 activation further
facilitates this degradation process. Therefore, Nod2 protein
stability is a key factor in determining responsiveness to MDP
stimulation. This indicates that TLRs and NLRs induce a toler-
ant state through distinct molecular mechanisms that protect
the host from septic shock.

As the first line of host defense, the innate immune system
detects and responds to microbes through innate immune
receptors, such as Toll-like receptors (TLRs)3 and nucleotide

binding domain and leucine-rich repeat (NBD-LRR or NLR)
protein families (1). Stimulation of TLRs and NLRs with their
ligands, such as lipopolysaccharide (LPS) for TLR4 and
muramyl dipeptide (MDP) forNod2, activates downstream sig-
naling cascades including NF-�B and mitogen-activated pro-
tein kinases. This results in the secretion of inflammatory cyto-
kines, such as TNF-�, interleukin-6 (IL-6), and IL-8 (1–3).
Although the production of inflammatory cytokines serves as
an important mechanism in protecting the host from bacterial
pathogens, excessive production of these cytokines without
proper regulation is detrimental to the host and may lead to
microcirculatory dysfunction, tissue damage, shock, or even
death (4, 5). Therefore, innate immune responses against bac-
terial infectionmust be tightly regulated by a negative feedback
mechanism.
Endotoxin tolerance (or LPS tolerance) is one such protec-

tive mechanism during Gram-negative bacterial infection.
Prior exposure to LPS induces refractoriness to further stimu-
lationwith LPS in vitro and in vivo (6–8), and themechanismof
endotoxin tolerance has been investigated extensively at the
molecular and cellular levels using cultured macrophages, ani-
mals, and humans (7, 9). Tolerogenic characteristics of endo-
toxin tolerance include the down-regulation of inflammatory
mediators (such as TNF-�, IL-1�, or CXCL10) (8, 10, 11), the
up-regulation of anti-inflammatory cytokines (such as IL-10
and TGF-�) (12–14), and impaired antigen presentation (15–
17). Endotoxin tolerance is caused by an increase in the expres-
sion levels of negative regulators, IRAK-M, ST2, and A20, for
example (18–21), and a decrease in TLR4 surface expression
(22). Recent studies reported that altered accessibility to gene
loci by chromatin modification and microRNA (e.g. miR146,
miR155, andmiR125b)-mediated regulation of target genes are
also possible negative regulatory mechanisms of inflammation

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01DK074738 (to K. S. K.). This work was also supported by a grant
from the Crohn’s and Colitis Foundation of America (to K. S. K.).

□S This article contains supplemental Experimental Procedures and Figs.
S1–S7.

1 Recipient of Crohn’s and Colits Foundation of America research fellowship.
2 Recipient of an investigator award from the Cancer Research Institute and

the Claudia Adams Barr Award. To whom correspondence should be
addressed: Department of Microbial and Molecular Pathogenesis, College
of Medicine, Texas A&M Health Science Center, 415A Reynolds Medical
Building, College Station, Texas 77843-1114. Phone: 979-845-6503; Fax:
979-845-3479; E-mail: kobayashi@medicine.tamhsc.edu.

3 The abbreviations used are: TLR, Toll-like receptor; NLR, nucleotide binding

domain (NBD) and leucine-rich repeat (LRR); Nod2, nucleotide-binding
oligomerization domain-containing 2; MDP, muramyl dipeptide (N-acetyl-
muramyl-L-Ala-D-Gln (MDP-LD)); IRAK, interleukin-1 receptor-associated
kinase; CARD, caspase recruitment domain; Ub, ubiquitin; iNOS, inducible
nitric-oxide synthase; BMDM, bone marrow-derived macrophages; MDP-
DD, N-acetylmuramyl-D-alanyl-D-isoglutamine; MDP-LL, N-acetylmuramyl-
L-alanyl-L-isoglutamine; 17AAG, 17-allylamino-17-demethoxygeldanamy-
cin; RAD, radicicol; SOCS, suppressor of cytokine signaling; SH2, Src
homology 2.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 47, pp. 39800 –39811, November 16, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

39800 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 47 • NOVEMBER 16, 2012

http://www.jbc.org/cgi/content/full/M112.410027/DC1
http://www.jbc.org/cgi/content/full/M112.410027/DC1


at the transcriptional and post-transcriptional levels, respec-
tively (23–26).
In addition to Gram-negative bacteria, Gram-positive bacte-

ria, which lack LPS, also cause septic shock via inflammatory
toxicity of their exotoxins and cell wall components (27). Nod2,
a cytoplasmic NLR, senses the component of bacterial cell wall
peptidoglycan called MDP, which consists of N-acetylmu-
ramyl-L-Ala-D-Gln (28). The N-terminal part of Nod2 contains
two caspase recruitment domains (CARDs) responsible for
interacting with a downstream effector, a centrally located
NBD required for nucleotide binding and self-oligomerization,
and a C-terminal portion containing LRRs involved in ligand
recognition (29). Upon recognition of MDP, Nod2 activates
downstream signaling cascades through the Rip2 kinase (29,
30). The Nod2 pathway is critical for bacterial sensing and host
defense (31, 32) as well as for the maintenance of intestinal
homeostasis (33, 34). Moreover, genetic studies support the
importance of Nod2 in inflammatory diseases; its loss of func-
tionmutation is strongly associatedwithCrohndisease (35, 36),
and its gain of function mutation is associated with Blau syn-
drome and early onset sarcoidosis (37–39).
It is known that, similar to LPS, exposure to MDP causes an

impaired response to subsequent MDP administration (MDP
tolerance) (40, 41). However, the mechanism behind MDP tol-
erance is not known. Here, we show that MDP tolerance is
caused by the rapid proteasomal degradation of Nod2 in a
ligand-specific manner. The rapid dissociation of heat shock
protein (Hsp) 90 from Nod2 and recruitment of SOCS-3 are
involved in the ubiquitination and degradation of Nod2.

