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Nucleotide-binding oligomerization domain 1 (NOD1) is an intracellular epithelial cell protein known to play
arole in host defense at mucosal surfaces. Here we show that a ligand specific for NOD1, a peptide derived
from peptidoglycan, initiates an unexpected signaling pathway in human epithelial cell lines that results in the
production of type I IFN. Detailed analysis revealed the components of the signaling pathway. NOD1 bind-
ing to its ligand triggered activation of the serine-threonine kinase RICK, which was then able to bind TNF
receptor-associated factor 3 (TRAF3). This in turn led to activation of TANK-binding kinase 1 (TBK1) and IxB
kinase ¢ (IKKe) and the subsequent activation of IFN regulatory factor 7 (IRF7). IRF7 induced IFN-f produc-
tion, which led to activation of a heterotrimeric transcription factor complex known as IFN-stimulated gene
factor 3 (ISGF3) and the subsequent production of CXCL10 and additional type ITFN. In vivo studies showed
that mice lacking the receptor for IFN-f3 or subjected to gene silencing of the ISGF3 component Stat1 exhibited
decreased CXCL10 responses and increased susceptibility to Helicobacter pylori infection, phenotypes observed
in NOD1-deficient mice. These studies thus establish that NOD1 can activate the ISGF3 signaling pathway that
is usually associated with protection against viral infection to provide mice with robust type I IFN-mediated

protection from H. pylori and possibly other mucosal infections.

Introduction
Nucleotide-binding oligomerization domain 1 (NOD1) is a mem-
ber of the NOD-like receptor family of proteins that can act as
intracellular sensors of microbial components (1-3). Members of
this protein family are structurally similar in that they are com-
posed of a central NOD domain usually linked on its C-terminal
side to a leucine-rich repeat domain that interacts with microbi-
al components, and on its N-terminal side to a caspase-recruit-
ment domain (CARD) or PYRIN domain that can interact with
downstream effector molecules (4). NOD1 and its sister molecule,
NOD?2, are CARD-containing molecules that fit this structural
model and have leucine-rich repeats that recognize related (but
distinct) muropeptide subunits of the bacterial cell wall compo-
nent, peptidoglycan (PGN) (1, 5). NOD1 and NOD2 are mainly
expressed in APCs and epithelial cells, which are exposed to micro-
organisms expressing PGN. Most gastrointestinal epithelial cell
lines and, more importantly, primary epithelial cells, express
NOD1 (6, 7), whereas NOD?2 is present in specialized epithelial
cells, known as Paneth cells, at the base of the intestinal crypt (8).
Recent studies of the function of NOD1 have revealed that
activation by its stimulating muropeptide, y-D-glutamyl-meso-
diaminopimelic acid (iE-DAP), or certain synthetic derivatives of
this peptide, KF1B (9), leads to the production of cytokines and
chemokines by APCs and epithelial cells (10). Investigation of the
signaling pathway utilized for such production has suggested that,
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like NOD2, NOD1 effector function depends on the activation of
RIP2 (RICK) and NF-kB (5, 9, 11). It should be noted, however,
that the involvement of NF-kB in this pathway is based mainly on
signaling studies utilizing transfected cells in which NOD1 and/or
an NF-kB reporter gene is over-expressed rather than on studies
employing cells expressing endogenous NOD1 stimulated under
physiologic conditions. Thus it is possible that signaling pathways
not involving NF-kB activation play an important role in NOD1
induction of chemokines and cytokines.

Given the capacity of NOD1 to induce chemokines, such as IL-8
(CXCLS8), it is likely to play an important role in host defense
function at the interface of the organism with the gastrointes-
tinal milieu (7, 9). This was in fact shown clearly in studies in
which NOD1 activation was noted upon infection of epithelial
cell monolayers with invasive E. coli (7). In addition, it has been
reported that NOD1-deficient mice are more susceptible to gastric
infection with Helicobacter pylori and that H. pylori activates NOD1
by gaining intracellular access via a type IV secretion system depen-
dent on the cag pathogenicity island (12).

In the present study we focused on the signaling pathway that
is initiated by NOD1 activation and show that it utilizes a path-
way more commonly identified with cell signaling by viruses. This
pathway involves first the generation of NOD1-activated RICK and
then the binding of the latter to TRAF3, the key factor in deter-
mining the subsequent signaling events. This is then followed by
the activation of TANK-binding kinase 1 (TBK1) and downstream
components including IKKe and IFN regulatory factor 7 (IRF7),
which is followed by the synthesis of type I IFN and signaling
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Production of chemokines by HT-29 cells stimulated with MDP or iE-DAP. (A) IP-10, I-TAC, IL-8, and MDC production by iE-DAP—stimulated
HT-29 cells without IFN-y pretreatment. HT-29 cells (105/ml in 6-well plates) were stimulated with NOD1 ligand (iE-DAP; 1, 10, or 100 ug/ml) or
NOD2 ligand (MDP; 1, 10, or 100 ug/ml) for 24 hours. Cultured supernatants were harvested and assayed. (B) NOD1 and NOD2 expression in
HT-29 cells stimulated with TNF (10 or 100 ng/ml) or IFN-y (10 or 100 ng/ml) for 24 hours. Whole cell lysates from HT-29 cells transfected with
NOD1 and NOD2 cDNA were used for positive controls of NOD1 and NOD2 expression, respectively. (C) HT-29 cells (10%/ml in 6-well plates)
were cultured with IFN-y or TNF (10 or 100 ng/ml) for 24 hours and then cultured with iE-DAP (1 or 10 ug/ml) or MDP (1 or 10 ug/ml) for another
24 hours. Cultured supernatants were harvested and assayed for the presence of IP-10, I-TAC, IL-8, and MDC by ELISA. Results shown are
representative of 2 or 3 studies. Results are expressed as mean + SD. *P < 0.05; **P < 0.01 compared with cells cultured with medium alone.

of the latter through IFN-stimulated gene factor 3 (ISGF3). The
ISGFS3 then transactivates chemokines and additional IRF7, the
latter capable of amplifying type I IFN production and signaling.
Thus, NOD1 contributes to host defense not only via upregulation
of chemokine synthesis, but also through an unexpected ability to
initiate type I IFN production.

Results

NOD1 induces epithelial cells to produce large amounts of proinflammato-
ry chemokines. A diaminopimelic acid-containing molecule derived
from PGN has been identified as a specific ligand for NOD1 (10).
Thus, in initial experiments, we verified that the synthesized
iE-DAP used in most of the studies is a specific activator of NOD1.
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For this purpose, we transfected the HT-29 human colon epithe-
lial cell line with a construct expressing the promoter for the gene
encoding NF-kB linked to a luciferase reporter gene together
with a construct expressing one of the TLRs or NOD-like recep-
tors (13). The cells were then stimulated with ligands specific for
the transfected recognition molecule as positive control or with
iE-DAP. As shown in Supplemental Figure 1 (supplemental mate-
rial available online with this article; doi:10.1172/JCI39481DS1),
iE-DAP induced an NF-kB luciferase signal only in cells expressing
NOD1. It should be noted that NF-kB activation in this assay did
not provide a reliable estimate of NOD1 signaling via NF-kB in
physiologic cells, since the result could be heavily biased toward
showing a NOD1 effect on NF-kB signaling due to the sensitivity
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Activation of NF-kB and MAPK in HT-29 cells stimulated with iE-DAP. (A) HT-29 cells were either untreated or treated with 100 ng/ml of IFN-y
(24 hours) and then stimulated with 10 or 100 ug/ml of iE-DAP. Whole cell extracts prepared from the stimulated cells at the indicated time points
after stimulation with iE-DAP were then subjected to Western blot analysis. Extracts from HT-29 cells treated with 50 ng/ml TNF were used as
positive controls. (B) NF-kB activation was assessed by EMSA. Nuclear extracts were prepared from IFN-y—untreated or IFN-y-treated HT-29 cells
stimulated with iE-DAP (10 or 100 ug/ml) at the indicated time points. Nuclear extracts from TNF-treated (50 ng/ml) cells were used as a positive
control. (C and D) Translocation of NF-kB subunits (p65, p50) in nuclear extracts was determined by Transfactor assay. Nuclear extracts from
HT-29 cells treated with 50 ng/ml of TNF for 1 hour were used as positive controls for p65 and p50. HT-29 cells were pre-incubated with (D) or
without (C) IFN-y. (E) Wild-type (lkkb+*) or IKKB-deficient (lkkb~-) MEFs were stimulated with iE-DAP (100 ug/ml) or TNF (10 ng/ml) for 24 hours.
Cultured supernatants were subjected to an IP-10 assay. Results are expressed as means + SD. **P < 0.01 compared with wild-type cells.

of the NF-kB construct in this artificial system. In further stud-
ies, we determined the capacity of iE-DAP to stimulate BM-derived
dendritic cells (BMDCs) from NOD1-intact and NOD1-deficient
mice to produce IL-6. Thus, as shown in Supplemental Figure 1B,
NOD1-deficient BMDCs showed defective IL-6 production upon
stimulation with iE-DAP, but not with muramyl dipeptide (MDP),
as compared with NOD1-intact BMDCs. These data provide
strong evidence that the iE-DAP used in these studies activates
NOD1, but not NOD2 or the various TLRs.

Having obtained these results, we explored the capacity of NOD1
to induce chemokine production by gastrointestinal epithelial cell
lines in the absence and presence of proinflammatory cytokines.
As shown in Figure 1A, production of IFN-y-induced protein of
10 kDa (CXCL10, also known as IP-10) and IFN-inducible T cell
a-chemoattractant (I-TAC, also known as CXCL11) by HT-29 cells
(a colon epithelial cell line) was enhanced upon stimulation with
the NOD1 ligand iE-DAP, whereas MDP activation of NOD2 in
HT-29 cells did not increase production of these chemokines. In
addition, NOD1 stimulation increased HT-29 cell production of
IL-8 (CXCLB8) but not a chemokine associated with Th2 responses,
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macrophage-derived chemokine (MDC, also known as CCL22).
As shown in Supplemental Figure 1C, IP-10 levels obtained by the
stimulation of HT-29 cells with synthesized iE-DAP was equivalent
to the levels obtained by stimulation with iE-DAP obtained from a
commercial source or FK-156 (9, 10). Moreover, induction of IP-10
production was seen in HT-29 cells stimulated with low doses of iE-
DAP (10-100 ng/ml), but only when iE-DAP was delivered together
with lipofectamine (10 ng/ml iE-DAP, 13 + 1 pg/ml; 10 ng/ml iE-
DAP plus lipofectamine, 448 + 154 pg/ml; 100 ng/mliE-DAP, 14 + 1
pg/ml; 100 ng/ml iE-DAP plus lipofectamine, 977 + 48 pg/ml).
Since, as shown in Figure 1B, expression of NOD1 is enhanced
by IFN-y but not by TNF (whereas the opposite is true of NOD2),
we next measured production of IP-10 by HT-29 cells incubated
for 24 hours with IFN-y prior to stimulation with NOD1 or NOD2
ligand for another 24 hours. As shown in Figure 1C, IFN-y-precul-
tured HT-29 cells exhibited an increased baseline secretion of Th1
chemokines (IP-10 and I-TAC) that was greatly enhanced by NOD1
ligand stimulation. Thus, in the case of IP-10, NOD1 ligand stimu-
lation led to a massive increase in production that peaked at a level
some 500-fold greater than that seen in cells not pretreated with
Volume 120 Number 5
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Table 1
IP-10 production by HT-29 cells transfected with siRNAs specific
to RICK, p65, or p38

Parameter Control RICK p65 p38
Without IFN-y  141+0.8 31x02* 11.9+13 14.01.0
With IFN-y ~ 249.0+8.0 58.8+7.14 191.9+16.7 238.3+9.9
TNF 22.3+0.5 Notdone 6.3+0.3* 13.9x0.38

HT-29 cells were transfected with 20 nM of siRNAs specific to RICK,
p38, or p65 and then stimulated with iE-DAP (10 or 100 ug/ml) in the
presence or absence of IFN-y (100 ng/ml). Cells stimulated with TNF
alone (50 ng/ml) were used as controls. Cultured supernatants were
analyzed for IP-10 production; data are shown as ng/ml. Results are
expressed as means + SD and are representative of 2 studies.

