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Background: NOD2, an innate immune receptor, senses bacterial cell wall fragments. NOD2 mutations are linked to Crohn
disease.
Results: HSP70 enhances NOD2’s activity and increases its half-life.
Conclusion: NOD2 mutants are less stable than the wild type. HSP70 overexpression stabilizes the NOD2 Crohn mutants and
rescues its activity.
Significance: Stabilization of the NOD2 mutants may provide an effective therapy for Crohn disease.

Microbes are detected by the pathogen-associated molecular
patterns through specific host pattern recognition receptors.
Nucleotide-binding oligomerization domain-containing pro-
tein 2 (NOD2) is an intracellular pattern recognition receptor
that recognizes fragments of the bacterial cell wall. NOD2 is
important to human biology; when it is mutated it loses the abil-
ity to respond properly to bacterial cell wall fragments. To deter-
mine the mechanisms of misactivation in the NOD2 Crohn
mutants, we developed a cell-based system to screen for protein-
protein interactors of NOD2. We identified heat shock protein
70 (HSP70) as a protein interactor of both wild type and Crohn
mutant NOD2. HSP70 has previously been linked to inflamma-
tion, especially in the regulation of anti-inflammatory mole-
cules. Induced HSP70 expression in cells increased the response
of NOD2 to bacterial cell wall fragments. In addition, an HSP70
inhibitor, KNK437, was capable of decreasing NOD2-mediated
NF-�B activation in response to bacterial cell wall stimulation.
We found HSP70 to regulate the half-life of NOD2, as increasing
the HSP70 level in cells increased the half-life of NOD2, and
down-regulating HSP70 decreased the half-life of NOD2. The
expression levels of the Crohn-associated NOD2 variants were
less compared with wild type. The overexpression of HSP70 sig-
nificantly increased NOD2 levels as well as the signaling capac-
ity of the mutants. Thus, our study shows that restoring the sta-
bility of the NOD2 Crohn mutants is sufficient for rescuing the
ability of these mutations to signal the presence of a bacterial
cell wall ligand.

The human innate immune system is charged with a tremen-
dous task, i.e. to provide the first line of defense against invading
pathogens. This task is even more challenging in the human gut
where over a trillion commensal bacteria reside. Thus, this
ancient system must overlook the signal from the “good” bac-
teria while properly responding to the “bad” bacteria (1–3). To
accomplish this daunting task, the system relies partially on a

complex system of receptors known collectively as innate
immune receptors or pattern recognition receptors (4). These
receptors are made up of both Toll-like receptors (TLRs)2 and
Nod-like receptors (5– 8). It has recently been shown that these
families of receptors work together to form an intricate set of
feedback loops to ensure that the innate immune system prop-
erly responds to pathogenic and commensal bacteria (9, 10).
One can imagine the consequences if there is a breakdown of
one of the receptors. NOD2 (nucleotide-binding oligomeriza-
tion domain-containing protein 2) has been shown to be
mutated in Crohn disease, a gastrointestinal disorder affecting
the upper intestines (11). Inohara and co-workers (12) have
shown that the Crohn mutants of NOD2 do not properly
respond to their corresponding bacterial signals. More than 58
mutations in the NOD2 gene have been linked with various
diseases, and 80% of these mutations are reported to be linked
with Crohn disease (13). The three highest point mutations
with an association, R702W, G908R, and 1007fs, represent 32,
18, and 31%, respectively, of the total Crohn disease mutations
(14) Normally, NOD2 participates in the innate immune
response by sensing fragments of bacterial peptidoglycan (15).
The human protein, NOD2, is found in peripheral blood mono-
nuclear cells such as macrophages, granulocytes, dendritic
cells, and along the intestinal epithelial cells (15–17). It has been
shown that NOD2 binds to muramyl dipeptide (MDP), a small
degradation fragment of the bacterial cell wall (18, 19). Upon
binding to its bacterial cell wall fragment, NOD2 interacts with
RIP2 to activate the canonical NF-�B pathway, triggering an
inflammatory response (20). The Crohn-associated NOD2
mutants show a reduction in NF-�B signaling (12). NOD2 has a
tri-domain structure consisting of two N-terminal caspase
recruitment domains, a nucleotide binding domain, and a
C-terminal leucine-rich repeat (21). Mutations in the LRR
region of NOD2 have been shown to increase the incidence of
Crohn disease (11, 22).

Given the importance of NOD2 to human inflammatory dis-
orders, there has been an urgency to understand the proper
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signaling mechanism of NOD2 in the innate immune response.
With the proper signaling cascade understood, treatments for
Crohn disease can be developed. Recently, three independent
studies have shed light on the control mechanisms of NOD2
signaling. First, Nunez and co-workers (23) demonstrated that
NOD2 is negatively regulated by the protein Erbin. Erbin was
shown to directly interact with NOD2, and its overexpression
inhibited the ability of NOD2 to signal the presence of bacterial
cell wall fragments (23). Elegant work by Kobayashi and co-
workers (24) went on to show that NOD2 activation via MDP is
regulated by proteasomal degradation. Before stimulation,
NOD2 forms a complex with heat shock protein 90 (HSP90).
Upon binding MDP, NOD2 and HSP90 dissociate. Subse-
quently, NOD2 undergoes proteasomal degradation (24).
This unique mechanism allows NOD2 to tolerate a large
influx of MDP and avoid septic shock. In a subsequent study,
McDonald and co-workers (25) have shown that NOD2 is
negatively regulated by the nucleotide synthesis enzyme car-
bamoyl-phosphate synthetase/aspartate transcarbamylase/
dehydroorotase. Carbamoyl-phosphate synthetase/aspartate
transcarbamylase/dehydroorotase was identified as a NOD2-
interacting protein and was shown to inhibit the ability of
NOD2 to signal the presence of bacterial cell wall ligands. Inhi-
bition of carbamoyl-phosphate synthetase/aspartate transcar-
bamylase/dehydroorotase increased both the wild type and
Crohn-associated NOD2 variants’ ability to signal the presence
of bacterial cell wall ligands (25). Finally, independent genome-
wide siRNA screens identified positive and negative regulators
of the NOD2 or NF-�B pathways (26, 27).