EXPERIMENTAL PROCEDURES

Cell Culture and Mouse Strains—RAW264.7 cells and
HEK293T cells were maintained in DMEM (Invitrogen) con-
taining 10% (v/v) heat-inactivated FBS, 100 units/ml penicillin,
and 100 mg/ml streptomycin at 37 °C under 5% CO2. Bone
marrow-derivedmacrophages were prepared as described (42).
Briefly, mouse bone marrow was obtained by flushing the tibia
and femur of a C57BL/6 mouse (Taconic) with DMEM supple-
mented with 10% heat-inactivated FBS (Invitrogen). Bonemar-
row cells were cultured in 10 ml of DMEM supplemented with
10% FBS, glutamine (both from Invitrogen), and 30% L929 cell
supernatant containing macrophage colony-stimulating factor
at an initial density of 1 � 106 cells/ml in 100-mm Petri dishes
(BDBiosciences) at 37 °C in humidified 5%CO2 for 6 days. Cells
were harvested with cold PBS (Invitrogen), washed, resus-
pended in DMEM supplemented with 10% FBS, and used at a
density of 2 � 105 cells/ml. SW480 human epithelial cells were
maintained in Leibovitz’s L-15medium (ATCC,Manassas, VA)
containing 10% FBS, 100 units/ml penicillin, and 100 mg/ml
streptomycin at 37 °C under 5% CO2. C57BL/6 mice were pur-
chased from Taconic Farms. Nod2-deficient mice (kindly pro-
vided by Richard Flavell, Yale University) were backcrossed to
C57BL/6 for 12 generations, rederived into specific pathogen-
free conditions, and maintained in isolated barrier units there-
after at Taconic Farms.
Reagents—MDP (N-acetylmuramyl-L-alanyl-D-isoglutamine)

was purchased from Sigma-Aldrich and resuspended in endo-
toxin-free water. LPS was from Enzo Life Sciences (Plymouth

Meeting, PA). Phosphorothioate-modified CpG oligonucleo-
tide DNA (TCCATGACGTTCCTGACGTT) was synthesized
at Integrated DNA Technologies. Pam3CSK4, flagellin, and
MDP-DD (N-acetylmuramyl-D-alanyl-D-isoglutamine) were
from InvivoGen (San Diego, CA). 17-Allylamino-17-deme-
thoxygeldanamycin (17AAG), radicicol, cycloheximide, thio-
glycollate, and mouse monoclonal anti-FLAG antibody were
purchased from Sigma-Aldrich. The proteasome inhibitor
MG-132 was obtained from Calbiochem. Rabbit polyclonal
anti-I�B�, anti-p65, mousemonoclonal anti-Hsp90, anti-ubiq-
uitin (Ub), goat polyclonal anti-SOCS-3, and anti-actin anti-
bodies and siRNAs targeting Hsp90 or SOCS-3 gene were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal anti-p-ERK and anti-p-SAPK/JNK antibod-
ies were from Cell Signaling Technology (Beverly, MA). Rabbit
polyclonal anti-inducible nitric-oxide synthase (iNOS) was
from Abcam (Cambridge, MA). Mouse monoclonal anti-hem-
agglutinin (HA) antibody was from Covance (Princeton, NJ).
Rabbit polyclonal anti-Rip2 antibody was obtained from Enzo
Life Sciences. Recombinantmouse interferon-� (IFN-�) and rat
polyclonal anti-Nod2 antibody were from eBioscience (San
Diego, CA). Goat anti-rabbit/mouse/goat secondary antibodies
conjugated with horseradish peroxidase were from Santa Cruz
Biotechnology. pCMV-FLAG-SOCS-3 was purchased from
Addgene (Cambridge, MA). The following expression vectors
for the Nod2 deletion mutants were kindly provided by Dr.
Naohiro Inohara (University ofMichigan): pcDNA3-Fpk3-Myc
Nod2 mutants (129–1040 (�CARD1), �125–214 (�CARD2),
1–125 (CARD1), 1–744 (�LRR), 265–1040 (�CARDs), 126–
301 (CARD2), and 265–744 (NBD)) and pcDNA3-HA Nod2
mutants (1–301 (CARDs) and 744–1040 (LRR)).
Bacterial Strain—Bacillus subtiliswere grown in LB at 37 °C.

Bacterial growth was monitored by absorbance at 600 nm. The
bacterial pellets were resuspended in PBS and heat-inactivated
at 70 °C for 20 min.
Determination of Cytokine Secretion—Cytokine levels in cul-

ture supernatants were determined using an ELISA kit (R&D
Systems) according to the manufacturer’s instructions.
Immunoblot Analysis and Immunoprecipitation—For the

immunoblot analysis, 30 �g of protein were resolved by 4–12%
gradient SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulosemembranes. Themembraneswere
blocked with 5% skim milk, PBS, and 0.1% Tween 20 for 1 h
before incubation overnight at 4 °C with primary antibodies in
5% skim milk, PBS, and 0.1% Tween 20. The membranes were
then washed three times in 1� PBS and 0.1% Tween 20 and
incubated with horseradish peroxidase-conjugated secondary
antibodies in 5% skim milk, PBS, and 0.1% Tween 20 for 1 h.
After successive washes, the membranes were developed using
a SuperSignal West Pico Chemiluminescent kit (Thermo Sci-
entific). Immunoprecipitations with anti-Nod2, anti-Hsp90,
and anti-FLAG antibodies were performed on RAW264.7
cells or HEK293T cells. After rotating samples at 4 °C over-
night, Protein A/G UltraLink Resin (Thermo Scientific,
Rockford, IL) was added to each tube and rotated at 4 °C for
3 h. The beads were washed three times sequentially in cell
lysis buffer and washing buffer (20mMTris-HCl (pH 7.4) and
0.1%Nonidet P-40), and samples were boiled for 10min in 20
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�l of loading buffer and subjected to SDS-PAGE and immu-
noblot analysis.
Immunofluorescent Staining for p65—The cells grown in