AP < 0.01; BP < 0.05 compared with cells transfected with control siRNA.

IFN-y, whereas MDP stimulation did not induce secretion above
the baseline level obtained in unstimulated cells.

As shown in Supplemental Figure 2, similar data were obtained
in the study of AGS cells (a gastric epithelial cell line), in that the
NOD1 but not NOD2 ligand stimulated secretion of Th1-associ-
ated chemokines above baseline in both cells pretreated and not
pretreated with IFN-y. In addition, once again, greatly augmented
baseline and stimulated secretion was observed in the IFN-y-pre-
treated cells. Taken together, these data indicate that NOD1 ligand
stimulation of epithelial cells enhances the production of chemo-
kines in the presence or absence of IFN-y, but such enhancement
is limited to those chemokines associated with cytokines that par-
ticipate in the Th1 response.

NOD1I-induced Th1 chemokine production is dependent on RICK and is
largely independent of NF-KB activation. We next turned our attention
to the signaling pathway involved in NOD1-induced chemokine
production in HT-29 cells and AGS cells. Previous studies have
established that NOD2 activation results in interactions between
the CARD domain of the NOD molecule and the CARD domain
of a downstream effector molecule, the serine-threonine kinase
RICK, and the activated RICK thus generated activated NF-kB
(1,2,4,5, 14). In addition, it has been shown that NOD2, acting
through TAK-1, activates elements of the MAPK pathway, includ-
ing p38, ERK, and JNK (1, 15). Several lines of evidence have been
presented supporting the idea that a similar, if not identical, sig-
naling pathway applies to NOD1 (16, 17). However, for reasons
discussed above (see Introduction) we decided to re-examine this
concept. Thus, in initial studies we determined whether stimula-
tion of epithelial cells with NOD1 ligand (iE-DAP) did in fact lead
to the appearance of activated NF-kB or MAPK components. As
shown in Figure 2A, stimulation of HT-29 cells with NOD1 ligand
with and without IFN-y pretreatment did not lead to the activa-
tion of NF-kB or p38/JNK kinases, since neither degradation of
IxBa nor expression of phosphorylated forms of p38 and JNK
was detected in the whole cell extracts. However, NOD1 ligand
stimulation in the absence but not in the presence of IFN-y led to
the activation of ERK. In positive control studies, we showed that
stimulation of cells with TNF led to easily detectable degradation
of IkBa and activation of MAPKs (Figure 2A).

In further studies we explored the involvement of NF-kB acti-
vation in NOD1 signaling using assays of factor activation and
nuclear translocation. As shown in Figure 2B, EMSAs of nuclear
extracts of NOD1 ligand-stimulated HT-29 cells detected a rela-
1648
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tively weak NF-kB binding signal in the absence of IFN-y (or even in
the presence of IFN-y) compared with the signal obtained in TNF-
treated HT-29 cells. In addition, as shown in Figure 2, C and D,
and Supplemental Figure 3, semiquantitative “Transfactor” bind-
ing assays (see Methods) (13) of nuclear extracts of NOD1 ligand-
stimulated HT-29 cells did not give rise to NF-kB subunit signals
significantly above baseline (p65, pS0, p52, or RelB) in cells stimu-
lated with or without IFN-y, whereas identical assays of nuclear
extracts of TNF-treated HT-29 cells (p65 and p50) and Raji cells
(p52 and RelB) gave rise to easily detectable NF-kB subunit sig-
nals. Thus, while evidence of weak NF-kB activation by NOD1
ligand stimulation was obtained with the sensitive 32P-labeled
probe-based EMSA method, no evidence of such activation was
detected in the Transfactor binding assay. Finally, as shown in
Supplemental Figure 4, a similar picture emerged from studies of
NOD1 stimulation of AGS cells, where again NF-kB activation was
not detected by the Transfactor assay.

In a second set of studies to determine which of previously estab-
lished signaling components of NOD1 signaling were relevant to
chemokine production, HT-29 cells were incubated with various
inhibitors specific to these pathways, including PD98059 (ERK
inhibitor), SB203580 (p38 and RICK inhibitor) (18), SP600125
(JNK inhibitor), or BAY11-7082 (NF-kB inhibitor) for 1 hour and
then stimulated with NOD1 ligand. As shown in Supplemental
Figure 5A, addition of the p38 and RICK inhibitor SB203580 to
cultures led to reduced IP-10 production by both IFN-y-treated
and -untreated HT-29 cells in a dose-dependent manner. In con-
trast, addition of an ERK or JNK inhibitor had no inhibitory
effects on IP-10 production, and addition of the NF-kB inhibitor
BAY11-7082 was also not inhibitory except at the highest dose
(25 uM), when it was partially inhibitory. In control experiments,
20 uM of each inhibitor effectively reduced IP-10 production by
HT-29 cells stimulated with TNF (Supplemental Figure 5B); thus,
the dose of inhibitors used was sufficient to see inhibitory effects.

In additional studies to evaluate the role of the aforementioned
signaling components in NOD1-mediated chemokine produc-
tion, we transfected HT-29 cells with control, p38, p65, or RICK
siRNA and then stimulated the cells with NOD1 ligand. As shown
in Table 1, transfection of RICK-specific siRNA into cells either not
pre-incubated or pre-incubated with IFN-y greatly reduced IP-10
production by HT-29 cells. In contrast, transfection of p38 siRNA
had no effect and transfection of p65 siRNA had a small effect that
was not statistically significant. Finally, we determined the ability
of NOD1 ligand to induce mouse embryonic fibroblasts (MEFs)
lacking IKKB (19) to produce IP-10. As shown in Figure 2E, NOD1
ligand induced wild-type MEFs and IKKf-deficient MEFs to pro-
duce comparable levels of IP-10, whereas TNF stimulation of IKKf3-
deficient MEFs resulted in greatly reduced IP-10 production.

Taken together, this series of studies indicates that NOD1 ligand
signaling and induction of chemokines associated with the Th1
response in HT-29 cells is dependent on RICK activation and that
NF-kB and MAPKs play, at best, minor roles in such signaling/
induction, at least with respect to mucosal epithelial cells.

RICK induced by NODI interacts with TRAF3. Having established
that NOD1 induction of IP-10 depends on its downstream effec-
tor molecule RICK but not necessarily on NF-kB, we next turned
our attention to the molecular interactions that might alterna-
tively facilitate RICK induction of IP-10. Here we considered the
possibility that TRAF3 might play an important role, since this
adaptor protein negatively regulates NF-xB activation and, via
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Figure 3

NOD1-induced interaction of TRAF3 with RICK or TBK1. (A) HEK293 cells were transfected with 2 ug of V5-tagged RICK cDNA and/or 2 ug
of TRAF3 cDNA. Lysates were immunoprecipitated with anti-V5 beads followed by immunoblotting with anti-TRAF3 Ab. (B and C) Physical
interaction between RICK and TRAF3 (B) or between TRAF3 and TBK1 (C). HT-29 cells or THP1 cells untreated (B, left panel) or treated with
IFN-y (100 ng/ml) (right panel) for 24 hours were left unstimulated (medium, 100 ug/ml) or were stimulated with iE-DAP (10 ug/ml) or MDP (100
ug/ml) for 1 hour. Lysates were immunoprecipitated with anti-RICK Ab or anti-TRAF3 Ab, followed by immunoblotting with anti-TRAF3 Ab or anti-
TBK1 Ab. (D) IP-10 production by iE-DAP—stimulated HT-29 cells transfected with TBK1 or IKKe siRNA. Top: expression of TBK1 and IKKe in
HT-29 cells transfected with TBK1 or IKKe siRNA. Bottom: IP-10 production of transfected cells. HT-29 cells were transfected with TBK1 siRNA,
IKKe siRNA, or control siRNA (20 nM each) and after 24 hours cells were cultured for a further 48 hours with iE-DAP (100 ug/ml) or TNF (100
ng/ml). *P < 0.05; **P < 0.01 compared with cells transfected with control siRNA. (E) Wild-type (Tbk1+*Ikke+*) or TBK1/IKKe—double-deficient
(Tbk1--Ikke-) MEFs (108/ml) were stimulated with iE-DAP (100 ug/ml) or TNF (10 ng/ml) for 24 hours. Cultured supernatants were subjected
to an IP-10 assay. Results are expressed as mean + SD. **P < 0.01 compared with wild-type cells.

TBK1/IKKe activation, induces IRFs that have been implicated in
type I IFN induction of IP-10 (20, 21). To explore this possibil-
ity, we first performed co-immunoprecipitation studies to deter-
mine whether RICK physically interacts with TRAF3. As shown
in Figure 3A, immunoprecipitation of whole cell extracts of
HEK293 cells overexpressing V5-tagged RICK and TRAF3 cDNA
constructs with anti-V5-conjugated beads followed by immunob-
lotting with anti-TRAF3 showed that RICK does indeed bind to
TRAF3. Control studies in which TRAF2-RICK interactions were
evaluated proved negative (data not shown). In addition, as shown
in Figure 3B, similar and more definitive results were obtained
by co-immunoprecipitation of endogenous RICK and TRAF3 in
extracts of NOD1 ligand-stimulated HT-29 cells but not NOD2
ligand-stimulated HT-29 cells. Physical interaction between RICK
and TRAF3 was also seen in HT-29 cells pretreated with IFN-y and
stimulated with NOD1 ligand. In contrast, stimulation of THP1
cells (a monocytic cell line) with NOD1 or NOD2 ligand did not
resultin co-immunoprecipitation of endogenous RICK and TRAF3
even in cells prestimulated with IFN-y, which enhances expression
of NOD1 (6). Thus, NOD1 activation induces interaction between
RICK and TRAFS3 in epithelial cells rather than in APCs. Finally,
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as shown in Supplemental Figure 6A, THP1 cells failed to produce
IP-10 in response to stimulation with NOD1 ligand, strongly sug-
gesting that NOD1-induced interaction between RICK and TRAF3
plays an important role in the production of this chemokine.