In general, two different approaches have been used to iden-
tify protein-protein interactors involved in the NOD2-signal-
ing cascade: 1) immunopurification (IP) followed by mass spec-
trometry and 2) siRNA screens (25, 27). Both approaches have
been successful in identifying new protein-protein interactors
of NOD2. However, the mechanism for rescuing the Crohn
phenotype remains unresolved. To determine novel protein-
protein interactors of NOD2, we designed a cell-based system
that would allow for identification of interactors that used nor-
mal endogenous NOD2 levels in the cell and would allow for
essential proteins to be identified. We were intrigued by the
tetracycline-inducible promoter system that was developed by
Blau and co-workers (28) and has successfully elucidated many
signaling mechanisms (29). Tetracycline-regulated expression
enabled purification and functional analysis of recombinant
connexin channels from mammalian cells (30). We envisioned
that this sophisticated system would give us a method to con-
trol the expression of an epitope-tagged version of NOD2 in
human cells.

Using the tetracycline-regulated expression system, we have
identified heat shock protein 70 (HSP70) as a bona fide interac-
tor of NOD2. We show that HSP70 increases the half-life of
both wild type and the Crohn mutant, NOD2. More impor-
tantly, we demonstrate that overexpression of HSP70 is able to
rescue the Crohn mutant response to MDP, the bacterial cell
wall fragment recognized by NOD2. Our data suggest that the
Crohn mutants are inherently unstable and unable to properly
respond to the bacterial cell wall ligands. Thus, a novel therapy

providing stability to Crohn disease-associated NOD2 variants
could be extremely useful.

EXPERIMENTAL PROCEDURES

Cell Culture—All cell lines used were obtained from Ameri-
can Type Culture Collection (ATCC, Manassas, VA). Phoe-
nix-E cells were used for the generation of retroviruses. We
used three cell lines as follows: 1) HEK293T, a human embry-
onic kidney cell line; 2) HCT 116, a human colon epithelial cell
line; and 3) THP-1, a human monocyte cell line. All cell lines
were cultured in DMEM, 10% FBS (Atlantic Biologicals), 2 mM

L-glutamine, penicillin/streptomycin and grown in a humidi-
fied incubator at 37 °C and 5% CO2.

Construction of Tetracycline-regulated NOD2-expressing Stable
Cell Lines—Stable cell lines of HCT 116 and HEK293T cells that
express tetracycline-inducible NOD2Myc under the control of
RetroTET-ART system were created by viral infection with HRSp-
NOD2Myc, transactivator (RTAb), and transrepressor (RTRg) as
described previously (28, 31). Phoenix-E cells were used for the
generation of retroviruses (32).

Antibodies and Compounds—Mouse monoclonal anti-Myc,
rabbit monoclonal anti-Myc, rabbit monoclonal anti-HSP70,
rat anti-HSP70, mouse monoclonal anti-�-actin, mouse mono-
clonal anti-laminin, and rabbit anti-RIP2 antibody were pur-
chased from Cell Signaling Technology. Mouse monoclonal
anti-HSP70 was purchased from Invitrogen. Alexa Fluor-594
goat anti-mouse and Alexa Fluor-488 goat anti-rabbit (Jackson
ImmunoResearch) were used as secondary antibodies. Anti-
mouse and anti-rabbit IgG HRP-linked secondary antibodies
(Cell Signaling Technology) were used for immunoblot. Rabbit
NOD2 antiserum, HM2559, was kindly provided by the Podol-
sky laboratory (33). MDP (Bachem) for stimulating the cells
was used at a concentration of 2 �M. TNF� (Roche Diagnos-
tics) for stimulating the cells was used at a concentration of
200 nM. HSP70 inhibitor KNK437 was obtained from Calbi-
ochem. HSP70 inducer geranylgeranylacetone (GGA) was
obtained from Sigma. Translational inhibitor cycloheximide
was obtained from Sigma.

Co-immunoprecipitation—Cells were rinsed with 1� PBS,
and the lysates were collected using freshly prepared lysis buffer
(1% Triton X-100, 2 mM EDTA, 4 mM Na3PO4, 100 mM NaCl, 10
mM MES, pH 5.8, 10 mM NaF, 1 protease inhibitor mixture
tablet (Roche Diagnostics)) and lysed by passing through a
21-gauge needle. 4 �g of lysates were mixed with the appropri-
ate amount of antibody and incubated for 2 h in the cold.
Lysate/antibody mixture was incubated with 40 �l of protein A
Dynabeads (Invitrogen) (prewashed in PBS and lysis buffer) for
3 h in the cold. After 3 h, lysate/antibody bead mixture was
washed four times using 200 �l of lysis buffer containing vary-
ing concentrations of NaCl as follows: wash 1, 100 mM NaCl;
wash 2, 300 mM NaCl; wash 3, 500 mM NaCl; wash 4, 100 mM

NaCl. To elute the proteins, two different methods were imple-
mented depending on the downstream analysis as follows. 1)
For Western blot analysis, proteins were eluted at 60 °C for 30
min with 2� reaction buffer (100 mM Tris-HCl, pH 6.8, 4% SDS,
12% glycerol, 0.008% bromphenol blue, 2% �-mercaptoethanol.
2) For mass spectrometry analysis, proteins were eluted with
5 �g/ml of Myc peptide (Sigma) in Tris-buffered saline
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(TBS) for 12 h at 4 °C. All eluates were analyzed by running in
7.5% polyacrylamide gels containing 0.1% SDS, followed by
immunoblotting or staining using SYPRO� Ruby Protein Gel
Stain according to the manufacturer’s instruction (Invitro-
gen). The immunoblot and mass spectrometry analysis pro-
cedures are described below.

Mass Spectrometry Screen—Samples were subjected to
reduction/alkylation with dithiothreitol (Bio-Rad) and iodo-
acetamide (Sigma). Enzymatic digestion was performed with
trypsin (Promega) at 37 °C. Subsequently, samples were de-
salted and concentrated using Ziptips (Millipore) and applied
to target plates with �-cyano-4-hydroxycinnamic acid matrix
(Sigma). Data were collected on a 4800 MALDI-TOF analyzer
(ABSciex) in positive ion reflector mode over a mass range of
850 – 4000 Da, with internal calibration. Select peaks were fur-
ther analyzed by MS-MS at 1 kV with default calibration. Com-
bined MS and MS-MS data were submitted to Mascot (Matrix
Science) and searched against NCBI, with trypsin specificity,
100 ppm mass tolerance, 0.3 Da MS-MS tolerance, and the
following variable modifications: carbamidomethylation and
oxidation.