35-mmdisheswere fixed inmethanol. The cells were incubated
with rabbit polyclonal anti-p65 antibody diluted 1:100 in 3%
BSA for 24 h. The cells were incubatedwith rhodamine isothio-
cyanate-conjugated goat anti-rabbit immunoglobulin G anti-
body diluted 1:100 in 3% BSA for 30 min. After mounting with
50% glycerol, the slides were analyzed with a fluorescence
microscope (Nikon Eclipse TE300).
Real Time Quantitative PCR—RNA was isolated using TRI-

zol reagent (Invitrogen) and ethanol-precipitated. cDNA syn-
thesis was performed using the qScript Flex cDNA synthesis kit
(Quanta Biosciences) according to the manufacturer’s instruc-
tions. RNA expression was quantified on the 7300 Real-Time
PCR System (Applied Biosystems) using the PerfeCTa SYBR
Green SuperMix with ROX (Quanta Biosciences). Primer pairs
used in the quantitative PCR analysis were as follows: Nod2
forward, 5�-TGACTGTGGCTAATGTCCTTTGTG-3�; Nod2
reverse, 5�-TTCTATCGCCTTCTTGACGAGTTC-3�;�-actin
forward, 5�-GCTGTGCTGTCCCTGTATGCCTCT-3�; and
�-actin reverse, 5�-CTTCTCAGCTGTGGTGGTGAAGC-3�.
Luciferase Assay—Cells cultured in 6-well plates were trans-

fected with the NF-�B reporter plasmid (pBVI-Luc) and pRL-
Null plasmids according to the manufacturer’s specifications.
Luciferase activity was determined using a Dual-Luciferase
assay kit (Promega, Madison, WI).
Statistical Analysis—Data were subjected to Student’s t test

for analysis of statistical significance, and a p value of�0.05was
considered to be significant.

RESULTS

MDP Pretreatment Induces Refractoriness to Subsequent
MDP Challenge—To determine whether MDP pretreatment
induces resistance to subsequent stimulation with MDP, we
treated RAW264.7 mouse macrophage cells with MDP for 4 h.
Cells were washed and restimulated with MDP for 24 h. Con-
sistent with a previous report (43), MDP pretreatment induced
a tolerant state in RAWmacrophages, resulting in the reduced
release of TNF-� upon subsequent MDP stimulation (Fig. 1A).
Primary macrophages were also examined for MDP tolerance.
Because the level of Nod2 expression is relatively low in bone
marrow-derived macrophages (BMDM), cells were primed
with a low dose of LPS to increase Nod2 expression levels. Sim-
ilar to RAW cells, MDP pretreatment for 4 h induced MDP
tolerance in BMDM, which produced undetectable levels of
TNF-� upon subsequent MDP stimulation (Fig. 1B). Unlike
LPS tolerance, which can be induced in 6–24 h depending on
the cell type and stimulation conditions, MDP tolerance is
induced rapidly within 4 h after MDP treatment in both RAW
cells and BMDM.ThisMDP-induced rapid tolerance is specific
to MDP responses because MDP-pretreated RAW264.7 were
competent to produce TNF-� upon subsequent stimulation
with TLR ligands including Pam3CSK4 (a ligand for TLR1/2),
LPS (for TLR4), flagellin (for TLR5), and CpG oligo DNA (for
TLR9) (Fig. 1C). Nod2 activation induces proinflammatory
cytokine production via the activation of mitogen-activated
protein kinases (MAPKs) and phosphorylation-mediated deg-
radation of I�B� that allows nuclear translocation of the p65
NF-�B subunit (1). To investigate whether a decrease in proin-
flammatory cytokine production in MDP-tolerant cells is due

FIGURE 1. Pretreatment with MDP inhibits proinflammatory responses to subsequent MDP treatment. A and C, RAW264.7 cells were pretreated with
MDP (100 �g/ml) for 4 h, washed, and restimulated with MDP (100 �g/ml), LPS (10 ng/ml), CpG-B (1 �M), Pam3CSK4 (10 �g/ml), or flagellin (3 �g/ml) for 24 h.
B, BMDM were stimulated with LPS (0.5 ng/ml) for 6 h and then incubated with MDP (100 �g/ml) for 4 h in the absence of LPS. After several washes, the cells
were restimulated with MDP (100 �g/ml) for 24 h. Supernatants were subjected to ELISA for TNF-�. D and E, wild-type BMDM or Rip2-deficient BMDM were
pretreated with LPS (0.1 ng/ml) for 6 h and stimulated with MDP for 4 h in the absence of LPS. The cells were washed and restimulated with MDP for 30 min.
D, cell extracts were subjected to Western blot analysis for I�B�, p-ERK, p-JNK, and actin. E, cells were fixed and permeabilized for 5 min. Immunofluorescent
staining for p65 was performed using anti-p65 Ab followed by Alexa Fluor 594 detection antibody. Cells were analyzed under a fluorescence microscope. Error
bars represent the mean � S.D. of triplicates. **, p � 0.005. Data are representative of three independent experiments with similar results. n.s., nonspecific; N.D.,
not detected.
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to the inhibition of these signaling mediators, we examined the
expression level of I�B� and the level of active phosphorylated
extracellular signal-regulated kinase (p-ERK) and c-Jun N-ter-
minal kinase (p-JNK). As shown in Fig. 1D, MDP pretreatment
in LPS-primed cells completely blocked I�B� degradation and
MAPK activation. MDP pretreatment also inhibited p65
nuclear translocation upon a secondary MDP stimulation (Fig.
1E). Taken together, the pretreatment of macrophages with
MDP induced a state of rapid tolerance to subsequent MDP
stimulation that is mediated by the inhibition of upstream
events in the I�B� and MAPK signaling cascades.
MDP Treatment Rapidly Reduces Expression Levels of Nod2—