In further studies to determine the effect of the interaction of
RICK with TRAF3 on TRAF3 or on TRAF3 signaling, we showed
first that this interaction is not likely to result in phosphorylation
of TRAF3 by RICK because NOD1 ligand-stimulated HT-29 cells
produce IP-10 after transfection with a plasmid expressing RICK
but lacking kinase activity (data not shown). Nevertheless, we did
find that the interaction led to activated TRAF3, since, as shown in
the co-immunoprecipitation study in Figure 3C, upon stimulation
of HT-29 cells with NOD1 ligand but not NOD2 ligand, TRAF3
physically interacted with TBK1, a known downstream factor of
TRAF3. TBK1 along with IKKe led to the activation of IRFs neces-
sary for type I IFN induction including IRF7, an IRF shown below
to be activated by NOD1 stimulation (Figure 4).

On the basis of the above studies, we reasoned that if indeed the
RICK interaction with TRAF3 and the TRAF3 interaction with
TBKI1 are relevant to NOD1-induced IP-10 synthesis, then inter-
ference with TBK1 and IKKe function would affect such synthe-
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Figure 4

Type | IFN signaling induced by NOD1. (A) IFN-B production by HT-29 cells stimulated with NOD1 ligand. HT-29 cells with (right) or without
(left) pre-incubation with 100 ng/ml of IFN-y (24 hours) were stimulated with NOD ligands (iE-DAP or MDP) for 12 hours, after which culture
supernatants were collected and subjected to IFN-§ assay. **P < 0.01 compared with cells cultured with medium alone. (B) Expression of
IRF3, IRF7, and IRF9 in nuclear extract from HT-29 cells. USF-2 expression was used as a loading control. Nuclear extracts from HT-29 cells
treated with IFN-p were used as positive controls. (C) Expression of IRF7 in nuclear extracts was determined by Transfactor assay. Nuclear
extracts from HT-29 cells treated with IFN- for 1 hour were used as positive controls. HT-29 cells with (bottom) or without (top) pre-incubation
with IFN-y were stimulated with iE-DAP (10 or 100 ug/ml) for 4 hours, at which point nuclear extracts were prepared. *P < 0.05; **P < 0.01. (D)
IP-10 production induced by NOD1 activation depends upon type | IFN signaling. HT-29 cells were pretreated with control Ab or neutralizing
anti-IFNafR antibody (top, 10 or 50 ug/ml; bottom, 50 ug/ml) for 24 hours before stimulation with NOD1 ligand. Cultured supernatants were
subjected to IP-10, IFN-B, and MDC assays (top: HT-29 cells without IFN-y pre-incubation; bottom: HT-29 cells pre-incubated with IFN-y).
Results are expressed as mean + SD. **P < 0.01 compared with cells treated with control Ab.

sis. To test this possibility, we stimulated HT-29 cells with NOD1  tion in MEFs lacking both TBK1 and IKKe (22). As shown in

ligand in the presence of TBK1 or IKKe siRNA and control siRNA.
As shown in Figure 3D, Western blot analysis of cell extracts of
stimulated cells showed that the siRNAs employed had substantial
but nevertheless incomplete downregulatory effects on the target
components. In addition, as shown in Figure 3D, both the TBK1-
and IKKe-specific siRNAs inhibited NOD1 ligand-induced IP-10
production in approximate proportion to the inhibition of the
target components; in contrast, TNF-induced IP-10 production
was not reduced in HT-29 cells transfected with TBK1-or IKKe-
specific siRNAs. Finally, to further verify that both TBK1 and IKKe
are part of the NOD1-mediated signaling pathway involved in
IP-10 production, we determined NOD1-induced IP-10 produc-
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Figure 3E, NOD1 ligand-induced IP-10 production was severely
impaired in MEFs lacking both TBK1 and IKKe as compared with
wild-type MEFs, whereas comparable MEFs showed no difference
in TNF-induced IP-10 production. Taken together, these data pro-
vide strong evidence that the RICK/TRAF3/TBK1/IKKe interac-
tion is indeed involved in the NOD1 stimulation pathway, which
results in IP-10 production.

It has been shown that TRAF3 activation leads to inhibition of
NF-kB activation (23). Thus, NOD1-induced binding of RICK to
TRAF3 provides a possible explanation for why NOD1 signaling
results in only marginal NF-kB activation. As shown in Supple-
mental Figure 6B, this possibility is supported by the fact that
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Figure 5

ISGF3-dependent production of IP-10 in HT-29. (A) Expression of Stat1, Stat2, and IRF-9 in whole cell extracts of HT-29 cells. Middle and right
panels show immunoblots from HT-29 cells not treated with IFN-y and treated with IFN-y, respectively. Extracts from cells treated with IFN-f3 were
used as positive controls. (B) Nuclear translocation of ISGF3 by NOD1 activation. Nuclear extracts were prepared from IFN-y—untreated (left 2
blots) or IFN-y—treated (middle) HT-29 cells stimulated with iE-DAP. Nuclear extracts from IFN-y—treated HT-29 cells 2 hours after stimulation
with iE-DAP were used for Supershift assays (right). White arrowheads indicate position of the ISGF3 complex. Black arrowheads indicate posi-
tion of supershifted complexes. (C) Expression of Stat1 in nuclear extracts was determined by Transfactor assay. HT-29 cells pre-incubated or
not with IFN-y were stimulated with iE-DAP for 4 hours, at which point nuclear extracts were prepared. **P < 0.01 compared with cells without
stimulation. (D) Production of IP-10 and IFN-$ by HT-29 cells transfected with Stat1 or Stat2 siRNA. HT-29 cells were transfected with control
vector, Stat1 siRNA—expressing vector, or Stat2 siRNA—expressing vector and then stimulated with iE-DAP in the absence of IFN-y. Cells were
then lysed, and the whole lysates obtained were subjected to Western blot analysis. Production of IP-10 and IFN-3 by HT-29 cells transfected
with Stat1 or Stat2 siRNA is shown in the graphs. Results are expressed as mean + SD. **P < 0.01 compared with cells transfected with control

vector. Results shown are representative of 2 similar studies.

HT-29 cells cotransfected with an NF-kB-luciferase reporter con-
struct along with either of 2 different TRAF3-specific siRNAs
exhibited a significantly increased luciferase signal when stimu-
lated with NOD1 ligand as compared with cells transfected with
the NF-kB-luciferase construct alone.

IP-10 production induced by NOD1 activation depends upon type I IFN.
The above data showing that NOD1 signaling proceeds through an
alternative signaling pathway involving TRAF3 as well as the genera-
tion of TBK/IKKe led us to ask next whether this pathway results
in the production of type I IFN, a cytokine that has been shown to
induce the production of IP-10 via the generation of ISGF3. The lat-
ter is a molecular complex consisting of p-Statl, p-Stat2, and IRF9
that initiates transcription of IP-10 via binding to an IFN-stimu-
lated response element (ISRE) in the IP-10 promoter (24, 25).

In an initial test of this hypothesis, we determined whether
NOD1 ligand induces HT-29 cells to produce IFN-f. As shown
in Figure 4A, NOD1 stimulation of HT-29 cells led to the pro-
duction of increased amounts of IFN-f in both the absence and
presence of IFN-y, whereas NOD2 ligand had no such effect. In
addition, enhanced production of IFN-} was also seen in HT-29
cells stimulated with low doses of iE-DAP in combination with
lipofection (10 ng/ml iE-DAP plus lipofectamine, 1.3 + 0.1 U/ml;
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100 ng/mliE-DAP plus lipofectamine, 6.5 + 0.7 U/ml). Since such
IFN-f production requires nuclear translocation and transactiva-
tion by IRF3 and/or IRF7 (26, 27), we then determined whether
stimulation by NOD1 ligand enhances the expression of these
transcription factors. As shown in Figure 4B, nuclear extracts
of HT-29 cells stimulated by NOD1 ligand or IFN-f as a posi-
tive control exhibited greatly increased expression of IRF7 and
a lesser increase in IRF3 expression when subjected to Western
blot analysis. To quantify this NOD1 stimulation effect on IRF7,
we subjected nuclear extracts of NOD1 ligand-stimulated cells to
the Transfactor assay, again using nuclear extracts from IFN-B-
treated cells as positive controls. As shown in Figure 4C, in cells
stimulated by NOD1 ligand, nuclear translocation of IRF7 was sig-
nificantly enhanced as assessed by this technique. In further control
studies, we compared the production of IFN-f and IRF7 induced
by NOD1 ligand with that induced by poly (I:C) (double-stranded
RNA [dsRNA]) stimulation. As shown in Supplemental Figure
7A, whereas dsRNA was a considerably better inducer of IFN-f
production than was iE-DAP, these stimuli induced nearly compa-
rable amounts of IRF7. In contrast, stimulation with TNF did not
induce IFN-f production or IRF7 transactivation. IFN-f produc-
tion induced by dsRNA but not iE-DAP was partially mediated
Volume 120 1651
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Activation of ISGF3 in primary epithelial cells by stimulation with NOD1 ligand. (A) Primary epithelial cells were isolated from the small intes-
tine of IFN-y—intact (/fng++) and IFN-y—deficient (/fng~-) mice. Primary epithelial cells were isolated from the small intestine of IFNafR-intact
(Ifnabr++) and IFNa.pR-deficient (Ifnabr’-) mice. Primary epithelial cells (2 x 10%/ml) were stimulated with iE-DAP (100 ug/ml) for 24 hours.
Cultured supernatants were harvested and assayed for the presence of IP-10, IFN-$, and MIP-2 using ELISA. (B) Nuclear translocation of Stat1
and p65. Cells were stimulated with iE-DAP (100 ug/ml), and then nuclear extracts were prepared. Cells were stimulated with iE-DAP for 1 hour
for p65 assay and for 4 hours for Stat1 assay. Nuclear extracts isolated from cells stimulated with IFN-f3 (1,000 U/ml) or TNF (100 ng/ml) were
used as positive controls. Results are expressed as mean + SD. Results shown are representative of 2 similar studies. **P < 0.01 compared

with unstimulated cells.

by NF-kB activation, since, as shown in Supplemental Figure 8A,
addition of BAY11-7082 (NF-kB inhibitor) caused considerable
reduction in dsRNA-induced IFN-f production.

In a final study to establish the role of type I IFN in NOD1
induction of IP-10, we determined whether alterations in type I
IFN signaling would affect IP-10 production. As shown in Figure
4D, neutralization of type I IFN signaling by an IFN-af} receptor
(IFNoBR) mADb decreased IP-10 production in a dose-dependent
manner but had no effect on the production of the Th2 chemo-
kine MDC. Moreover, as shown in Supplemental Figure 8B, stimu-
lation of HT-29 cells with IFN-f} increased IP-10 production in a
dose-dependent manner. It should be noted that complete inhi-
bition of IFN-f production was not obtained by addition of an
IFNofR mAb. This may be due to the presence of intracellular
type I IFNR (28). Taken together, these data provide strong evi-
dence that NOD1 induction of IFN-f synthesis does in fact result
in the production of IP-10.