The search engine (Mascot) identifies potential hits within
its database and calculates the probability of specific matches.
We used a confidence interval, reported by AB Sciex software
based on the Mascot results, of 95% or greater, which can be
thought of as similar to Mascot p � 0.05, for identity.

Immunoblotting—Cells were rinsed with 1� PBS, and an
appropriate amount of lysis buffer (1% Triton X-100, 2 mM

EDTA, 4 mM Na3PO4, 100 mM NaCl, 10 mM MES, pH 5.8, 10
mM NaF, 1 protease inhibitor tablet) was added and lysed using
a 21-gauge needle. Protein quantification was performed using
the Bradford assay using protein assay dye reagent concentrate
according to the manufacturer’s instructions (Bio-Rad). Sam-
ples were prepared using 5� loading buffer (250 mM Tris-HCl,
pH 6.8, 10% SDS, 30% glycerol, 0.02% bromphenol blue, 5%
�-mercaptoethanol) and boiled for 5 min. The samples were
electrophoresed in 7.5% polyacrylamide gels containing 0.1%
SDS. Western transfer onto PVDF membrane was carried out
using semi-dry transfer at 25 V for 1 h. 10% nonfat dry milk in
TBS/Tween was used to block the membrane for 1 h and
washed in TBS-T three times for 5 min each. The blots were
incubated overnight at 4 °C with the appropriate amount of
antibodies prepared in 1% milk. After three washes, the mem-
brane was incubated with HRP-conjugated secondary antibody
for 60 min at room temperature. Following secondary incuba-
tion, the blot was washed three times in TBS-T and incubated
with the substrate (GE Healthcare) according to the manu-
facturer’s instructions. The blots were exposed to Fuji Super
RX-U Half-Speed Blue films (Brandywine Imaging Inc.) in the
dark room. All Western blots were performed at least three
times independently. Using the replicates, the data were ana-
lyzed using ImageLabTM. This analysis is reported alongside all
Western blot images.

Immunostaining—HEK293T cells were transiently trans-
fected with the pBKCMV/NOD2Myc plasmid using Lipo-
fectamine 2000 (Invitrogen). After overnight incubation, the
cells were plated on 24-well dishes containing glass coverslips.
Once the cells were attached to the coverslips, they were

washed two times with PBS. 4% paraformaldehyde solution in
PBS was used for fixing the cells for 15 min at room tempera-
ture. The cells were then washed in PBS and treated with 0.3%
Triton X-100 solution. Cells were treated with 5% normal goat
serum for blocking and were incubated with rabbit monoclonal
anti-Myc and mouse monoclonal anti-HSP70 antibodies. After
overnight incubation, the cells were washed three times using
PBS and incubated with Alexa Fluor-594 rabbit anti-goat and
Alexa Fluor-488 mouse anti-goat sera. The cells were mounted
on glass slides containing ProLong� gold antifade reagent with
DAPI (Invitrogen).

Half-life Determination—Cycloheximide was used at a con-
centration of 100 �g/ml, and the lysates were collected every
4 h. GGA, KNK437, or DMSO was incubated 2 h prior to the
addition of cycloheximide. For plasmid-induced protein
expression studies, cycloheximide was added, and lysates
were collected after 2 days of transfection.

Plasmid Construction—HRSp-NOD2Myc was constructed
by amplifying NOD2 from pBKCMV vector and ligated into
HRSp vector. BglII and AscI restriction sites were used to place
the insert. The following primers were used to amplify NOD2:
forward primer 5�-GAAGATCTGCCATGGGGGAAGAGG-
GTGGT-3� and reverse primer 5�-TTGGCGCGCCTCACAG-
ATCCTCTTCAGAGATGAG-3�. The ligated products were
transformed using HB101 competent cells. pBKCMV-NOD2/
702Myc, pBKCMV-NOD2/908Myc, and pBKCMV-NOD2/
1007insCMyc were constructed by amplifying the inserts from
pFASTBac vector containing the various NOD2 mutants (pre-
viously constructed using site-directed mutagenesis) and
ligated into pBKCMV vector. The following primers were used
to amplify NOD2: forward primer 5�-CGCGGATCCGCCAC-
CATGGAGCAGAAACTCATCTCTGAAGAGGATCTGAT-
GGGGGAAGAGGGTTA-3� and reverse primer 5�-CCGCC-
GCTCGAGTCAAAGCAAGAGTCTGGTGTCCCT-3�. BamHI
and XhoI restriction sites were used to ligate the insert. The ligated
products were transformed using DH5� competent cells. The above
primers were used to construct K2605/NOD2Myc lentiviral vector.
The lentiviral vector was used to make stable cell line as described
previously (34).

HSP70 was restriction-digested from pcDNA5/FRT/TO/
HIS HSPA1A (Addgene, Plasmid 19537) using BamHI and
XhoI restriction enzymes and ligated into pBKCMV vectors.
The ligated products were transformed using DH5� competent
cells. The following primers were used to amplify the ATPase
domain and the substrate binding domain of HSP70: 1) ATPase
domain forward primer 5�-CGCGGATCCATGGATTACAAG-
GATGACACGATAAGGCCAAAGCCGCGG-3�; 2) ATPase
domain reverse primer 5�-GGCGGCCATCCTGATGGGGGAC-
AAGTCCGAGTGACTCGAGTCGA-3�; 3) substrate binding
domain forward primer 5�-CGCGGATCCATGGATTACAAG-
GATGACGACGATAAGAACGTGCAGGACCTGCT-3�; and
4) substrate binding domain reverse primer 5�-TCGACTCGA-
GCTAATCTACCTCCTCAATGGTGGGGCCTGACCCAG-
ACC-3�. BamHI and XhoI enzymes were used to digest the inserts
and pBKCMV vector. The ligated products were transformed
using DH5� competent cells. All the constructs were confirmed by
DNA sequencing (GENEWIZ, Inc).
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Luciferase Reporter Assay—Lipofectamine 2000 was used to
transiently transfect HEK293T cells, and Lipofectamine LTX
was used to transfect HCT 116. pGL4.32 (luc2P/NF-�B-RE/
Hygro) and pRL Renilla luciferase reporter vectors were used.
An appropriate amount of plasmids were mixed with the trans-
fection reagent and incubated overnight in cells seeded in
24-well dishes. Cells were incubated with 2 �M MDP or 200 nM

TNF� for 6 h, and the lysates were collected to perform the
Dual-Luciferase Reporter Assay (Promega) according to the
manufacturer’s instructions and were normalized to Renilla
activity. KNK437 or DMSO was treated 2 h prior to MDP
stimulation.