Although it has been reported that full LPS tolerance inmacro-
phages induced by LPS stimulation takes 6–24 h (44–46), 4-h
incubation with MDP was sufficient to induce MDP self-toler-
ance (Fig. 1, A and B), indicating that the tolerance mechanism
of MDP is different from that induced by a TLR ligand. One
possible explanation is the rapid alteration in the expression of
molecules upstream of I�B� and MAPKs after MDP stimula-
tion. To evaluate this, we treated RAW264.7 cells, BMDM, and
SW480 cells (a human colon epithelial cell line) with MDP for
various periods from5min up to 48 h and examined the expres-
sions of Nod2 and Rip2. MDP stimulation induced a rapid
decrease in basal levels of Nod2 and Rip2 in RAW264.7 cells
(Fig. 2A) and SW480 cells (Fig. 2D) in a time-dependent man-
ner. To test the effect of MDP in inducing Nod2 and Rip2
expression, we primed cells with IFN-� (100 units/ml) or a low
dose of LPS for 6 h and restimulated the cells withMDP for the
indicated periods. MDP stimulation rapidly decreased Nod2
and Rip2 expression levels in IFN-�- or LPS-primed macro-
phages (Fig. 2B and supplemental Fig. S1). Co-stimulation of
BMDM with LPS and MDP also resulted in Nod2 and Rip2
down-regulation (Fig. 2C). On the other hand, stimulation with
ligands for TLR2, -4, -5, or -9 instead up-regulated the expres-

sion of Nod2 and Rip2 in a dose- and time-dependent manner
(Fig. 2E and data not shown).
MDP Treatment Induces Proteasomal Degradation of Nod2

and Rip2—To investigate whether down-regulation of Nod2
and Rip2 is due to reduced levels of transcription, IFN-�-
primed RAW264.7 cells were treated with MDP for the indi-
cated periods, and the levels of Nod2 mRNA were analyzed by
quantitative real time PCR. Upon IFN-� stimulation, tran-
scripts of Nod2 were induced, and this induction was not sig-
nificantly altered by subsequent MDP stimulation (Fig. 3A).
Moreover, long term incubation with MDP (24 h) slightly
increased the amounts of Nod2 transcript, indicating that tran-
scriptional regulation is not a cause of MDP-mediated Nod2
down-regulation (data not shown). Many proteins with a short
half-life experience phosphorylation, polyubiquitination, and
targeted degradation through the proteasome. To test whether
Nod2 down-regulation is due to enhanced protein degradation,
a 20 S proteasome inhibitor, MG-132, was added to the culture
media of IFN-�-primed MDP-stimulated cells. MG-132
increased the basal levels of Nod2 and Rip2 and suppressed
MDP-induced degradation of Nod2 and Rip2 (Fig. 3B). Inter-
estingly, MG-132 treatment induced a slowly migrating Nod2
on SDS-PAGE, indicating a possible ubiquitination of Nod2.
Therefore, we next investigated whether Nod2 undergoes
polyubiquitination after MDP treatment. Cell extracts from
IFN-�-primed, MDP-stimulated RAW264.7 cells were immu-
noprecipitated with anti-Nod2 antibody, and the level of poly-
ubiquitination was examined byWestern blotting for Ub.MDP

FIGURE 2. MDP treatment induces degradation of Nod2 and Rip2 via the
proteasomal pathway. A, RAW264.7 cells were treated with MDP (100
�g/ml) for the indicated times or with LPS (10 ng/ml) for 6 h. B, RAW264.7 cells
were pretreated with IFN-� (100 units/ml) for 6 h and then stimulated with
MDP for the indicated times. C, BMDM were co-treated with MDP (100 �g/ml)
in the presence or absence of LPS (0.5 ng/ml) for the indicated times.
D, SW480 cells were treated with MDP for the indicated times. Cells were
transfected with pcDNA3 or HA-human Nod2 plasmid vectors. E, RAW264.7
cells were stimulated with LPS (10 ng/ml), CpG-B (1 �M), Pam3CSK4 (10
�g/ml), or flagellin (1 �g/ml) for 6 h. Cell extracts were subjected to Western
blot analysis for Nod2, Rip2, and actin. n.s., nonspecific; ctrl, control.

FIGURE 3. MDP treatment induces proteasomal degradation of Nod2 and
Rip2. A and C, upper, RAW264.7 cells were pretreated with IFN-� for 6 h and
then stimulated with MDP for the indicated times. A, the expression of Nod2
was examined by quantitative real time PCR. Data were normalized to the
expression of the �-actin gene. Data represent the mean � S.D. of triplicates.
B, cells were pretreated with IFN-� for 6 h and then stimulated with MDP for
the indicated times in the presence or absence of MG-132 (10 �M). Cell
extracts were subjected to Western blot analysis for Nod2, Rip2, and actin.
*: slowly migrating Nod2. C, upper, cell extracts were immunoprecipitated (IP)
with anti-Nod2 antibody. The level of ubiquitination on Nod2 was analyzed.
C, lower, HEK293T cells were transfected with FLAG-Nod2 and HA-WT-Ub
plasmid vectors. Forty-eight hours after transfection, cells were treated with
MG-132 (10 �M) for 2 h. Cell extracts were immunoprecipitated with anti-
Nod2 antibody. The level of Nod2 ubiquitination was analyzed. Error bars
represent the mean � S.D. of triplicates. Data are representative of three
independent experiments with similar results. L.E., long exposure; n.s.,
nonspecific.
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stimulation rapidly induced Nod2 polyubiquitination, which
preceded its degradation (Fig. 3C, upper). We confirmed this
polyubiquitination of Nod2 by the co-transfection of FLAG-
tagged Nod2 and HA-tagged wild type (WT) Ub in HEK293T
cells and the immunoprecipitation of Nod2 with anti-FLAG
antibody. In the presence of MG-132, ubiquitinated Nod2 was
observed (Fig. 3C, lower). Taken together, these results indi-
cated that MDP stimulation causes rapid polyubiquitination of
Nod2, which subsequently undergoes proteasome-mediated
degradation.
Degradation of Nod2 Is Specific to MDP Stimulation—We

next determined whether degradation of Nod2 and Rip2 is
ligand-specific. Stimulation with LPS (ligand for TLR4) and
CpG-B (TLR9) did not induce down-regulation of Nod2 and
Rip2 in RAW macrophage cells primed with LPS, CpG, or
IFN-� (Fig. 4A and supplemental Fig. S2). In Nod1-deficient
BMDM,MDP-inducedNod2 and Rip2 degradationwas similar
to that in wild-type BMDM (data not shown). On the other
hand, Rip2 degradation was completely blocked in Nod2-defi-
cient macrophages (Fig. 4B, lower), confirming that Nod2 is
critical for the recognition of MDP and that Nod2 activation is
required for the down-regulation of Nod2 and Rip2. Interest-
ingly, LPS-inducedNod2 expression was slightlymore elevated
in Rip2-deficient BMDM than in wild-type BMDM, possibly
due to an unknown compensatory mechanism for Nod2
expression (Fig. 4B, upper). In Rip2-deficient BMDM, Nod2
degradation by MDP still occurred but was delayed compared