NOD1 activation induces formation and nuclear translocation of
ISGF3. In further studies of possible NOD1 induction of IP-10
via an IFN-B-mediated pathway, we determined whether NOD1
activation leads to the generation of ISGF3, the aforementioned
transcription factor of IP-10. In particular, we analyzed the
expression of Statl, Stat2, and IRF proteins in HT-29 cells stimu-
lated with NOD1 ligand (or with IFN-f as a positive control) by
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immunoblotting whole cell extracts of stimulated cells. As shown
in Figure 5A, such stimulation of HT-29 cells, whether pre-incu-
bated with IFN-y or not, led to enhanced expression of p-Statl
(at both serine and tyrosine sites) and p-Stat2. The enhanced
baseline expression of activated Statl and Stat2 in cells subject
to IFN-y pre-incubation did not obscure the increased expression
of these factors induced by NOD1 ligand. Finally, as shown in
Supplemental Figure 7B, phosphorylation of Stat1 and Stat2 was
seen in HT-29 cells stimulated with dsRNA but not with TNF.

In parallel studies we determined the expression of IRF pro-
teins by immunoblotting whole cell and/or nuclear extracts. As
shown in Figure 4B and Figure SA, while stimulation of HT-29
cells in the absence of IFN-y with NOD1 ligand did not lead to
detectable expression of IRF9 in whole cell extracts, it clearly led
to increased expression of IRF9 in nuclear extracts. In addition,
such activation led to expression of IRF9 in NOD1-stimulated
cells pre-incubated with IFN-y.

In a further analysis of ISGF3 translocation, we performed
EMSAs on nuclear extracts using a 3?P-labeled ISRE probe. As
shown in Figure 5B, NOD1 ligand stimulation of HT-29 cells
induced an ISRE-binding complex at 1 and 4 hours after stimula-
tion in cells not pre-incubated with IFN-y. In addition, as shown
in Figure 5B, such stimulation of IFN-y-pre-incubated HT-29 cells
induced a binding complex supershifted with antibodies to Statl,
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Figure 7

NOD1 expressed in nonhematopoietic lineage cells is
responsible for the production of IP-10 and IFN-f. (A)
Production of IP-10, IFN-f, and IL-12p40. NOD1-intact

(Nod1++) and NOD1-deficient (Nod7--) mice were
administered NOD1 ligand (FK156; 200 ug) or NOD2
ligand (MDP; 200 ug) by intraperitoneal injection. Sera
were obtained from these mice at the indicated time
points. **P < 0.01 compared with other groups. (B) BM-
chimeric mice were created as described in the text.
Mice were reconstituted with 2 x 106 BM cells. Sera were
obtained from these BM-chimeric mice 2 hours after
intraperitoneal administration of NOD1 ligand. Results
are expressed as means + SD. **P < 0.01 compared
with NOD1-intact (GFP-Tg) mice reconstituted with BM
cells from GFP-Tg mice. Results shown are representa-
tive of 2 studies, and each group consists of 4 mice.

the ISGF3 signaling pathway, and whether IP-10 syn-
thesis is dependent on this pathway. In initial con-
trol studies (Figure 5D), we showed that transfection
of resting HT-29 cells with vectors expressing Stat1
and Stat2 siRNAs do in fact substantially reduce the
expression of Statl and Stat2, respectively, in whole
extracts of these cells 48 hours after the transfection.
We then transfected control, Statl siRNA, or Stat2
siRNA into HT-29 cells and stimulated the cells with
NOD1 ligand. As shown in Figure 5D and Supple-
mental Figure 10A, transfection of Statl or Stat2
siRNA reduced IP-10 production upon stimulation
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Stat2,and IRF9. In contrast, nuclear extracts from HT-29 cells stim-
ulated with NOD1 ligand using a probe consisting of the IFN-y-
activated site did not yield a band indicative of the presence of
nuclear Statl homodimer (data not shown). To verify this NOD1
stimulation effect on ISGF3, we also subjected nuclear extracts
of NOD1 ligand-stimulated cells to a Stat1-specific Transfactor
Assay. As shown in Figure 5C, in cells stimulated by NOD1 ligand
in the presence and absence of IFN-y, nuclear translocation of
Statl was significantly enhanced, as assessed by this technique.
Taken together, these data show that NOD1 activation by its
ligand induces nuclear translocation of ISGF3.

The above data show quite clearly that NOD1 ligand stimula-
tion of HT-29 cells is associated with increased expression of all
3 components of ISGF3 (Statl, Stat2, and IRF9) whether or not
cells were pre-incubated with IFN-y, and that such expression
was accompanied by nuclear translocation of ISGF3. As shown
in Supplemental Figure 9, in confirmation of some of these find-
ings, NOD1 ligand stimulation of AGS cells also led to activation
of both Statl and Stat2.

Production of Th1 chemokines mediated by NOD1 depends on the ISGF3
signaling pathway. In a final series of in vitro studies using gastroin-
testinal cell lines, we used a gene-silencing approach to determine
whether NOD1 ligand signaling is associated with activation of
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with NOD1 ligand whether or not cells were pre-
incubated with IFN-y. In contrast, no change was
seen in production of the Th2 chemokine MDC fol-
lowing transfection of these vectors (data not shown).
Finally, as shown in Supplemental Figure 10B, NOD1
ligand stimulation of AGS cells not pre-incubated
with IFN-y exhibited reduced IP-10 production fol-
lowing transfection of Statl siRNA and Stat2 siRNA vectors. As
shown in Figure 5D and Supplemental Figure 10A, this reduc-
tion of IP-10 production by transfection of Stat1 siRNA and Stat2
siRNA was not due to off-target effects, since knockdown of Stat1
and Stat2 reduced IFN-f production by HT-29 cells regardless of
whether cells were pretreated with IFN-y. Thus, these data pro-
vide strong evidence that NOD1 activation of the ISGF3 pathway
results in the production of chemokines associated with the Th1
response such as IP-10 in the presence or absence of IFN-y.

IFN-B and IP-10 production by primary cells stimulated with NOD1
ligand. We next addressed whether NOD1 activation results in
enhanced IFN-f production by primary intestinal epithelial cells
as well as intestinal epithelial cell lines. For this purpose, we iso-
lated primary epithelial cells from the small intestine and then
stimulated these cells with NOD1 ligand for various lengths of
time depending on the response measured (see Methods). Cells
isolated from IFN-y-deficient mice (29) or IFNaf3R-deficient mice
(30) were also studied to address the role of IFNs in NOD1 acti-
vation. As shown in Figure 6A, NOD1 ligand stimulation of pri-
mary epithelial cells led to increased production of IFN-f3, IP-10,
and MIP-2 in cells from both IFN-y-intact and IFN-y-deficient
mice. In addition, as shown in Figure 6B, NOD1 ligand stimu-
lation also led to markedly enhanced nuclear translocation of
Number 5 1653

Volume 120 May 2010



research article

A % B C
= 7 T 77
a a il [JNo infection
o Q 2
g é o504 MH. pyloriinfection 30 4
y o JE =l o] ] D - D= -
o Seb E'F 2001 Eg £ 3301
= E == o 1 =]
58 s Q 8%150. S g% 88
X O o ®E B E S E 20
Qo Qo 8o Lo S o
:5 5 =tk =2 1007 = o
r> I o o § 10 P = *
Lk L(_)L = % * T * = ?S 101
o pets iC © 507 o © T =]
.8] 4 = a 0" 0 - 0 -
= Ifnabr+  Ifnabr— & Nod1+  Nod1~- MNodi+*  Nodi~ Nodi+*  MNodi1+ Nodi+*  Nodi~—
D 4 0.41 15
Day 1 Day 7 =/ e
1.0 1 y ) y DF E® 23
1.5 Eo 3 o 8037 @
Ed CINo infection =1 § = S §1_0-
_ M H. pylori infection :m g » S E 021 S E
£06- 101 £e o2 o
: = N % %051
< K d @011 g8
- = o
= 04 * Fo = =
ey 0.5 1
w 0.0
024 0 Nod1**  Nod1-+ Nod1+*  Nodi1~ 2.9 Nodi+*  Nod1~
0.0 - -
Nod1+ Nod1+ 99 Nod 1+ Nod1+
E
0.8
Nod1++  Nod1- Neodi1+*  Nod1~"
061 P-Tyr Stat1 I
& Stat! IEEGE——
> 041 P-Tyr Stat2 IS S
‘| Stat2 I
0.2 |IRFY = e == ——= 5
Actin
0.0 -
Nod 1+ Nod 1~ Nod1+ Nod'1+

Figure 8

NOD1-mediated host defense against H. pylori infection of the stomach. (A) Ifnabr++ and Ifnabr-- mice were inoculated with cag* H. pylori via the
oral route. Two weeks after the infection, mice were sacrificed and the stomach was removed to measure the bacterial load. Results are expressed
as mean = SEM. *P < 0.05 compared with those of IFNapR-intact mice. (B and C) Nod7++ and Nod71-- mice were inoculated with cag* H. pylori
via the oral route. Two weeks after the infection, mice were sacrificed and the stomach was removed. Chemokine and cytokine concentration
(measured by ELISA; C) and H. pylori concentration (measured by plating; B) were measured in gastric mucosa (normalized for weight of tis-
sue) of the mice 2 weeks after the infection. Data were obtained from 5 mice in each group. Results are expressed as means + SEM. *P < 0.05
compared with NOD1-intact mice. (D and E) Nuclear translocation of Stat1 and p65 in the gastric mucosa 1 day and 1 week after the infection as
assessed by Transfactor assay (n = 5 in each group; D). Expression of ISGF3 components in whole extracts isolated from the gastric mucosa of
the mice as determined by Western blot (left). Activation of NF-kB in nuclear extracts from gastric mucosa was analyzed by EMSA (right). 4 gastric
extracts isolated from 2 NOD1-deficient and NOD1-intact mice were subjected to assay (E). Results are expressed as means + SEM. *P < 0.05

compared with those of NOD1-intact mice.

Statl but did not cause significant nuclear translocation of p65
as measured in the Transfactor assay, whereas TNF stimulation
did cause significant translocation. In contrast, as also shown in
Figure 6A, primary epithelial cells from IFNafR-deficient mice
showed defective production of IFN-f and IP-10 but not MIP-2
upon stimulation with NOD1 ligand and, as also shown in Fig-
ure 6B, this reduction of IFN-f and IP-10 was associated with
impaired nuclear translocation of Statl in IFNafR-deficient
cells. Finally, neutralization of type I IFN signaling by an IFNafR
mADb decreased IP-10 production but had no effect on the pro-
duction of MIP-2 in primary epithelial cells from wild-type mice
(data not shown). These data thus verify with primary intestinal
epithelial cells that NOD1 activation results in the production
of IFN-f and IP-10 through the ISGF3 pathway rather than the
1654
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NF-kB pathway. Finally, it should be noted that responses of pri-
mary gastric epithelial cells were also studied in relation to in
vivo studies of H. pylori infection (see below).