ELISA—The media were collected and centrifuged at 200 �
g, and the supernatant was subjected to ELISA (BD Biosciences)
as per the manufacturer’s instructions. MDP was stimulated for
6 h prior to media collection. KNK437 or DMSO was treated for
2 h prior to MDP stimulation. Appropriate plasmids were
transfected using Lipofectamine 2000 a day before media
collection.

RT-PCR—Total mRNA was isolated from the cells using a
standard RNA extraction procedure (5-�). mRNA was con-

verted to cDNA via the manufacturer’s instructions using Bio-
Rad reverse transcriptase kit. Quantitative PCR was performed
to detect the level of NOD2 in various cDNAs. The following
primers were used to identify NOD2: forward primer 5�-CGG-
CGTTCCTCAGGAAGTAC-3� and reverse primer 5�-ACCC-
CGGGCTCATGATG-3�. The following primers were used to
identify actin in the PCR: forward primer 5�-GCTCGTCGTC-
GACAACGGCTC-3� and reverse primer 5�-CAAACATGAT-
CTGGGTCATCTTCTC-3�. Real time quantitative RT-PCRs
were performed in ABI PRISM 7700 sequence detector
(Applied Biosystems) according to the manufacturer’s instruc-
tion. Samples were run in a 25-�l mixture in the following PCR
condition: initial denaturation at 95 °C for 10 min, followed by
40 cycles, which consisted of 95 °C for 20 s, 60 °C for 30 s, 72 °C
for 1 min, and a final extension at 72 °C for 10 min. The prod-
ucts were electrophoresed on a 1% agarose gel and visualized by
staining the gel using ethidium bromide. The relative amount of
NOD2 mRNAs normalized to �-actin mRNA was calculated
using the 2���Ct method (35).

Data Analysis—Data presented are means � S.D. of at least
three repeats. Each experiment (NF-�B promoter activity and

FIGURE 1. Tetracycline-regulated NOD2-expressing cell lines. A, cell lysates from HEK293T-NOD2Myc/Tet-op (tetracycline-regulated NOD2-expressing cell
line) induced at different concentrations of doxycycline were probed for Myc antibody (1:1000) to detect the amount of NOD2 expressed. Actin (1:1000) was
used as the loading control. Using the replicates, the bands were quantified using ImageLabTM. B, RNA isolated from HEK293T-NOD2Myc/Tet-op (tetracycline-
regulated NOD2-expressing cell line) induced at different concentrations of doxycycline were quantified for the amount of NOD2 mRNA using real time
quantitative PCR. C, Western blot showing the difference in the level of NOD2 expression in HEK293T cells ((NOD2Myc/Tet-op) no dox) and NOD2-overex-
pressed stable cell line (NOD2Myc). Myc and �-actin antibody (loading control) were used at a concentration of 1:1000. Western blots were performed on
separate cell lysates at least three times. Using the replicates, the bands were quantified using ImageLabTM. D, real time quantitative PCR used to measure the
relative NOD2 levels in HCT 116, THP-1, HEK293T-NOD2Myc/Tet-op (no dox), and HEK293T-NOD2Myc cell lines. Results shown are the means � S.D. of
experiments performed in triplicate. *, p � 0.05 was considered as significant.
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IL8 ELISA) was completed in at least four separate biological
replicates (n � 4). These biological replicates included studies
of cells plated on separate dishes. Western blots were per-
formed on separate cell lysates at least three times.

Student’s t test was used to analyze difference between two
groups. *, p � 0.05 was considered as significant.

RESULTS

Tetracycline-regulated NOD2 Expression—Previous studies
have successfully used immunoprecipitation followed by mass
spectrometry to identify novel protein-protein interactions. In
our hands, this approach yielded a significant number of pro-
teins. We reasoned that this was due to the unnaturally high
concentrations of NOD2 present in the cell, and perhaps many
of these interactions were artifacts of our initial experimental
design. Thus, we opted for a system where the expression of
epitope-tagged NOD2 mirrored that of endogenous levels.
Although antibodies for NOD2 already exist, we used epitope-
tagged NOD2 on either its N or C terminus. We did this for two
reasons as follows: 1) the tag could be used across many con-
structs of NOD2 (wild type, Crohn-associated variants, trunca-
tions, and protein domains of NOD2), and 2) steric occlusion of
pre-existing NOD2 antibodies could prevent NOD2 from bind-
ing to its interacting proteins.

Using the protocol described by Blau and co-workers (28), we
successfully constructed tunable NOD2 (containing Myc tag)
stable cell line in HEK293T (Fig. 1A). We showed that NOD2
levels (both protein and mRNA) increased with an increasing

concentration of doxycycline (Fig. 1, A and B). It is not uncom-
mon in the inducible cell lines to see leaking the promoter (i.e.
expression of protein in the absence of doxycycline) (36). We
observed low levels of NOD2 expression in the absence of doxy-
cycline (Fig. 1, A and B). However, we thought that this very low
expression of NOD2 might mirror the endogenously expressed
cell line. We compared the expression of the regulated NOD2
(NOD2Myc/Tet-op (no doxycycline)) compared with the con-
stitutively overexpressed NOD2 (NOD2Myc) in cell lines cre-
ated by lentiviral vector K2605/NOD2 transduction. We found
that NOD2 expression levels were over 257 times higher in the
constitutively expressed system compared with the inducible
system (Fig. 1, C and D). Moreover, we showed that the induc-
ible expression system matched the expression of wild-type
NOD2 in both THP-1, a monocyte cell line that endogenously
expresses NOD2, and 2) HCT 116, an intestinal epithelium that
has been shown to endogenously express NOD2 (Fig. 1D) (37).
With the desired inducible NOD2 system in hand, we set out to
identify novel protein interactors of NOD2.