with wild-type BMDM, indicating that Nod2 down-regulation
is regulated by both Rip2-dependent and -independent mech-
anisms (Fig. 4B). To evaluate the specificity of MDP for Nod2
and Rip2 degradation, we used MDP-LL, an inactive chiral iso-
mer ofMDP.MDP-LL could not decrease the levels ofNod2 and
Rip2 expression, indicating that only biologically active MDP
can induce Nod2 down-regulation (Fig. 4C). MDP exists in the
peptidoglycan of both Gram-negative and Gram-positive bac-
teria cell walls, which suggests that bacteria might induceMDP
tolerance. To test the effect of bacteria on Nod2 and Rip2
expression, we challenged LPS-primed BMDM with heat-
killed B. subtilis, which has MDP in its bacterial cell wall and
is thereby capable of activating Nod2 (47). To exclude the
possibility of transcriptional/translational regulation medi-
ated via TLR ligands in the bacteria, we pretreated the cells
with cycloheximide after LPS priming. LPS priming
increased the expression of Nod2 and Rip2 in MyD88-de-
pendent andMyD88-independent manners (Fig. 4D). B. sub-
tilis induced Nod2 and Rip2 degradation in wild-type and
MyD88-deficient BMDM in a dose-dependent manner (Fig.
4D). These data suggest that degradation of Nod2 is specific
to activeMDP stimulation and that the bacterial cell wall can
induce a similar effect.
MDP Treatment Induces Rapid Dissociation of the

Nod2�Hsp90 Complex—NLRs form a stable complex with sev-
eral proteins (48). To identify the factors thatmight be involved
in maintaining the stability of Nod2, we transfected HEK293T

FIGURE 4. MDP-induced degradation of Nod2 and Rip2 is specific to MDP stimulation. A, RAW264.7 cells were pretreated with LPS (0.1 ng/ml) or IFN-� (100
units/ml) for 6 h and then stimulated with LPS, CpG-B, or MDP for the indicated times. B, wild-type, Nod2-deficient, or Rip2-deficient BMDM were pretreated
with LPS (0.2 ng/ml) for 6 h and then stimulated with MDP (100 �g/ml) for the indicated times. C, RAW264.7 cells were pretreated with LPS (1 ng/ml) for 6 h and
then incubated with MDP (MDP-LD) or biologically inactive MDP-LL (100 �g/ml) for 3 h. D, wild-type or MyD88-deficient BMDM were stimulated with LPS for 6 h
and then infected with heat-killed B. subtilis (5 � 106 or 20 � 106 cells/ml) in the presence of cycloheximide (CHX; 20 �g/ml) for 4 h. Cell extracts were subjected
to Western blot analysis for Nod2, Rip2, and actin. Data are representative of three independent experiments with similar results. S.E., short exposure; L.E., long
exposure; n.s., nonspecific.
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cells with a FLAG-tagged Nod2 expression vector. Cell lysates
were immunoprecipitated with anti-FLAG antibody and sub-
jected to SDS-PAGE followed by silver staining. Among the
multiple bands indicating Nod2-associated proteins, we found
a band at �90 kDa (supplemental Fig. S3). This prompted us to
consider that a chaperone protein, Hsp90, might be a compo-
nent of the Nod2 complex. RAW264.7 cells were stimulated
with MDP for various periods, and the interaction between
Nod2 and Hsp90 was evaluated by immunoprecipitation with
anti-Hsp90 antibody following Western blotting with anti-
Nod2 antibody. In unstimulated cells, endogenous Nod2 phys-
ically interacted withHsp90. Notably,MDP stimulation caused
the rapid dissociation of Nod2 from Hsp90 within 5 min (Fig.
5A, upper). Similar to unprimed macrophages, in IFN-�-
primed macrophages, Hsp90 was associated with Nod2, and
MDP stimulation induced dissociation of Nod2 from Hsp90
(Fig. 5B). To investigate which domain(s) of Nod2 interacts
with Hsp90, we co-transfected HEK293T cells with plasmids
expressing various truncated forms of Nod2 (Fig. 5C). Nod2
was immunoprecipitated, and Nod2-interacting Hsp90 was
detected by Western blotting. The Nod2 deletion mutant con-
taining two CARDs interacted with Hsp90, although the dele-
tion mutant that lacked either one of the CARDs did not, indi-
cating that a double CARDmotif is necessary and sufficient for
association with Hsp90 (Fig. 5D). We did not observe Rip2/
Hsp90 interaction in Myc-tagged Rip2-overexpressing
HEK293T cells (data not shown). Taken together, these results
indicate that Nod2 associates with Hsp90 via CARDs at a rest-
ing state. The activation of Nod2 by MDP stimulation leads to
the rapid dissociation of Hsp90.
Hsp90 Is Required for the Maintenance of Endogenous and

Inducible Levels of Nod2and forResponses toMDPStimulation—
Hsp90 is one of the most abundant proteins in the cytoplasm
and serves as a chaperone protein. Its main functions include