We also addressed the role of TBK1, IKKe, and IKKf} in NOD1-
induced IFN-f production. As shown in Supplemental Figure 11,
whereas IFN-f production induced by NOD1 ligand was not
impaired in IKKB-deficient MEFs, it was severely impaired in
TBK1/IKKe-double-deficient MEFs. Similarly, NOD1-mediated
nuclear translocation of Statl was not impaired in IKKB-deficient
MEFs but was severely impaired in TBK1/IKKe-double-deficient
MEFs. On the other hand, IFN-f induced similar amounts of
nuclear translocation of Statl in wild-type, TBK1/IKKe-double-
deficient, and IKKB-deficient MEFs, whereas TNF induced reduced
nuclear translocation of p65 in IKKP-deficient MEFs. These data
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using MEFs provide additional evidence that NOD1 activation of
type I IFN signaling depends on TBK1 and IKKe but not IKKf.

Activation of ISGF3 and NF-KB by H. pylori infection. In a final series
of in vitro studies, we investigated NOD1 ligand activation of the
ISGF3 signaling pathway during stimulation of NOD1 by intact
H. pylori. To this end, we infected AGS cells with cag* H. pylori strain
(TN2GF4), recognizing that the latter release NOD1 ligand into
cells via a type IV secretion system (12, 31). As shown in Supple-
mental Figure 12, H. pylori infection of the AGS cells led to a mas-
sive increase of IFN-f3, IP-10, and IL-8 production accompanied
by activation of both Statl and Stat2 and nuclear translocation of
Statl. However, in contrast to the outcome of NOD1 ligand alone,
H. pylori infection also led to activation of NF-kB as assessed by
degradation of IxBa and nuclear translocation of p65 and p50.
Thus, these data show that cag* H. pylori organisms do indeed acti-
vate epithelial cells via the IFN-B-ISGF3 pathway and in this case
through the NF-kB pathway as well.

Activation of NF-«B by H. pylori does not necessarily contradict
our previous findings that NOD1 is a poor activator of NF-kB,
since it is possible that such activation does not involve NOD1.
To investigate this possibility, we studied H. pylori effects on AGS
cell responses in the presence of siRNAs specific for NOD]I, Stat1,
and p65. As shown in Supplemental Figure 13A, we first showed
that the siRNAs used were capable of knocking down their spe-
cific target proteins. Then, as shown in Supplemental Figure 13,
B and C, we showed that infection of AGS cells in the presence of
siRNA specific for NOD1 resulted in impaired nuclear transloca-
tion of Statl and production of IFN-f and IP-10 upon infection
with this organism, while transfection of this siRNA had no effects
on nuclear translocation of p65 or on IL-8 production. In contrast,
infection of cells in the presence of siRNA specific for p65 and
Stat1 led to impaired nuclear translocation of these transcription
factors and to reduced production of IL-8 and IFN-f3, respectively.
These studies revealed that p65 activation in response to H. pylori
infection does not in fact depend upon NOD1, which is fully con-
sistent with a previous study by Hirata et al., which showed that
H. pylori organisms can activate NF-kB in epithelial cell lines
through NOD1-independent mechanisms (32), and with a study
by Viala et al., which showed that primary gastric epithelial cells
infected with H. pylori produce chemokines in the absence of
nuclear translocation of NF-kB p65 (12).
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Figure 9
NOD1-mediated host defense against
H. pylori depends on activation of Stat1.
Nod1++and Nod1-- mice injected with Stat1
siRNA or control siRNA encapsulated in
HVJ-E vector intraperitoneally before infec-
B Nod - Stat siFINA tion of H. pylori. (A) Expression of total Stat1
% in extracts (isolated from the gastric muco-
& - sa) of the mice treated with Stat1 siRNA or
control siRNA encapsulated in HVJ-E as
determined by Western blotting. 2 gastric
6- extracts from each group were used for the
assay. (B) IP-10, IFN-y, TNF, and H. pylori
concentrations (normalized for the weight
of tissue in the gastric mucosa). Results

[ Nod 1+ control siRNA
W Nod 1+ Stat1 siRNA
[ Nod1- control siRNA

H. pylori load
(log CFU/g gastric mucosa)

51 are expressed as means + SEM. *P < 0.05;
**P < 0.01 compared with those of NOD1-
intact mice treated with control siRNA.
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NODI1 stimulation in vivo results in IEN-B and IP-10 production by non-
hematopoietic cells. In further studies we sought to show that NOD1
signaling resulting in concomitant and interrelated production of
type I IFN and IP-10 can also be achieved in vivo. Initially, we deter-
mined the serum IFN-f and IP-10 responses of NOD1-intact and
NOD1-deficient mice following systemic (intraperitoneal) admin-
istration of NOD1 ligand (FK156) (33) or NOD2 ligand (MDP).
As shown in Figure 7A, administration of NOD1 ligand induced a
burst of IFN-f and IP-10 production, peaking 2 hours after ligand
administration in NOD1-intact but not in NOD1-deficient mice.
In contrast, such induction of IFN-f and IP-10 synthesis was not
seen in either type of mouse administered NOD2 ligand. No differ-
ence was seen in serum levels of IL-12p40 in mice administered the
NOD1 or NOD2 ligand, indicating that the doses of NOD ligands
used in this study were sufficient to cause immune responses.
These data indicate that systemic NOD1 but not NOD2 activa-
tion induces IFN- and IP-10 production.

We next determined whether BM-derived hematopoietic cells
were responsible for the above production of IFN-f and IP-10
following systemic NOD1 activation. To this end we created BM-
chimeric mice consisting of irradiated NOD1-intact mice bearing
a GFP-expressing transgene under an actin promoter (GFP-Tg
mice) (34) or NOD1-deficient mice, both reconstituted with either
NOD1-intact or -deficient BM cells. Replacement of BM cells was
confirmed by flow cytometry analysis of GFP expression 8 weeks
after transplantation. More than 85% of splenic CD11b* cells were
GFP-positive in NOD1-deficient mice treated with an intravenous
injection of BM cells from GFP-Tg mice, whereas less than 10%
of splenic CD11b* cells were GFP-positive in GFP-Tg mice treated
with an intravenous injection of BM cells from NOD1-deficient
mice. As shown in Figure 7B, NOD1 activation (by ligand admin-
istration as described above) elicited comparable serum levels of
IFN-B and IP-10 in NOD 1-intact (GFP-Tg) mice reconstituted with
either NOD1-deficient BM cells or NOD1-intact (GFP-Tg) BM
cells. In contrast, NOD1 activation elicited equally low serum lev-
els of IFN-f} and IP-10 in both NOD1-deficient mice transplanted
with NOD1-deficient BM cells or NOD1-intact (GFP-Tg) BM cells.
These data show that the type of reconstituting hematopoietic cell
was irrelevant to the elicited NOD1 response and therefore the
responding cells were nonhematopoietic in origin. It thus becomes
clear from the in vivo studies described so far that NOD1 activa-
Volume 120 1655

NumberS  May 2010



research article

[ No infection

A [0 Scrambled ODN R
B NF-xB decoy ODN| H. pylori infection
0.54 0.5 1.5,
0.4 04d T
=
. . — 1.0 %
£0.34 $ 0.3- < £
< < = o
[to] o = z
Q 021 w2 02- & 05 3
’ E
ok a
0.1 0.1- o
w
[] l <
0.0 0.0 0.0/ =
(o3
4. = 04 10 200,
"E‘ o [v] 13
w w
@ e o o]
8 g o o
5 = 2 08 =
£ 3| o 03 E 150
2 = L2 o
=] 7] = P
2 3 g 06 &
o 2 202 o 100
2 E g £
E
= * 8 8 0.4 =
10— = *k r -
— (=] = -
2 1 £ o1 g 02 g 50
L ~ .
h O =
Z a a =
= s = w
04 0.0 0.0 0
Figure 10

Scrambled ODN

B
= 1.0 71 = 4
o
8 2 6 3
= % 0.8 =] l (:':
8 E = E 3
z © o 2 ©
=t — e
— = =
3 @ 0.6- @ 4 @
m o g o
N o o o 24
= E £ a4 E
o 0.4 ok o o
S =}
= o -
= - 24 =
=) = D 1
£ 0.2 = £
Y w11 ** o
y —
: 2 1M <
= 004 0 =0

— na
wm (=]

IP-10 (ng/100 mg gastric mucosa)
=

IFN-y (ng/100 mg gastric mucosa)

Py
o

30 4

na
(=]

H. pyloriload ( log CFU/g gastric mucosa) O

5 1 104
0 4 04 p
=
=] 4
o ago
o =
: L3
E ©
5
(]

Role of NF-«xB activation in H. pylori infection. C57BL/6 mice were injected with NF-kB decoy ODNSs or control scrambled ODNs encapsulated in
HVJ-E vector via intraperitoneal route before infection of H. pylori. Treatment with decoy ODNs was performed 1 and 2 days before the infection
and continued every 3 days during the observation period. (A) Nuclear translocation of p65, p50, and Stat1 in nuclear extracts isolated from the
gastric mucosa of mice treated with NF-kB decoy ODNSs or control scrambled ODNs 1 day after the infection. Uninfected mice were used as
negative controls. Activation of NF-kB in the gastric mucosa was analyzed using EMSA. (B) MIP-2, TNF, and IP-10 concentration in the gastric
mucosa 1 day after the infection. Data were obtained from 4 mice in each group. (C and D) IP-10, IFN-, IFN-y, MIP-2, TNF, and MDC (C) and
H. pylori (D) concentrations in the gastric mucosa of the mice 2 weeks after the infection. Data were obtained from 6 mice in each group. Results
are expressed as mean + SEM. *P < 0.05; **P < 0.01 compared with mice treated with scrambled ODNs.

tion in vivo resulting in production of IP-10 is accompanied by the
production of IFN- and that both of these factors are produced
by non-hematopoietic host cells such as epithelial cells.

NODI1 mediates host defense against H. pylori through Statl. To estab-
lish the in vivo significance of the NOD]1 signaling pathway
through type I IFN and ISGF3 to mucosal host defense, we then
determined the function of this pathway in gastric mucosal epi-
thelial cells subjected to H. pylori infection, i.e., an infection shown
previously to be under the control of NOD1 activity (12). In initial
studies we measured H. pylori bacterial load in IFNofR-deficient
and -intact mice as assessed by agar plate culture of serial dilu-
tions of gastric mucosa following infection with cag pathogenicity
island-positive H. pylori organisms capable of delivering PGN into
gastric epithelial cells via a type IV secretion system (12). As shown
in Figure 8A, the bacterial burden in IFNofR-deficient mice was
10-fold greater than in intact mice, indicating that type I IFN plays
a major role in host defense against H. pylori infection. In further
studies, H. pylori bacterial load was measured in NOD1-deficient
1656
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and NOD1-intact mice, and in this case the effect of the deficiency
on bacterial burden and on IFN-f, IFN-y, and IP-10 production
was assessed. As shown in Figure 8B, we found that NOD1 defi-
ciency also gave rise to a greater bacterial burden of about the
same magnitude as found with IFNofR deficiency. In addition, as
shown in Figure 8C, there was a marked decrease in IFN-f3, IFN-y,
and IP-10 production in NOD1-deficient mice as compared with
NOD1-intact mice. In contrast, there was no difference in the pro-
duction of MIP-2, TNF, or MDC in the 2 groups of mice.