Identification of HSP70 as a NOD2 Interactor—Using the
NOD2 inducible cell lines, we performed immunopurification
followed by mass spectrometry. The experiment was per-
formed in both the absence and presence of the NOD2 ligand
MDP. No doxycycline was used in any of our experiments, as we
showed that this amount of NOD2 best matches the endoge-
nous levels (Fig. 1D). As a method to control for nonspecific
interactions, several precautions were taken. First, we used

FIGURE 2. Interaction between NOD2 and HSP70. A, co-IP (IP) were performed using 1 �l of mouse anti-Myc antibody per 150 �l of lysate (HEK293T-
NOD2Myc/Tet-op, stimulated with 2 �M of MDP) and probed for RIP2 using rabbit anti-RIP2 antibody (1:1000). WB, Western blot. B, SYPRO�-stained 7.5%
polyacrylamide gels showing the bands that were obtained through co-immunoprecipitation using mouse anti-Myc antibody in HEK293T, HEK293T-
NOD2Myc/Tet-op (no dox), and HEK293T-NOD2Myc/Tet-op (no dox) cells stimulated with 2 �M of MDP. The visible bands were characterized using protein
mass spectrometry as described under the “Experimental Procedures.” NOD2 and HSP70 were identified. C, co-IP performed using mouse anti-Myc antibody
(1 �l/150 �l of lysate) in HEK293T-NOD2Myc/Tet-op (no dox), HCT 116-NOD2Myc/Tet-op (no dox), HEK293T, and HCT 116 cells and probed for HSP70 using rat
anti-HSP70 antibody (1:1000) and rabbit anti-Myc antibody (1:1000). D, co-IP performed using rabbit NOD2 antiserum HM2559 (2 �l/150 �l) or rabbit IgG in
THP-1 cells and probed for HSP70 using rat anti-HSP70 antibody (1:1000) and NOD2 using rabbit NOD2 antiserum HM2559 (1:5000). E, co-IP performed using
mouse anti-FLAG antibody (5 �l/150 �l of lysate) in HEK293T cells transfected with pBKCMV/ATPase (A-FLAG) or pBKCMV/substrate binding domain (S-FLAG).
Western blot was performed to detect NOD2 using Myc antibody (1:1000) and FLAG using FLAG antibody (1:500). F, HEK293T cells transiently transfected using
pBKCMV/NOD2Myc vector and stained for NOD2 using mouse anti-Myc antibody (1:2000) and rabbit anti-HSP70. DAPI was used to stain the nucleus. WB,
Western blot.
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HEK293T cells that did not express an epitope-tagged NOD2.
Second, we performed extensive washing (four washes with
increasing concentration of sodium chloride, see “Experimen-
tal Procedures” for more details) of the resin to ensure nonspe-
cific proteins were removed. Finally, we selectively eluted
NOD2 from the resin using low concentrations of Myc peptide.
To validate our method, we first confirmed the presence of a
known NOD2 interactor, RIP2 (Fig. 2A). Upon confirming our
method, the interacting proteins were separated using SDS-
PAGE, and proteins were detected using Sypro Ruby� stain
(Fig. 2B). Prominent bands were excised from the gel,
trypsinized, and analyzed using electrospray ionization-mass
spectrometry. In total, we identified six protein-protein inter-
actors using mass spectrometry. Two of these proteins have
already been identified as NOD2 interactors, actin and HSP90.

Initially, we thought that the interaction of NOD2 and
HSP70 might be an artifact of our experiment, as HSP70 is
ubiquitously expressed in cells (38). However, HSP70 has
recently been shown to control the innate immune system both
by binding and inhibiting TLR4, as well as mediating decreases
in lipotoic acid and TNF�-induced signaling (39 – 41). Thus, we
were intrigued by the role that HSP70 could potentially play in
regulating NOD2. We set out to validate our initial results.

First, we performed an IP experiment in the HEK293T-
NOD2Myc/tet-op (no dox stimulation) cell line and HCT
116-NOD2Myc/tet-op (no dox stimulation). We confirmed
that NOD2 interacted with HSP70 using Myc antibodies to
immunopurify both cell lines (Fig. 2C). Next we assayed
whether THP-1 cells, which endogenously express NOD2,
interacted in HSP70. We found that HSP70 was immunopu-
rified in these cells (Fig. 2D). To determine what portion of
HSP70 interacts with NOD2, we expressed the two promi-
nent domains of HSP70 as epitope tags, the ATP binding
domain and substrate binding domain. Using co-immuno-
purification, we detected an interaction with only NOD2 in
the substrate binding domain, leading us to believe that
NOD2 interacts with HSP70 (Fig. 2E). In addition, immuno-
staining followed by confocal microscopy confirms that
HSP70 and NOD2 interact in the cell (Fig. 2F). Thus, these
data support that NOD2 interacts with HSP70 under physi-
ological conditions. We were now curious to determine the
function of this interaction in the context of innate immune
signaling.

HSP70 Regulates NOD2-induced NF-�B Activity—NOD2 is
known to activate the NF-�B pathway upon stimulation from
bacterial cell wall ligands (12, 15). A ligand for NOD2 is MDP.

FIGURE 3. HSP70 regulates NOD2 induced NF-�B signaling. A, dual-luciferase assay performed on HEK293T/NOD2Myc and HCT 116 transfected with HSP70
or control vector in the presence or absence of 2 �M MDP or 200 nM of TNF� incubated for 6 h. 75 ng of pGL432 and 7.5 ng of pRL vector was used per 24-well
dish for transfection. Relative luciferase activity of firefly to Renilla is plotted. Results shown are the means � S.D. of experiments performed in quadruplicate.
*, p � 0.05 was considered as significant. B, dual-luciferase assay performed on HEK293T/NOD2Myc and HCT 116 cells incubated with 100 �M KNK437 or DMSO
in the presence or absence of 2 �M MDP or 200 nM TNF�. 75 ng of pGL432, 7.5 ng of pRL vector, and 200 ng of HSP70 or control vector were used per 24-well
dish for transfection. Relative luciferase activity of firefly to Renilla is plotted. Results shown are the means � S.D. of experiments performed in triplicate. *, p �
0.05 was considered as significant. C, quantification using ELISA of the amount of IL-8 secreted by HCT 116, THP-1, and HEK293T/NOD2Myc cells incubated with
2 �M MDP or 200 nM TNF� in the presence of 100 �M KNK437 or DMSO. Results shown are the means � S.D. of experiments performed in triplicate. *, p � 0.05
was considered as significant. D, quantification using ELISA of the amount of IL-8 secreted by HEK293T/NOD2Myc and HCT 116 cells transfected with HSP70 or
control vector incubated with 2 �M MDP or 200 nM TNF�. Results shown are the means � S.D. of experiments performed in triplicate. *, p � 0.05 was considered
as significant.
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We hypothesized that HSP70 plays a role in NOD2’s ability to
signal through the NF-�B pathway. To test this hypothesis, we
took a multipronged approach, overexpressing and decreasing
the levels of HSP70 within the cell. We then analyzed the ability
of NOD2 to induce NF-�B activation using the established
luciferase NF-�B reporter assay. Briefly, this assay is a transfec-
tion assay in which the NF-�B promoter drives the expression
of luciferase. When NF-�B is activated, higher levels of lucifer-
ase are expected. Previously, it has been shown that overexpres-
sion of HSP70 decreases the ability of TLR4 to signal via NF-�B.
Our results showed that NOD2 increased NF-�B activation
when HSP70 was overexpressed in both NOD2-transfected
(HEK293T) and a cell line containing endogenous NOD2 (HCT
116) (Fig. 3A). We saw no difference in NF-�B activation when
HSP70 was overexpressed but not treated with MDP; thus,
overexpression of HSP70 does not activate NF-�B (Fig. 3A).
The difference in NF-�B activation was only present after the
cells were stimulated with MDP. We also showed that the effect
could be reversed by decreasing the expression of HSP70 (Fig.
3B). KNK437 is a small molecule that has been shown to spe-
cifically inhibit HSP70 at the mRNA level (42). When HCT 116
cells were treated with KNK437, we observed a decrease in the
level of HSP70 mRNA (data not shown), and the same trend was
observed in HEK293T-NOD2Myc/tet-op (no dox stimulation)
(Fig. 4, C and D). Using the same luciferase assay described