the regulation of protein activity, prevention of aggregation of
refolded peptides, and maintenance of protein stability (49) To
evaluate the effect of Hsp90 dissociation fromNod2, we treated
cells with Hsp90 inhibitors, 17AAG and radicicol (RAD), to
disrupt the interaction between Hsp90 and its bound protein.
Basal and IFN-�-inducible levels of Nod2 and Rip2 were deter-
mined byWestern blotting. As shown in Fig. 6,A andB, 17AAG
and radicicol significantly reduced Nod2 and Rip2 expression
levels. Furthermore, knockdown of Hsp90 by specific siRNAs
but not by nonspecific scrambled siRNAs significantly reduced
Nod2 expression in LPS-primed RAW264.7 cells (Fig. 6C). The
concentrations of 17AAG (�2 �M) and RAD (�1 �M) used in
the experiments did not alter cell morphology and did not
induce apoptotic cell death as analyzed byWestern blotting for
active caspase-3, suggesting that this decrease in Nod2 expres-
sionwas not due to cell toxicity (supplemental Fig. S4). 17AAG-
and radicicol-mediated reduced expression was specific to
Nod2 and Rip2 as the expression of other Nod2 and TLR sig-
naling molecules, such as ERK, p38, TRAF6, and MyD88, was
not altered by 17AAGor radicicol treatment (supplemental Fig.
S4). 17AAG treatment did not inhibit an increase inNod2 tran-
scripts by MDP stimulation, indicating that the transcriptional
machinery was not inhibited by 17AAG (Fig. 6D). We next
tested the effect of Hsp90 inhibition on MDP-induced NF-�B
activity and NF-�B target gene expression, such as that of
TNF-� and iNOS. NF-�B activity was examined by measuring
luciferase activity in HEK293T cells transiently co-transfected
with an NF-�B reporter plasmid. MDP stimulation induced
increases in NF-�B activity, and pretreatment with 17AAG
abrogated this induction (Fig. 6E). The effect of Hsp90 inhibi-
tors on MDP-induced NF-�B is not cell type-specific because
17AAG and RAD suppressed NF-�B activation upon stimula-
tion with MDP in intestinal epithelial cell lines including
HCT116, LS174T, and SW480 (supplemental Fig. S5). More-
over, treatment with 17AAG or RAD inhibited TNF-� release
and the induction of iNOS expression by MDP stimulation in
RAWmacrophages (Fig. 6, F andG). The requirement ofHsp90
for Nod2-mediated iNOS induction was further confirmed by
the knockdown of Hsp90 (Fig. 6H). Taken together, these
results suggest that the interaction of Nod2 and Hsp90 is criti-
cal for themaintenance ofNod2 andRip2 stability. Dissociation
of Hsp90 leads to decreased expressions of Nod2 and Rip2,
resulting in a poor response to MDP.
MDP-induced SOCS-3 Accelerates Nod2 Degradation—The

clarification of Nod2 degradation in both Rip2-dependent and
-independent mechanisms (Fig. 4B) led us to search for the
MDP-induciblemolecule that contributes to the degradation of
Nod2. SOCS molecules are well known negative regulators of
cytokine signaling. SOCS-1 has been reported to inhibit TLR2
and TLR4 signaling by inducing the degradation of signaling
molecules (50). We investigated whether MDP stimulation
could up-regulate SOCS proteins. We found that SOCS-3 was
highly induced upon MDP stimulation in LPS-primed BMDM
(Fig. 7A). MDP treatment alone also slightly increased SOCS-3
expression levels (data not shown). Moreover, we found that
MDP-induced SOCS-3 was totally dependent on Nod2 and
Rip2 as MDP stimulation failed to induce SOCS-3 in Nod2- or
Rip2-deficient macrophages (Fig. 7A). SOCS proteins are com-

FIGURE 5. MDP treatment induces rapid dissociation of the Nod2�Hsp90
complex. A, RAW264.7 cells were treated with MDP for the indicated times. B,
cells were pretreated with IFN-� for 6 h and then stimulated with MDP for the
indicated times. Cell lysates were immunoprecipitated (IP) with anti-Hsp90
antibody, and associated Nod2 was analyzed by Western blotting. C, the
expression vectors for Nod2 deletion mutants used in the study. D, HEK293T
cells were transfected with the indicated plasmids. Forty-eight hours after
transfection, total cellular proteins were extracted. Mutant Nod2 proteins in
the lysates were immunoprecipitated, and associated endogenous Hsp90
protein was analyzed by Western blotting. Data are representative of three
independent experiments with similar results. S.E., short exposure; L.E., long
exposure; n.s., nonspecific; E.V., empty vector.
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posed of an N-terminal domain, a central SH2 domain, and a
C-terminal SOCS box. The SOCS box acts as a linker between
the substrate and E3 ligase components (51, 52). SOCSs bind to
target proteins via an SH2 domain and regulate the turnover of
target proteins by mediating polyubiquitination and subse-
quent degradation (52). Therefore, we evaluated whether
SOCS-3 interacts with Nod2. After MDP treatment in LPS- or
IFN-�-primed RAW264.7 cells, total cell lysates were immuno-
precipitated with anti-Nod2 antibody, and Nod2-associated
SOCS-3 was detected by Western blotting. The levels of
SOCS-3 bound to Nod2 increased after MDP stimulation (Fig.
7B). We confirmed the interaction between Nod2 and SOCS-3
by transient transfection with expression vectors for Nod2 and
SOCS-3 in HEK293T cells (Fig. 7C). Transfection of various
deletionmutants ofNod2 revealed that SOCS-3 interactedwith
the CARD domains of Nod2 (Fig. 7D). On the other hand, we
did not observe Rip2/SOCS-3 interaction by immunoprecipita-
tion assay (data not shown). To test the role of SOCS-3 inMDP-
induced Nod2 degradation, we induced silencing of SOCS-3 by
transfection with siRNAs targeting SOCS-3. Knockdown of
SOCS-3 partially blocked MDP-induced Nod2 degradation
(Fig. 7E). Taken together, these results indicate that SOCS-3 is
induced by MDP stimulation and then subsequently facilitates
the degradation of Nod2.