We then evaluated the activity of ISGF3 signaling pathway in
NOD1-deficient and NOD1-intact mice. As shown in Figure 8D,
nuclear translocation of Statl, an ISGF component, was mark-
edly enhanced in the gastric mucosa of NOD1-intact mice 1 or 7
days after infection with H. pylori, whereas such translocation was
reduced in the mucosa of NOD1-deficient mice. Consistent with
this, as shown in Figure 8E, phosphorylation of Statl and Stat2
as well as the expression of IRF9 were greatly decreased in gastric
mucosal extracts of NOD1-deficient mice as compared with those
Number 5
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of NOD1-intact mice. However, as shown in Figure 8, D and E, there
was no marked difference in NF-kB activation in NOD1-intact and
NOD1-deficient mice as evaluated by EMSA and the Transfactor
assay. It should be noted that reduced Statl activation as well as
comparable NF-kB activation was seen in the gastric mucosa of
NOD1-deficient mice both at the early and late phases of infection.
Thus, reduced IFN-f responses associated with increased bacterial
loads 2 weeks after the infection were not due to a reduction of
IFN-y production by immune cells that had been recruited to the
gastric mucosa by NF-kB-dependent chemokines released during
the initial phase of infection. Taken together, these results demon-
strate that the inability of NOD1-deficient mice to control H. pylori
infection was in fact associated with evidence of decreased ISGF3
signaling as well as decreased production of IFN-f, IFN-y, and
IP-10 rather than a reduced ability to activate NF-kB.

Taking the analysis a step further, we next asked whether the
above association between NOD1-mediated ISGF3 signaling and
host defense against H. pylori were causally related. To test this pos-
sibility, we evaluated H. pylori infection in NOD1-intact mice whose
ISGF3 signaling was impaired by in vivo administration of siRNA
targeting Statl. As shown in Figure 9A, intraperitoneal adminis-
tration of siRNA specific for Statl, encapsulated in a viral enve-
lope (derived from the hemagglutinating virus of Japan [HVJ-E];
see Methods) (35) to facilitate siRNA transfection in vivo, did in
fact lead to very substantial downregulation of Statl expression
in gastric extracts of treated mice. With this knowledge in hand,
we then assessed Th1 chemokine and cytokine production and
H. pyloriload in H. pylori-infected NOD1-intact mice and NOD1-
deficient mice administered Statl siRNA or control siRNA. As
shown in Figure 9B, IFN-y and IP-10 production were decreased in
gastric extracts of NOD1-intact mice administered Stat1 siRNA. In
addition, H. pyloriload was increased in NOD1-intact mice admin-
istered Statl siRNA. As expected, Statl siRNA treatment did not
change the bacterial load and IP-10 production in NOD1-deficient
mice. Taken together, these data support the view that mucosal
host defense against H. pylori is mediated at least in part by NOD1
acting through the ISGF3 signaling pathway.

In a final series of experiments, we assessed the role of NF-kB
activation in H. pylori infection. In this study, C57BL/6 mice were
administered NF-kB decoy oligodeoxynucleotides (ODNS) or con-
trol scrambled ODNSs in an HVJ-E vector by intraperitoneal injec-
tion, a treatment shown previously to inhibit the canonical and
noncanonical NF-kB pathways (36). The mice treated in this way
were then subjected to H. pylori infection. As shown in Figure 104,
NF-kB activation assessed by EMSA and Transfactor assay was
greatly inhibited in mice administered NF-kB decoy ODNs, where-
as in contrast, Statl activation was not impaired by such treatment.
Furthermore, as shown in Figure 10B, 1 day after H. pylori infection,
such inhibition of NF-kB activation was accompanied by a marked
decrease in the production of the NF-kB-dependent chemokine
MIP-2 and cytokine TNF, but not IP-10, in the gastric mucosa. As
shown in Figure 10C, even 2 weeks after infection there was per-
sistent inhibition of NF-kB-dependent chemokines (MIP-2 and
MDC) and cytokine (TNF) in the gastric mucosa, whereas produc-
tion of IFN-f, IFN-y, or IP-10 was not inhibited by NF-kB decoy
treatment. Thus, blockade of NF-kB activation at the early phase of
infection did not alter production of IFN-related responses at the
late phase of infection. Finally, as shown in Figure 10D, although
a significant increase of the H. pyloriload was seen in mice treated
with NF-kB decoy ODNs (P = 0.023), the degree of increase was
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much smaller compared with the Statl siRNA study (Figure 9B).
Based on these results, we determined that although NF-kB activa-
tion independent of NOD1 signaling is involved in host defense
against H. pylori, it is the NOD1-mediated ISGF3 signaling that
generates protective Th1 responses to this organism.

Taken together, these in vivo studies provide convincing verifica-
tion that the dependence of NOD1 induction of IP-10 on the pro-
duction of the type I IFN/ISGF3 signaling pathway shown above
in in vitro studies can also be obtained in vivo.

Discussion

The studies performed here provide important new insights into
the mechanism of NOD1 signaling and the role of NOD1 in pro-
tection against infection at mucosal surfaces. With respect to sig-
naling, we show that NOD1 activated by purified NOD1 ligand
(iE-DAP) induces chemokine production via a pathway primarily
induced by type I IFN, namely the activation of a heterotrimeric
transcription factor complex composed of Statl, Stat2, and IRF9
known as ISGF3. Furthermore, we show that this pathway is ini-
tiated by an interaction between RICK and TRAF3 that leads to
activation of the TRAF3 downstream components TBK1 and IKKe
and, in turn, to the activation of IRF7 and the production of IFN-f3.
The latter then activates the aforementioned ISGF3 pathway. With
respect to function, we show that NOD1 activation leads to induc-
tion of chemokines associated with the Th1 response (IP-10 and
I-TAC) as well as IFN-f, and that in vivo inhibition of the ISGF3
pathway via administration of Statl siRNA greatly impairs host
defense against H. pylori infection of the gastric mucosa. In addi-
tion, loss of IFN-f3 signaling resulting from IFNoSR deficiency has
a similar effect. Thus, as shown in the diagram depicted in Supple-
mental Figure 14, these studies establish the somewhat unexpected
finding that NOD1 signaling utilizes the type I IFN-induced
ISGF3 pathway to enable host defense.

The findings summarized above, which establish that NOD1
signaling in epithelial cells is mainly channeled through the type I
IFN/ISGF3 pathway, were accompanied by a complementary set of
findings showing that NOD1 signaling is largely independent of
NF-kB and MAPK activation. These findings are seemingly at odds
with a number of previously published studies that support the
view that NOD1 signaling does involve such activation (15, 17, 37,
38). However, virtually without exception these prior studies evalu-
ated NOD1 signaling in overexpression systems consisting of cells
(usually non-epithelial cells such as HEK293 cells) transfected with
NOD1 expression vectors and/or target reporter constructs rather
than in physiologic cells expressing endogenous NOD1 and NOD1
targets. As might be expected, such overexpression studies are sub-
ject to false-positive outcomes and, even if this is not the case, may
not apply to all types of cells. This is illustrated by the fact that
while in our initial overexpression studies NOD1 activation seem-
ingly led to NF-kB activation (see Supplemental Figure 1), a mas-
sive amount of subsequent data derived from both in vitro and in
vivo studies not involving overexpression told a very different story.
Thus, in our in vitro studies we found first that specific inhibitors
of ERK and JNK activation had no effect and an inhibitor of NF-kB
had only a marginal effect on NOD1-mediated chemokine produc-
tion, whereas an inhibitor of RICK clearly blocked such produc-
tion. Second, we found that phosphorylation of p38 MAPK or JNK
was not observed in cells stimulated with NOD1 ligand, and in
studies of nuclear translocation of the NF-kB subunits, a sensitive
mobility shift analysis was weakly positive and a Transfactor bind-
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ing assay was negative. In contrast, NOD1 stimulation led to robust
activation and translocation of all 3 components of ISGF3 (Statl,
Stat2, and IRF-9). Third, we showed that transfection of cells with
siRNA specific for RICK, Statl, or Stat2 led to downregulation of
chemokine production, whereas transfection of siRNA specific for
p65 or p38 MAPK had little or no effect on such production. In
addition, siRNA specific for TBK1 and IKKe also downregulated
chemokine production, as did blockade of type I IFN signaling by
anti-IFNafR. Fourth, we found that while primary intestinal epi-
thelial cells produced a significant amount of IFN-f and IP-10 via
type I IFN signaling upon stimulation with NOD1 ligand, primary
cells lacking IFNafR failed to produce IFN-f and IP-10. Fifth, we
determined that while activation of NOD1 led to defective produc-
tion of IFN-f and IP-10 in TBK1/IKKe-double-deficient MEFs,
such activation led to greatly induced production of these prod-
ucts in IKKB-deficient MEFs. Finally, these data obtained with the
use of cell line epithelial cells were corroborated by key studies of
freshly isolated epithelial cells.

Extensive in vivo studies of NOD1 signaling, including studies
of such signaling in relation to H. pylori infection, provided impor-
tant verification of the above in vitro studies. Thus, initial stud-
ies showed that stimulation of mice with NOD1 ligand induced a
robust IFN-f3 response along with an IP-10 response arising from
nonhematopoietic cells. Further studies showed that the increased
susceptibility of NOD1-deficient mice to H. pylori infection was
associated with a decreased ability to produce IFN-§ and IP-10,
both factors dependent on the ISGF3 signaling pathway and, in
fact, infected gastric tissue manifested evidence of decreased acti-
vation of components of this pathway. Importantly, the decreased
cytokine/chemokine response of H. pylori-infected NOD1-defi-
cient mice was accompanied by a level of NF-kB activation equiva-
lent to that of NOD 1-intact mice, and indeed the NOD 1-deficient
mice produced ample amounts of NF-kB-dependent chemo-
kines and cytokines. These results were therefore parallel to those
obtained with H. pylori-infected cells in vitro, where it was found
in our own studies as well as previous studies of Hirata et al. that
NF-kB activation by H. pylori is independent of NOD1 (32).

The above in vivo data were then augmented by studies address-
ing the causal relation between ISGF3 signaling and H. pylori infec-
tion, in which it was shown that administration of Statl-specific
siRNA inhibited upregulation of IP-10 and IFN-y production in
response to H. pylori infection and led to a decreased ability to
control such infection on the gastric mucosal surface. By contrast,
downregulation of NF-kB in vivo by administration of NF-xB
decoy ODN did not inhibit the upregulation of IP-10 or IFN-f
production in response to H. pylori infection. In addition, it led to
only a minor decrease in the ability of the treated mouse to control
such infection that was not necessarily related to effects on NOD1
signaling since the decoy ODN also downregulated TNF produc-
tion. Since the NF-kB decoy ODN has previously been shown to
suppress the activity of all NF-xB components (p50, p65, c-Rel,
P52, and RelB), this study also rules out the possibility that NOD1
signals through a noncanonical NF-kB pathway (36). Overall,
these in vivo data strongly support the conclusion that NOD1
induction of chemokines in gastrointestinal epithelial cells sup-
port the conclusion that NOD1 signaling and chemokine induc-
tion in epithelial cells is at best only marginally dependent on the
NF-kB and MAPK pathway and instead is heavily dependent on
the ISGF3-IFN-f3 pathway. This conclusion is not undermined
by the fact that NOD1 stimulation of epithelial cells induces IL-8
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because type I IFN has previously been shown to greatly enhance
production of this chemokine (39).