above, we observed that NOD2’s ability to signal the NF-�B
pathway via MDP was significantly decreased when treated
with HSP70 inhibitor (Fig. 3B). When the cells were treated
with the inhibitor alone, there was no significant change in
NF-�B activation. As a control, cells were also treated with
TNF�, a known NF-�B activator (43). HSP70 overexpression
and treatment with TNF� yielded a 9.7% increase in NF-�B
activation, and treatment with KNK437 showed a 22.4%
decrease in NF-�B activation. As a comparison, MDP showed a
59.9% increase upon HSP70 overexpression and 60.5% decrease
upon KNK437 treatment. These data demonstrate that HSP70
regulates NOD2’s ability to signal to NF-�B.

To further support our data, we assayed NOD2’s ability to
produce cytokines in both HSP70 overexpression or inhibition
conditions. This assay avoided the use of the transfection of the
reporter plasmid. Our data showed that IL-8, a pro-inflamma-
tory cytokine that is known to be produced upon NOD2 acti-
vation, decreased in the presence of the HSP70 inhibitor in
three cell lines (HCT 116, THP-1, and HEK293T-NOD2
NOD2Myc/Tet-op (Fig. 3C)). In addition, when HSP70 was
overexpressed, the levels of IL-8 increased when stimulated
with MDP (Fig. 3D). Again, TNF� was used as a control, and we
saw the same trends as with the Dual-Luciferase assay. HSP70
overexpression and treatment with TNF� yielded a 19.7%
increase in the amount of IL-8 secreted, and treatment with

FIGURE 4. HSP70 regulates NOD2 level in the cell. A, cell extracts from HSP70 or control vector-transfected HEK293T/NOD2Myc cells were probed using
rabbit anti-Myc antibody (1:1000) and rabbit anti-HSP70 antibody (1:1000). �-Actin (1:1000) was used as a loading control. B, cell extracts of HEK293T-NOD2-
Myc/Tet-op cells incubated with 100 �M of GGA or DMSO were probed using rabbit anti-Myc antibody (1:1000) and rabbit anti-HSP70 antibody (1:1000).
�-Actin (1:1000) was used as a loading control. C, cell extracts of HEK293T-NOD2-Myc/Tet-op cells incubated with 100 �M KNK437 or DMSO was probed using
rabbit anti-Myc antibody (1:1000) and rabbit anti-HSP70 antibody (1:1000). �-Actin (1:1000) was used as a loading control. D, cell extracts of HEK293T-NOD2-
Myc/Tet-op cells incubated with 25, 50, or 100 �M of KNK437 or DMSO were probed using rabbit anti-Myc antibody (1:1000). �-Actin (1:1000) was used as a
loading control. Western blots were performed on separate cell lysates at least three times. Using the replicates, the bands were quantified using ImageLabTM.
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KNK437 showed a 14.8% decrease in the amount of IL-8
secreted. As a comparison, MDP showed a 71.9% increase upon
HSP70 overexpression and 42.3% decrease upon KNK437
treatment. These data confirm our hypothesis that HSP-70 pos-
itively regulates NOD2’s ability to signal in the presence of bac-
terial cell wall ligands. We next aimed to determine the mech-
anism by which HSP70 regulates NOD2.

HSP70 Regulates NOD2 Level in Cells—HSP70 is a chaperone
and has the ability to stabilize proteins (44, 45). We wondered
whether HSP70 was affecting NOD2’s stability in the cell. To
test whether HSP70 alters NOD2 levels in the cell, we used
three different conditions to control the expression of HSP70 as
follows: 1) overexpression of HSP70 using transfection; 2) over-
expression of HSP70 using the small molecule inducer GGA;
and 3) inhibition of HSP70 with KNK437 (Fig. 4, A–C). We
analyzed NOD2’s protein level using immunoblotting. Overex-
pression of HSP70 showed an increase in NOD2 levels (Fig. 4, A
and B), and decreasing HSP70 showed a decrease in NOD2
levels (Fig. 4C). Moreover, we showed that the decrease in
HSP70 using the small molecule inhibitor was dose-dependent
(Fig. 4D). As the inhibitor concentration was increased, the
concentration of HSP70 decreased as expected, and the amount
of NOD2 also decreased. These data could explain the NOD2
signaling effects in changing concentrations of HSP70 (Fig. 3).

Thus, one can control NOD2 signaling by changing the concen-
tration of HSP70 in the cell.

HSP70 Regulates NOD2 Half-life—As HSP70 is able to affect
the level of NOD2 in the cell, it should change the half-life of
NOD2 in the cell. We performed the classical protein half-life
experiment using cycloheximide, a well documented transla-
tional inhibitor (46) Again, we used three approaches to control
the levels of HSP70 as follows: small molecule activator, small
molecule inhibitor, and overexpression using transfection. We
showed that when HSP70 was overexpressed using GGA, there
was a 2-fold increase in NOD2’s half-life (Fig. 5A). Conversely,
when HSP70 was inhibited using KNK437, there was a 2-fold
decrease in Nod’s half-life (Fig. 5A). When the level of HSP70
was increased using transfection, again the level of NOD2
increased 2-fold (Fig. 5B). These data support that HSP70 is
able to stabilize NOD2 and thereby directly affect its ability to
signal.