Reduced Expression of Nod2 Mediates MDP Tolerance in
Vivo—To test whether in vivoMDP tolerance is also caused by
the rapid degradation of Nod2, we injected MDP intraperito-
neally into mice, which were subsequently challenged with a
secondMDP injection after 6 or 16 h. Peritoneal fluid and peri-
toneal macrophages were analyzed for proinflammatory cyto-
kine levels and Nod2 and Rip2 expression 3 h after the second
MDP injection. MDP induced the release of IL-6 and TNF-� in
peritoneal fluid (Fig. 8A). As a negative control, we usedNod2-
deficient mice. Similar to in vitroMDP tolerance, the pretreat-
ment of mice with MDP suppressed the release of IL-6 and
TNF-� (Fig. 8A). In contrast, MDP pretreatment did not
change the responsiveness to successive LPS injection, indi-
cating that Nod2 activation does not induce cross-tolerance
in vivo under the same conditions (supplemental Fig. S6).
Intracellular TNF-� levels in peritoneal macrophages
peaked at 3 h after MDP injection and gradually decreased
thereafter (data not shown). Preinjection with MDP signifi-
cantly reduced the expression of both precursor and mature
forms of TNF-� induced upon the second MDP injection in
peritoneal macrophages (Fig. 8B). Strikingly, MDP adminis-
tration effectively decreased the expression levels of Nod2
and Rip2 in vivo (Fig. 8C). Taken together, these data suggest
that the rapid reduction in Nod2 and Rip2 expression is

FIGURE 6. Hsp90 inhibition decreases endogenous and inducible levels of Nod2 and Rip2 and blocks MDP response. A and B, RAW264.7 cells were
pretreated with 17AAG (2 or 5 �M) or RAD (1 or 2 �M) for 8 h and then stimulated with MDP (100 �g/ml) for the indicated times or IFN-� (100 units/ml) for 6 h
in the presence of Hsp90 inhibitors. C, RAW264.7 cells were transfected with siRNAs targeting Hsp90 or control siRNAs. Forty-eight hours after transfection, cells
were stimulated with LPS (0.1 ng/ml) for 6 h. Cell extracts were subjected to Western blot analysis for Nod2, Rip2, Hsp90, and actin. D, RAW264.7 cells were
pretreated with 17AAG (2 �M) and then stimulated with MDP for 5 h in the presence or absence of 17AAG. LPS (10 ng/ml; 5 h) was used as a positive control.
E, HEK293T cells were co-transfected with pBVI-Luc reporter and pRLNull plasmids. Twenty-four hours after transfection, cells were co-treated with MDP and
17AAG (2 �M) for 20 h. NF-�B activity was measured by Dual-Luciferase assay. F and G, RAW264.7 cells were pretreated with 17AAG (2 �M) or RAD (1 �M) and
then stimulated with MDP for 24 h. TNF-� in the media was measured by ELISA. Cell extracts were subjected to Western blot analysis for iNOS and actin.
H, RAW264.7 cells were transfected as in C. Cells were stimulated with MDP for 24 h. The iNOS level was detected by Western blotting. Error bars represent the
mean � S.D. of triplicates. Data are representative of three independent experiments with similar results. L.E., long exposure; S.E., short exposure; n.s.,
nonspecific; Scr, scrambled.
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induced by in vivo MDP stimulation and is associated with
MDP tolerance.

DISCUSSION

Endotoxin tolerance is regarded as an important protection
mechanism against septic shock during Gram-negative bacte-
rial infection to limit tissue damage by an overactive immune
response (53–55). The molecular mechanism behind endo-
toxin tolerance has been intensively investigated in the last dec-
ade, and it became apparent that not a single but rathermultiple
molecular mechanisms induce endotoxin tolerance at various
stages (7, 9). In comparisonwith endotoxin tolerance, very little
is known about themechanism ofMDP tolerance. In this study,
we showed that rapid proteasomal degradation of Nod2 is a
cause of MDP tolerance. We confirmed MDP-induced Nod2
degradation in a macrophage cell line, primary macrophages,
and intestinal epithelial cell lines as well in in vivo experiments
where mice were peritoneally injected withMDP. Nod2 is con-
stitutively associated with the chaperone protein Hsp90, which

protects Nod2 from degradation. Upon MDP stimulation,
Hsp90 rapidly dissociates in 5 min, and then Nod2 undergoes
ubiquitination and subsequent proteasomal degradation. We
found that degradation occurs in both a Rip2-dependent
and -independent manner (Fig. 4B). Rip2 does not phosphoryl-
ate Nod2 (supplemental Fig. S7, Supplemental Experimental
Procedures). Instead, its downstream activation via Rip2 auto-
phosphorylation appears to be a part of the mechanism behind
Nod2 degradation. Indeed, up-regulated SOCS-3 upon MDP
stimulation further enhanced Nod2 degradation, and thus
SOCS-3 is a negative regulator of the Nod2 pathway (Fig. 7, A
and E). Therefore, we propose the following model for Nod2
activation and MDP tolerance: At a resting stage, Nod2 is con-
stitutively associated with Hsp90 (Fig. 8D, resting stage). Upon
MDP stimulation, Nod2 changes its conformation, which
enables NTP hydrolysis and further conformational changes.
This results in a reduced affinity to Hsp90, which rapidly disso-
ciates from Nod2 (activation stage). Activated Nod2 can signal

FIGURE 7. Knockdown of SOCS-3 suppresses MDP-mediated Nod2 degradation. A, wild-type, Nod2-deficient, or Rip2-deficient BMDM were pretreated with
LPS (0.2 ng/ml) for 6 h and then stimulated with MDP (100 �g/ml) for the indicated times. Cell extracts were subjected to Western blot analysis for SOCS-3 and
actin. B, RAW264.7 cells were pretreated with LPS or IFN-� for 6 h and then incubated with MDP for the indicated times. Nod2 was immunoprecipitated (IP) with
anti-Nod2 antibody. Nod2-associated SOCS-3 was detected by Western blotting. C, HEK293T cells were transfected with FLAG-Nod2 and various concentra-
tions of FLAG-SOCS-3 plasmids. Forty-eight hours after transfection, total cellular proteins were extracted. Cell extracts were immunoprecipitated with
anti-Nod2 antibody. Co-precipitated proteins were analyzed by Western blotting with anti-SOCS-3 antibody. D, HEK293T cells were transfected with the
expression vectors for FLAG-SOCS-3 and HA-Nod2 deletion mutants. SOCS-3 was immunoprecipitated with anti-FLAG antibody. SOCS-3-associated Nod2
deletion mutants were detected by Western blotting using anti-HA antibody. E, RAW264.7 cells were transfected with siRNAs for SOCS-3 and control siRNAs.
Forty-eight hours after transfection, cells were treated with LPS (0.5 ng/ml) for 6 h and then stimulated with MDP for the indicated times. Cell extracts were
subjected to Western blot analysis for Nod2, Rip2, SOCS-3, and actin. Data are representative of three independent experiments with similar results. n.s.,
nonspecific; E.V., empty vector; Scr, scrambled.
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downstream factors by generating a protein complex with Rip2
kinase, which activates cascades of NF-�B and MAPK, leading
to the transcriptional activation of immune response genes.
One transcriptional target is SOCS-3, which promotes Nod2
degradation. In the absence of Hsp90, Nod2 becomes ubiquiti-
nated and undergoes proteasomal degradation. SOCS-3 associ-
ates with Nod2 but not Rip2 (data not shown) and facilitates
this process, presumably by recruiting the ubiquitin machinery
to Nod2 via its SOCS box domain. SOCS-3 itself does not have
the ability to induce Nod2 degradation because IFN-� priming
up-regulates both SOCS-3 and Nod2 proteins (data not
shown). However, once Nod2 is activated by MDP, SOCS-3
facilitates proteasomal degradation of Nod2. The Nod2�Hsp90
complex and Nod2�SOCS-3 complex are two sequential com-
plexes as they exist at the resting stage and after the activation
stage, respectively. Reduced Nod2 expression results in
impaired responses to subsequentMDP stimulation, and in this
manner, cells become tolerant (Fig. 8D, tolerance stage).