Of interest, evidence supporting this view of NOD1 signaling
has been reported by 2 groups. In one study it was shown with
microarray technology that an epithelial cell line stimulated by
NOD1 ligand did not result in mRNA synthesis of NF-kB-depen-
dent inflammatory cytokines such as TNF and IL-1 (9), while in
another study it was found that activation of primary gastric epi-
thelial cells with H. pylori, resulted in the production of chemo-
kines in the absence of nuclear translocation of NF-kB p65 (12).

One important caveat to the conclusion that NOD1 stimulation
does not lead to substantial NF-kB activation relates to previous
studies showing that this signaling pathway may be operative in
nonintestinal epithelial cells such as mesothelial cells or renal epi-
thelial cells (40-43). This possibility is also supported by our find-
ing thatlack of NOD1 signaling may lead to diminished synthesis
of NF-kB-dependent cytokines in dendritic cells: IL-12p40 synthe-
sis is diminished in NOD1-deficient mice upon in vivo administra-
tion of ligand, and IL-6 synthesis is decreased in NOD1-deficient
BMDCs upon in vitro ligand stimulation. Thus, at least in certain
APCs, NOD1 signaling may indeed involve NF-kB activation. It
should also be noted that NOD1 signaling of THP1 cells (a mono-
cytic cell line) does not induce IP-10 production and, in addition,
such signaling is not accompanied by interaction between RICK
and TRAF3, suggesting that even in monocytic cells, type I IFN
and the ISGF3 pathway is necessary for chemokine induction.

Akey finding in this study was that NOD1 activation results in
a form of RICK that binds to TRAF3 and thereby initiates signal-
ing through TBK1/IKKe and IRF7 to induce IFN-f. The inter-
action of NOD1-activated RICK with TRAF3 (rather than with
TRAF®6) results in activation of a TRAF that has been shown to
profoundly suppress both the canonical and noncanonical NF-kB
pathway, thus providing an explanation for why the latter path-
way is not utilized in NOD1 activation (23). It should be noted,
however, that our findings do not answer the question of why
NOD1-activated RICK, unlike NOD2-activated RICK, interacts
preferentially with TRAF3 and not with TRAF6. One mechanism
we considered was that NOD1 induces RICK kinase function,
which then phosphorylates TRAF3. However, we found that this
cannot be the case, since mutations of RICK leading to loss of
all kinase function do not impair the ability of RICK to mediate
NOD1 ligand-induced IP-10 synthesis in HT-29 cells (our unpub-
lished observations). This negative finding, however, allowed us
to rule out that NOD1-activated RICK directly activates ISGF3 by
phosphorylating Statl and Stat2 (rather than acting via TRAF3
and IFN-). Finally, while NOD1 induction of chemokines via
an ISGF3-mediated pathway may seem unusual, the use of this
pathway (and not the NF-xB pathway) has previously been dem-
onstrated with respect to LPS signaling (41). In the latter case,
it was shown that LPS induces only low amounts of IP-10 (and
certain other chemokines) in the absence of type I IFN induction.
Presumably, LPS enters the type I IFN/ISGF3 system via TRIF
activation of TRAF3. These studies along with the present stud-
ies show that ISGF3 transactivation of the IP-10 promoter at an
ISRE site is sufficient for robust IP-10 transcription even though
the promoter does contain NF-kB binding sites (25).

The dominance of type I IFN pathway over the NF-kB pathway
in the induction of host defense factors by NOD1 in mucosal epi-
thelial cells may be advantageous to the organism because only this
pathway results in the concomitant induction of type I IFN, which
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is itself a host defense factor at mucosal surfaces. Indeed, we have
shown that mice deficient in the IFNofR, which have epithelial
cells that cannot be signaled by type I IFN, exhibit 10-fold greater
H. pyloriburden compared with wild-type mice. An additional salu-
tary effect of type IIFN production is inherent in the fact that this
cytokine has been shown to enhance epithelial cell barrier function
and therefore may act to prevent entry of invasive organisms into
the lamina propria (40). Finally, it should be noted that NOD1-
induced type I TFN induction may be greatly enhanced by concomi-
tant TLR signaling. This is suggested by the fact that stimulation
of HT-29 cells with both LPS and NOD1 ligand leads to synergistic
effects of type I IFN production (data not shown), possibly because
LPS also induces activation of IRF3, a factor that acts in concert
with IRF7 in the induction of type I TFN production (44).

H. pylori infection of the gastric mucosa is an important risk fac-
tor for peptic ulcer disease and gastric cancer (45). An adaptive
immune response is inherent in the fact that persistent coloni-
zation of the mucosa with this organism leads to a strong Th1
response (46, 47) that is accompanied by a reduction in the gastric
bacterial load (48). Innate immune responses to this organism are
also likely to play a role in host defense, both directly and indi-
rectly through the facilitation of the adaptive Th1 response. While
a major role for TLR4 and TLRS in this innate response seems to
be excluded by both the fact that H. pylori LPS has weak activity
compared with LPS from E. coli or Salmonella typhimurium, and the
fact that H. pylori flagellin is not inflammatory (49, 50), TLR2 may
be involved in the innate response, since the neutrophil-activating
protein of H. pylori induces IL-12 and IL-23 secretion via activation
of this TLR (51). Previous studies by Viala et al. (12) as well as those
described here provide further support for the notion that innate
immunity, in this case in the form of NOD1 activity, is involved in
host defense against H. pylori infection. This follows from studies
conducted previously and confirmed here showing that NOD1-
deficient mice exhibit increased susceptibility to infection. In addi-
tion, in the present study, activation of NOD1 leads to remarkably
high production of chemokines that are critically important to the
trafficking of Th1 cells to sites of inflammation and infection in
the gutand elsewhere (52). The fact that IP-10 expression has been
observed in human gastric tissue infected with H. pylori fits well
with this view (53). Based on the results shown here, we propose
that the generation of Th1 responses in H. pylori infection occurs as
follows: H. pylori activates NOD1 in gastric epithelial cells through
type IV secretion system, which then gives rise to IP-10 produc-
tion via ISGF3 signaling and initial attraction of Th1 cells to the
site of infection. While at first IP-10 production is relatively low
in the absence of IFN-y-induced upregulation of NOD1 expres-
sion, it increases dramatically with the influx of Th1 cells and the
attendant increase in IFN-y production. On a separate track, the
epithelial cells begin to produce type I IFN, which leads to Th1 dif-
ferentiation and further augmentation of the ongoing Th1 inflam-
mation (54). Finally, it should be pointed out that these outcomes
of NOD1 activation are relevant to other infections at the mucosa
in addition to that caused by H. pylori, including infection caused
by Pseudomonas aeruginosa and Chlamydophila pnewmoniae (12, 55,
56). We therefore look forward to further work exploring whether
NODI1 plays a similar role in host defense against these infections
as it does against H. pylori.

In conclusion, we have identified what we believe is a novel
signaling pathway mediated by NOD1 in gastrointestinal epi-
thelial cells. This pathway is dependent upon induction of type I
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IFN and activation of the ISGF3 complex. We have thus mapped
out a new dimension of NOD1 activity that enlarges its role in
mucosal host defense.

Methods

Animals. NOD1-deficient mice with C57BL/6 background were provided by
Millennium Pharmaceuticals and reared in the animal facility of the NTH.
Wild-type C57BL/6 (NOD1-intact) mice were obtained from The Jackson
Laboratory. IFNafR-deficient mice were gifts from H. Young (National
Cancer Institute). Animal use was approved by the National Institute of
Allergy and Infectious Diseases Animal Care and Use Committee and
adhered to NIH Animal Care Guidelines.

Ligands and plasmids. iE-DAP was obtained from Peptide Institute and was
shown to be more than 99% pure by HPLC analysis. FK156 was provided by
Astellas Pharmaceuticals (33). MDP and iE-DAP (commercially available)
were obtained from Sigma-Aldrich and Invivogen, respectively. pUNO
plasmid expressing human TRAF3 cDNA was obtained from Invivogen.
Human RICK-expressing plasmid was obtained from Invivogen, and the
V5 tag peptide sequence was added at the 3" end of RICK ¢cDNA using the
KOD-plus Mutagenesis kit (Toyobo).

Cells and stimulation. HT-29 cells and AGS cells were purchased from
ATCC. These cells (1 x 10°/ml or 5 x 105/ml) were untreated or were
prestimulated with recombinant human IFN-y (10 ng/ml or 100 ng/ml;
Peprotec) or TNF (10 ng/ml or 100 ng/ml; Peprotec) for 24 hours, followed
by overnight stimulation with iE-DAP (1, 10, or 100 ug/ml) or MDP (1, 10,
or 100 ug/ml). Cultured supernatants were assayed for the levels of IP-10
(R&D Systems), I-TAC (R&D Systems), IL-8 (R&D Systems), MDC (R&D
Systems), and IFN-f (Biosource) using ELISA kits. BMDCs (10¢/ml) were
generated as described previously (35) and stimulated with 10 ug/ml of
iE-DAP or MDP for 24 hours. Cultured supernatants were analyzed for
IL-6 production with an ELISA kit from eBioscience. Primary epithelial
cells from the small intestine were isolated as described previously (57, 58).
Briefly, dissected short segments of the small intestine from 5 mice were
stirred at 37°C in prewarmed RPMI-1640 containing L-glutamine, peni-
cillin, streptomycin, and gentamicin with 2% calf serum for 10 minutes,
followed by vigorous shaking for 15 seconds. The resulting supernatants
were separated on a discontinuous Percoll density gradient (Pharma-
cia). The cells that layered between the 40% and 25% interface were col-
lected as epithelial cells. Cells (10%/ml) were stimulated with 100 ug/ml of
iE-DAP for 24 hours. Cultured supernatants were analyzed for production
of IP-10, IFN-f, and MIP-2 using ELISA kits from R&D systems. Wild-
type (Tbk1"*Ikke”*), TBK1/IKKe-double-deficient (Tbk1 7/ Tkke”") (22), and
IKKp-deficient (Ikkb~~) MEFs (10¢/ml) (19) were stimulated with iE-DAP
(100 ug/ml) or TNF (10 ng/ml) for 24 hours. Thkl/-Ikke”/~ MEFs were
provided by K. Ishii and S. Akira (Osaka University, Osaka, Japan). Ikkb”~
MEFs were provided by S. Yamaoka (Tokyo Medical and Dental University,
Tokyo, Japan) and M. Pasparakis (University of Cologne, Cologne, Italy).
Cultured supernatants were subjected to IFN-f3 and IP-10 assays.