Decreased Stability of NOD2 Crohn Mutants—It has previ-
ously been shown that the NOD2 Crohn-associated variants are
defective in their ability to signal the presence of bacterial cell
wall fragments via NF-�B (12, 22). We hypothesized that this
difference is due to the inherent stability of the mutants as com-
pared with the wild type. We used two approaches to quantify
the stability of the NOD2 Crohn mutants. First, we transfected

FIGURE 5. HSP70 regulates NOD2’s stability in the cell. A, HEK293T-NOD2Myc/Tet-op cells were incubated with 100 �M GGA or 100 �M KNK437 or DMSO for
2 h, and lysates were collected after cycloheximide treatment during the indicated time intervals. Equal amounts of lysates were subjected to Western blot and
probed using rabbit anti-Myc antibody (1:1000) or rabbit anti-HSP70 antibody (1:1000). �-Actin (1:1000) was used as a loading control. Relative amount of
NOD2Myc to �-actin was plotted as the means � S.D. from three independent experiments. B, cell extracts from HEK293T-NOD2Myc/Tet-op cells, transfected
with HSP70 or control vector, and treated with cycloheximide. Cell lysates were collected during the indicated time intervals and subjected to Western blot and
probed using rabbit anti-Myc antibody (1:1000) or rabbit anti-HSP70 antibody (1:1000). �-Actin (1:1000) was used as a loading control. Relative amount of
NOD2Myc to �-actin was plotted as the means � S.D. from three independent experiments. Western blots were performed on separate cell lysates at least
three times. Using the replicates, the bands were quantified using ImageLabTM.
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cells with equal amounts of either wild-type NOD2 or Crohn-
associated NOD2 variants. The cells were harvested and subse-
quently analyzed for NOD2 using Western blot and mRNA
using RT-PCR (Fig. 6, A and B). We found that the mutants
were expressed significantly less than the wild type, even
though they have the same amount of mRNA expressed in the
cell. Interestingly, the frameshift NOD2 Crohn variant showed
a severe decrease in protein levels. This variant is linked to a
more detrimental phenotype in humans affected with Crohn
disease. To support the idea that the Crohn mutants were
unstable compared with the wild type, we performed the half-
life experiments with the mutants. We found that the half-life of
the mutants was significantly decreased compared with the
wild type (Fig. 6C). This instability could provide an explana-
tion of why the Crohn mutants cannot properly signal as effi-
ciently as the wild type. We hypothesized that the Crohn
mutants interact with HSP70, the protein that can affect the
stability of wild-type NOD2.

Increasing HSP70, Rescues NOD2 Mutant Activity—To
determine whether the Crohn mutants were capable of inter-
acting with HSP70, we performed co-immunoprecipitation
with HSP70 (Fig. 7A). Although we have previously shown that
the mutant expression was less than the wild type (Fig. 6A), we
expected that the immunopurification would be enriched for
low levels of protein. We showed that all three mutants were
able to purify endogenous HSP70. In addition, we probed
whether overexpression of HSP70 would affect the level of the
NOD2 mutants. When HSP70 is overexpressed using transfec-
tion, the levels of the Crohn mutants also increased in cells (Fig.
7B). Given that HSP70 increased both the stability and the abil-

ity for wild-type NOD2 to signal via NF-�B, we assayed whether
HSP70 had the same effect on the Crohn mutants of NOD2.
When HSP70 was overexpressed using transfection, we showed
that the ability Crohn mutants’ to signal the presence of the
bacterial cell wall ligand, MDP, was significantly increased (Fig.
7C). In two of the three Crohn-associated NOD2 variants, the
level of NF-�B activation was restored to wild-type levels.
These data imply that HSP70 is able to rescue the ability of the
Crohn mutants to signal.

DISCUSSION

NOD2 is an important innate immune receptor that is
responsible for sensing the occurrence of bacterial cell wall
fragments within mammalian cells. It has been known for over
10 years that mutations in NOD2 correlate to the development
of Crohn disease (11). Moreover, these mutations do not prop-
erly respond to bacterial cell wall components (12). Studies
have shown that when cells containing the NOD2 mutations
are treated with the bacterial cell wall fragments, a lower NF-�B
response is obtained (12, 22). It has been suggested that a basal
level of NOD2 activation is needed in the cell to control other
innate immune receptors. Without the ability to activate
NF-�B, an uncontrollable amount of inflammation ensues, and
Crohn disease develops (47, 48). Much effort has been focused
on trying to identify the mechanism by which NOD2 signals to
the NF-�B response. Many protein interactors have been
found. However, none explain the Crohn NOD2 phenotype, i.e.
a lack of response to bacterial cell wall ligand.

To understand the mechanism of NOD2 signaling, we devel-
oped a novel system to screen for NOD2 protein-protein inter-