Hsps are a group of proteins that function asmolecular chap-
erones for other proteins. It is interesting that Hsp90 is evolu-
tionarily important for NLR protein function. Another NLR
protein, NLRP3, also associates with Hsp90 (56). Moreover,
structurally related plant R (resistance) proteins have been
reported to make a functional complex together with Hsp90
and co-chaperone-like, ubiquitin ligase-associated protein
SGT1 (57–59). Hsp90 inactivation induces dissociation of its
client proteins from the Hsp90 complex, and the dissociated
proteins are targeted for ubiquitination and proteasome-medi-
ated degradation in a manner similar to what is shown in this
study for Nod2 (Fig. 6). Therefore, Hsp90 is a key molecule in
stabilizing the NLR protein until it is required for innate
immune responses by microbial components.
There is significant cross-talk between the TLR and NLR

systems. This is probably because microbes are composed of
multiple ligands that are detectable by the innate systems.
Although LPS priming induces Nod2 expression, TLR stimula-

FIGURE 8. MDP tolerance is mediated by Nod2 and Rip2 down-regulation in vivo. Wild-type or Nod2-deficient mice were injected with 2 ml of autoclaved
4% thioglycollate intraperitoneally. Five days after thioglycollate treatment, MDP (35 mg/kg) was administered to the mice intraperitoneally for the indicated
times, and then the mice were reinjected with MDP. Three hours after the second MDP injection, peritoneal fluid and macrophages were collected (n � 3 per
group). A, IL-6 and TNF-� in peritoneal fluid were measured by ELISA. Mean value is indicated by a bar. B and C, cell extracts were subjected to Western blot
analysis for TNF-�, Nod2, Rip2, Hsp90, and p38. RAW264.7 cells treated with IFN-� (100 units/ml) were used as a positive control. D, model of MDP tolerance
mediated by rapid Nod2 degradation. MDP stimulation causes rapid dissociation of the Nod2�Hsp90 complex (1). MDP-induced SOCS-3 binds to Nod2 (2). Nod2
undergoes polyubiquitination and proteasome-mediated degradation, resulting in reduced responsiveness to subsequent MDP. inj., injection.
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tion augments NLR responses (60) either by the up-regulation
of NLRs, such as Nod2, or by inducing pro-IL-1� for IL-1�
maturation by inflammasome NLRs (61). Nod2 stimulation
also enhances TLR responses. A short incubation with MDP
enhances the cellular response to subsequent TLR ligands (Fig.
1C). In vivo, it is well known thatMDP pretreatment for a short
period greatly enhances the toxicity of subsequent LPS injec-
tions (62–64). However, depending on cell types and condi-
tions, a longer incubation with the Nod2 ligand will induce
refractoriness to subsequent stimulation with TLR ligands
(cross-tolerance) in vitro and in vivo (43, 65, 66). It has been
proposed that cross-tolerance is mediated by reduced IRAK-1
activity (43); secretory mediators, such as IL-1�, IL-10, TGF-�,
and IL-1Ra (67); or up-regulation of inhibitory molecules of
TLR signaling, such as regulatory factor 4 (IRF4) or IRAK-M
(43, 65). It is unlikely that these inhibitory molecules are
involved in MDP self-tolerance because these molecules regu-
late only TLR signaling; for example, IRAK-M targets IRAK-1
in TLR signaling. Also, we found that MDP could induce Nod2
activation normally even in LPS-stimulated macrophages in
which IRAK-1 is absent due to proteasomal degradation after
activation (data not shown).
The difference between endotoxin tolerance andMDP toler-

ance in terms of required time after stimulation is intriguing.
Endotoxin tolerance in culture cells requires 6–24 h depending
on the report, whereas MDP tolerance is induced in as short as
4 h (43) (Fig. 1,A andB). Althoughwe can only speculate on the
reason behind this, the mode of ligand generation might be
involved. LPS can be shed from Gram-negative bacteria and
thus acts as a signal to innate immune cells even if the bacteria
themselves are not present. It has been reported that enzymatic
cleavage of the bacterial cell wall in the phagolysosome gener-
ates MDP (68, 69). Therefore, perhaps compared with LPS-
stimulated cells, MDP-sensing cells are likely to have bacteria
already in the cell, and thus refractoriness is needed to be rap-
idly induced. It is feasible that proteasomal degradation was
selected for rapid induction of refractoriness compared with
LPS tolerance, which mostly relies on the induction of negative
regulators.
In conclusion, we identified thatNod2 protein degradation is

a key mechanism behind MDP tolerance. To detect microbes,
which have multiple ligands, the innate immune system has
evolved to possess both TLR and NLR systems. Our study
showed that although both systems utilize a tolerant state to
protect the host from septic shock, they have distinctmolecular
mechanisms.
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