Inbibitors for MAPK and NF-xB. HT-29 cells were either not stimulated or
were pre-stimulated with 100 ng/ml of IEN-y for 24 hours and then incu-
bated with SB203580 (p38 or RICK inhibitor), PD98059 (ERK inhibitor),
SP600125 (JNK inhibitor), or BAY11-7082 (NF-kB inhibitor) for 1 hour,
followed by overnight stimulation with iE-DAP (10 or 100 ug/ml). In some
experiments, cells were pre-incubated with 20 uM of these inhibitors and
then stimulated with TNF (50 ng/ml).

Luciferase assay. NF-kB luciferase assay was done as described previously
(13). Briefly, HT-29 cells (1.5 x 105/ml) were transiently transfected with
the reporter plasmid pNF-kB-Luc containing 4 kB binding sites (Clon-
tech) and pSV-f-galactosidase vector (Promega), together with a plasmid
expressing TLR or NOD by Trans-ITLT1 reagent (Mirus). In the case
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of TLR4-mediated NF-kB activation, an MD2-expressing plasmid was
cotransfected with the TLR4-expressing plasmid. In some experiments,
TRAF3 siRNA (Santa Cruz Biotechnology Inc.; 50 nM) was transfected.
After overnight incubation in serum-free medium, cells were stimulated
with iE-DAP or positive-control TLR ligands for 5 hours, and then cell
lysates were analyzed for luciferase activity (Promega) and galactosidase
activity (Applied Biosystems), the latter for normalization.

Immunoblot analyses. HT-29 cells were either not stimulated or were pre-
stimulated with 100 ng/ml of IFN-y for 24 hours and then restimulated
with 10 or 100 ug/ml of iE-DAP. In some experiments, cells were stimulated
with 50 ng/ml of TNF or 1,000 U/ml of IFN-f (R&D systems) to obtain pos-
itive control samples. At the indicated time points, cells were lysed in lysis
bufter (1% NP-40, 150 mM NaCl, 20 mM Tris, pH 7.5, 2 mM EDTA) supple-
mented with protease inhibitor cocktails (Roche Molecular Biochemicals)
for 30 minutes on ice, then centrifuged at 12,000 g for 30 minutes at 4°C,
at which point the lysis supernatants were collected. The lysates were mixed
with SDS sample buffer, incubated at 70°C for 10 minutes, run in NUPAGE
Novex Bis-Tris Gels (25 ug/well; Invitrogen), and transferred to a nitrocel-
lulose membrane (Amersham Pharmacia Biotech). The blotted membrane
was blocked with 5% skim milk/TBS/0.1% Tween-20, washed, and incubated
with primary antibody, followed by incubation with HRP-conjugated anti-
goat IgG or anti-rabbit IgG (Zymed). The primary antibodies used in this
study were as follows: anti-NOD1 (Alexis Biochemicals), actin, IRF3, IRF7,
IRF9, USF-2 (Santa Cruz Biotechnology Inc.), p-p38, total p38, p-ERK,
total ERK, p-JNK, total JNK, p-IkBa, total IkBa, p-Statl, total Statl, TBK1,
IKKe (Cell Signaling), p-Stat2 (Upstate), total Stat2 (Active motif), RICK
(Cayman), TRAF3 (abcam). To detect NOD2 expression, cells were first
immunoprecipitated with monoclonal NOD2 antibody (eBioscience), fol-
lowed by immunoblotting with polyclonal NOD2 antibody (Novus) using a
Trueblot kit (eBioscience). Whole lysates from HT-29 cells transfected with
NOD1 or NOD2 cDNA were used as a positive control. The membrane was
developed by Supersignal West Pico Chemiluminescent Substrate (Pierce
Chemical Co.) and exposed to an x-ray film.

Immunoprecipitation. HEK293 cells (ATCC) (5 x 105/ml) were transfected
with 2 pg of V5-tagged human RICK vector together with 2 ug of human
TRAF3 by Trans IT LT1 (Mirus). Whole cell lysates were prepared 48 hours
after the transfection and were incubated with anti-V5 conjugated beads
(Bethyl Laboratories) overnight. In some experiments, whole cell lysates were
prepared from HT-29 cells (10¢/ml) or THP1 cells (10/ml) stimulated with
iE-DAP or MDP for 1 hour. These lysates were incubated with anti-RICK
(Santa Cruz Biotechnology Inc.) or anti-TRAF3 (Abcam) and protein A/G
plus agarose (Santa Cruz Biotechnology Inc.), as described previously (35).

NF=B activation assay and EMSAs. HT-29 cells were either not stimulated
or pre-stimulated with 100 ng/ml of IEN-y for 24 hours and then restimu-
lated with 10 or 100 pg/ml of iE-DAP. At the indicated time points, nucle-
ar extracts were prepared using an extraction kit (Clontech) and binding
activity of nuclear extract to NF-kB subunit, p50, p65, p52, and RelB was
measured using a Mercury Transfactor kit (Clontech) (13). Nuclear extracts
isolated from HT-29 cells stimulated with TNF (50 ng/ml) for 1 hour were
used as positive controls for the p65 and p50 assay. Nuclear extracts from
Raji cells were used as positive controls for p52 and RelB assay. Nuclear
extract (30 pug) was applied to each well coated with NF-kB consensus oli-
gonucleotides and then incubated with rabbit anti-p50, anti-p65, anti-p52,
and anti-RelB, followed by HRP-labeled anti-rabbit IgG. Semiquantitative
analysis of IRF7 and Statl expression was done using a TransAM IRF
kit or Stat kit (Active Motif). Nuclear extract (20 ug) was applied to each
well, which was coated with IRF or Stat consensus oligonucleotides, and
then incubated with rabbit anti-IRF7 or anti-Stat1 antibody, followed by
HRP-labeled anti-rabbit IgG. Nuclear extracts isolated from HT-29 cells
stimulated with IFN- for 1 hour were used as positive controls. EMSA
1660
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for the analysis of activation of NF-kB or ISGF3 were performed as previ-
ously described (13). Binding reactions containing 5 ug nuclear extracts
and 2 ng end-labeled ISRE or IFN-y-activated site binding consensus oli-
gonucleotides (59) were performed for 20 minutes at room temperature
in 15 pl binding buffer (20 mM Hepes, pH 7.9, 30 mM KCI, 4 mM MgCl,,
0.1 mM EDTA, 0.8 mM NaPi, 20% glycerol, 4 mM spermidine, and 3 mg
poly dI-dC). For supershift analysis, anti-Stat1, anti-Stat2, or anti-IRF9
antibodies (Santa Cruz Biotechnology Inc.) were used.

siRNA assays. siRNAs specific to p38, p65, NOD1, Statl (Santa Cruz Bio-
technology Inc.), RICK, TBK1, and IKKe (Dharmacon) were used. siRNA
specific to GFP was used as a control. HT-29 cells were transfected with
20 or 100 nM of these siRNAs with Trans-siQuest reagent (Mirus) and
then stimulated with 100 ng/ml of IFN-y and 10 ug/ml of iE-DAP. Cul-
tured supernatants were analyzed for chemokine production by ELISA
kits. For neutralization of ISGF3-signaling pathways, vectors expressing
Statl or Stat2 siRNA (Panomics) were used. HT-29 cells (2.5 x 105/well
in a 12-well plate) were transfected with 125 ng of control vector, Statl
siRNA-expressing vector, or Stat2 siRNA-expressing vector by Trans-ITLT1
reagent (Mirus) and then stimulated with 100 ng/ml of IFN-y and either
10 or 100 pug/ml of iE-DAP. Cultured supernatants were then analyzed for
chemokine production as described above.

In vivo injection study. NOD1-deficient mice and NOD1-intact mice (12)
were given an intraperitoneal injection of FK156 (NOD1 ligand, 200 ug) or
MDP (200 ug). At the indicated time points, sera were prepared from these
mice to measure the levels of IP-10, IEN-f, and IL-12p40 using ELISA kits
from R&D Systems. BM-chimeric mice were created by using GFP-Tg mice
and NOD1-deficient mice as previously described (33). Recipient mice were
irradiated (10 Gy), followed by intravenous injection of 2 x 10 BM cells. At
8 weeks after BM transplantation, the mice were given an intraperitoneal
injection of FK156 (NOD1 ligand, 200 ug). Sera were prepared from these
mice 2 hours after the injection to measure the level of IP-10 and IFN-f.

In vitro H. pylori infection study. AGS cells (5 x 105/ml) were stimulated
with the cag® H. pylori strain (TN2GF4) as previously described (31). Cells
were cultured for 24 hours, and cultured supernatants were analyzed for
the production of IFN-f, IP-10, and IL-8. Whole cell extracts and nuclear
extracts were isolated and subjected to immunoblotting and Transfactor
assay. In some experiments, AGS cells (2.5 x 105/ml in 12-well plates) were
transfected with NOD1 siRNA, p65 siRNA, Stat1 siRNA, or control siRNA
(20 nM each), and after 48 hours, cells were cultured for a further 24 hours
with or without H. pylori as previously described (31).

In vivo H. pylori infection study. NOD1-deficient mice and NOD1-intact
mice (12) were maintained under specific pathogen-free conditions in the
animal facilities of NIH. Male and female mice 6-8 weeks old were used.
NOD1-deficient mice and NOD1-intact mice were administered a cag*
H. pylori strain (TN2GF4) via the oral route (2.45 x 10° CFU). At 2 weeks
after the infection, mice were sacrificed and the stomach was removed
from each mouse. The stomach was opened along the greater curvature
and weighed. Half was used for protein isolation, and the other half was
used for the quantitative culture of H. pylori as described previously (60). In
some experiments, siRNA targeting Stat1 obtained from Dharmacon was
administered in HVJ-E vector during the period of infection. Sequences of’
the administered siRNAs were as follows: control siRNA, 5'-UAAGGCU-
AUGAAGAGAUACUU-3'; Statl siRNA, S'-AUUCCAUCGAGCUCA-
CUCAdTdT-3' (61). siRNAs were encapsulated in HVJ-E vector as previous-
ly described (13). Control siRNA or Stat1 siRNA (100 ug) was administered
to mice intraperitoneally starting the day before H. pylori infection and then
every 3 days during the experimental period. To inhibit NF-kB activation,
C57BL/6 mice were treated with NF-kB decoy ODNs or control scrambled
ODNss encapsuled with HVJ-E vector followed by oral administration of
cag” H. pylori. NF-kB decoy ODNs or control scrambled ODN's encapsulated
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with HVJ-E vector were prepared as described previously (36). Treatment
with NF-kB decoy ODNss or control scrambled ODNs was performed 1
and 2 days before the H. pylori infection and continued every 3 days during
the observation period. Whole-protein extracts and nuclear extracts from
gastric mucosa were isolated using a total protein extraction kit (Chemi-
con) and nuclear extraction kit (Active Motif), respectively. Concentrations
of IP-10, IFN-f, MDC, and MIP-2 were determined using ELISA kits from
R&D Systems; concentrations of IFN-y and TNF were determined using
ELISA kits from BD Biosciences — Pharmingen.

Statistics. Student’s £ test (2 tailed) was used to evaluate the significance of the
differences. Statistical analysis was performed with the StatView v.4.5 program
(Abacus Concepts). A value of P < 0.05 was regarded as statistically significant.
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