FIGURE 6. Reduced expression of the NOD2 Crohn mutants. A, cell lysates from HEK293T cells transfected with 1 �g of pBKCMV/NOD2Myc, pBKCMV-NOD2/
702Myc, pBKCMV-NOD2/908Myc, or pBKCMV-NOD2/1007insCMyc vectors were probed for Myc using rabbit anti-Myc antibody (1:1000). �-Actin (1:1000) was
used as a loading control. B, RNA isolated from HEK293T cells transfected with 1 �g of pBKCMV/NOD2Myc, pBKCMV-NOD2/702Myc, pBKCMV-NOD2/908Myc,
or pBKCMV-NOD2/1007insCMyc vectors were reverse-transcribed to cDNA and used to perform quantitative real time PCR using NOD2 and actin primers. The
relative amount of NOD2 to actin levels were plotted as the means � S.D. from three independent experiments. C, HEK293T cells transfected with 1 �g of
pBKCMV/NOD2Myc, pBKCMV-NOD2/702Myc, pBKCMV-NOD2/908Myc, or pBKCMV-NOD2/1007insCMyc vectors and treated with cycloheximide. The lysates
were collected at the indicated time intervals. Equal amounts of lysates were subjected to Western blot and probed using rabbit anti-Myc antibody (1:1000) or
rabbit anti-HSP70 (1:1000). �-Actin (1:1000) was used as a loading control. Relative amount of NOD2Myc to � actin was plotted as the means � S.D. from three
independent experiments. *, p � 0.05 was considered as significant. Western blots were performed on separate cell lysates at least three times. Using the
replicates, the bands were quantified using ImageLabTM.
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actors. Our approach has two main advantages over previous
NOD2 studies. First, a tetracycline-inducible promoter system
allowed a controllable, low level expression of NOD2 to be
obtained (Fig. 1A). Second, the expression of an epitope-tagged
NOD2 allowed for the efficient purification of NOD2 and the
interacting proteins (Fig. 2B). The interacting proteins could
then be identified using mass spectrometry. Our small screen
identified HSP70 as a protein that interacts with NOD2. Ini-
tially, we were skeptical of the significance of this finding, as
HSP70 is ubiquitously expressed in the cells, and we believed
that this finding could be an artifact. However, recently HSP70
has been shown to regulate a number of innate immune recep-
tors. Our study went on to validate HSP70 as a genuine NOD2
protein-protein interactor (Fig. 1, A and C). We showed that
NOD2 interacts with the substrate binding domain of HSP70
(Fig. 2E). We investigated the role of HSP70 in NOD2 signaling
using established cell-based assays to monitor NF-�B activation
(Fig. 3, A and B). We observed that overexpression of HSP70
yielded an increase in NOD2’s ability to signal when stimulated
with MDP. The literature has reported that overexpression of
HSP70 blocks the denaturation of I�B kinase thereby increasing
the nuclear translocation of NF-�B (49). This could explain the
increase in TNF�-induced NF-�B signaling upon HSP70 over-
expression. However, the degree of NOD2 activation via MDP
upon HSP70 overexpression was higher, compared with the

TNF�-induced activation (Fig. 3A), implying that more than
just I�B kinase stabilization was necessary for the increase. We
went on to show that HSP70 increases the half-life of NOD2
(Fig. 5, A and B). At this point, we wondered whether the half-
life of the Crohn mutants was relative to the wild-type NOD2.
We found that the Crohn mutants are inherently unstable, and
their half-life is less than that of the wild-type protein (Fig. 6,
A–C). This fact intrigued us, and we investigated whether the
overexpression of HSP70 could provide a rescue mechanism for
the NOD2 Crohn mutants, as the Crohn mutants also interact
with HSP70 (Fig. 7A). We found that overexpression of HSP70
was able to restore the ability of the Crohn mutants to signal
upon stimulation with MDP (Fig. 7C).

Overexpression of HSP70 to rescue a protein’s function is not
a new phenomenon. There are many examples in the literature
supporting this idea. For example, p53 and mutants of this pro-
tein are protected from degradation in the presence of excess
HSP70 (50). In addition, human ether-a-go-go-related gene, a
subunit of the potassium current I protein, is stabilized when
HSP70 is overexpressed (51). Moreover, this study shows
another protein (human ether-a-go-go-related gene) that
HSP70 is capable of rescuing in its mutated form. An exciting
outcome of our findings is that it suggests a potential method to
treat Crohn disease, a small molecule that can specifically sta-
bilize NOD2, by acting as a surrogate for the HSP70 protein.

FIGURE 7. HSP70 regulates NOD2 Crohn mutant activity. A, co-immunoprecipitation was performed in HEK293T cells transfected with 1 �g of pBKCMV,
pBKCMV-NOD2/702Myc, pBKCMV-NOD2/908Myc, and pBKCMV-NOD2/1007insCMyc vectors, using 1 �g of mouse anti-Myc antibody per 150 �l of cell lysate.
Eluates were probed for HSP70 using 1:1000 of rat anti-HSP70 and rabbit anti-Myc antibody. B, cell lysates from HEK293T cells transfected with 750 ng of
pBKCMV/NOD2Myc, pBKCMV-NOD2/702Myc, pBKCMV-NOD2/908Myc, or pBKCMV-NOD2/1007insCMyc vectors along with 1 �g of HSP70 or control vector
were probed using 1:1000 rabbit anti-Myc antibody and 1:1000 rabbit anti-HSP70 antibody. �-Actin was used as a loading control. Western blots were
performed on separate cell lysates at least three times. Using the replicates, the bands were quantified using ImageLabTM. C, dual-luciferase assays were
performed on HEK293T cells transfected with 50 ng of pBKCMV/NOD2Myc, pBKCMV-NOD2/702Myc, pBKCMV-NOD2/908Myc, or pBKCMV-NOD2/1007insCMyc
vectors along with 50 ng of HSP70 or control vector/NOD2Myc and HCT 116 transfected with HSP70 or control vector in the presence or absence of 2 �M MDP.
10 ng of pGL432 and 1 ng of pRL vector were used per 24-well dish for transfection. Relative luciferase activity of firefly to Renilla is plotted. Results shown are
the means � S.D. of experiments performed in triplicates. *, p � 0.05 was considered as significant.
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Our study complements the finding by Kobayahsi and co-work-
ers (24) that NOD2 is rapidly degraded in the presence of MDP,
as HSP90 is released. We found that NOD2 interacts with
HSP70 independent of the presence of MDP, its bacterial cell
wall ligand. Thus, HSP70 may provide a mechanism to reiniti-
ate the ability of NOD2 to signal when there is a new burst of
bacterial cell wall ligands. If, however, NOD2 is mutated, it is
unable to signal the presence of bacterial cell wall fragments as
its half-life in the cell is decreased. We found that overexpres-
sion of HSP70 is able to rescue NOD2’s response to bacterial
cell wall ligands. We propose that HSP90 could play a similar
role, and we are currently working to determine whether
HSP90 interacts with the Crohn mutants. This mechanism is
different from HSP70’s ability to alter the ability of TLR to sig-
nal. HSP70 (39) has been shown to specifically down-regulate
the TLR4 response to lipopolysaccharide (39). Thus, the cell has
designed HSP70 to be both an activator and an inhibitor of
innate immune signaling.

In conclusion, we have developed a tetracycline-inducible
NOD2 expression system that has allowed us to control the
expression of NOD2 and purify interacting proteins. We have
identified HSP70 as a novel NOD2 protein interactor. HSP70 is
able to increase the half-life of NOD2 in the cell, and it also
restores the response of the Crohn-associated NOD2 mutants.
We propose that small molecules that can specifically stabilize
the NOD2 Crohn mutants may be useful in the treatment of
Crohn disease.
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