INFECTION AND IMMUNITY, Apr. 2006, p. 2121-2127
0019-9567/06/$08.00+0  doi:10.1128/IA1.74.4.2121-2127.2006

Vol. 74, No. 4

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

NF-kB-Inducing Kinase Regulates Selected Gene Expression
in the Nod2 Signaling Pathway

Qilin Pan,! Vladimir Kravchenko,! Alex Katz,! Shuang Huang,1 Masayuki Ii,! John C. Mathison,’
Koichi Kobayashi,” Richard A. Flavell,”> Robert D. Schreiber,’
David Goeddel,* and Richard J. Ulevitch'*
Department of Immunology, The Scripps Research Institute, 10550 N. Torrey Pines Rd., La Jolla, California 92037";
Section of Immunobiology, Yale University School of Medicine, New Haven, Connecticut 06520%;
Department of Pathology and Immunology, Washington University Medical School,
St. Louis, Missouri 63110%; and Tularik Inc., 1120 Veterans Boulevard,
South San Francisco, California 94080*

Received 21 November 2005/Returned for modification 21 December 2005/Accepted 5 January 2006

The innate immune system surveys the extra- and intracellular environment for the presence of microbes. Among
the intracellular sensors is a protein known as Nod2, a cytosolic protein containing a leucine-rich repeat domain.
Nod?2 is believed to play a role in determining host responses to invasive bacteria. A key element in upregulating host
defense involves activation of the NF-«kB pathway. It has been suggested through indirect studies that NF-kB-
inducing kinase, or NIK, may be involved in Nod2 signaling. Here we have used macrophages derived from primary
explants of bone marrow from wild-type mice and mice that either bear a mutation in NIK, rendering it inactive,
or are derived from NIK ™/~ mice, in which the NIK gene has been deleted. We show that NIK binds to Nod2 and
mediates induction of specific changes induced by the specific Nod2 activator, muramyl dipeptide, and that the role
of NIK occurs in settings where both the Nod2 and TLR4 pathways are activated by their respective agonists.
Specifically, we have linked NIK to the induction of the B-cell chemoattractant known as BLC and suggest that this
chemokine may play a role in processes initiated by Nod2 activation that lead to improved host defense.

The innate immune system detects the presence of microor-
ganisms and some viruses using transmembrane and cytosolic
receptors with specificities for distinct components of the infec-
tious agents. Members of the Toll-like receptor (TLR) family are
well recognized for this function (1-3). A second family known as
the Nod/CATERPILLAR protein family includes at least two
proteins, Nodl (Card4) and Nod2 (Card15), that recognize sub-
structures present in bacterial peptidoglycans (10, 12). Nod2 has
been shown to be involved in genetically determined human dis-
eases; mutations in Nod2 have been linked to susceptibility to
Crohn’s disease and to Blau’s syndrome (10, 12). Crohn’s disease
and Blau’s syndrome are chronic diseases with autoinflammatory
and autoimmune components. Although Nod2 was initially
thought to be a receptor for bacterial lipopolysaccharide (LPS),
more recent studies have shown that Nod2-expressing cells re-
spond to peptidoglycan-derived structures including muramyl
dipeptides (MDP) (9, 13). Whether or not direct binding between
MDP and Nod2 occurs has yet to be determined, despite the fact
that there are extensive structure-function data for Nod2 re-
sponses to MDP (22).

Because of the well-characterized role of NF-«kB activation
in inflammation, we felt that a more in-depth analysis of MDP-
induced NF-kB activation might enhance our understanding of
how Nod2 regulates host responses to bacteria. There are two
major pathways of NF-«kB activation, known as the canonical
(classical) and noncanonical (alternative) activation pathways.
To date, studies of Nod2 signaling have been focused on the
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canonical NF-kB pathway, with essentially no direct studies of
the role of the noncanonical pathway (4, 6). Functional char-
acterization of Nod2 demonstrated a role for RIP2 (RICK) in
Nod2-dependent NF-«kB activation with the use of cells from
RIP2-deficient mice (7, 14). In contrast Nod2 signaling is in-
dependent of adaptor proteins such as MyD88 (18) and Trif
(R. J. Ulevitch et al., unpublished data) required for TLR
signaling. The noncanonical NF-kB activation pathway in-
volves NF-«kB-inducing kinase (NIK), IkB kinase o (IKK1),
and p100 leading to cleavage of p100 and formation of p52:
RelB dimmers (4, 8, 23, 24). Here we have examined a possible
role for NIK in Nod2-dependent signaling. Using bone mar-
row-derived macrophages from mice with a targeted deletion
or mutation of NIK, we show that NIK participates in several
Nod2-dependent cellular responses to MDP. Importantly,
these data provide new information about the downstream
signaling pathways of Nod2 and may help us to further under-
stand the role of Nod2 in health and disease.

MATERIALS AND METHODS

Mice and reagents. aly/+ (aly heterozygous) and aly/aly (aly homozygous) mice
(17) were purchased from CLEA, Osaka, Japan. NIK ™/~ mice were generously
provided by Tularik Inc. (South San Francisco, CA) (24); Nod2™/~ mice were
obtained from Koichi Kobayashi and Richard Flavell (Yale University School of
Medicine, New Haven, Conn.) (15). All experimental protocols involving use of
mice were reviewed and approved by the TSRI Institutional Animal Care and
Use Committee.

MDP was purchased from Sigma; LPS isolated from Escherichia coli O111:B4
was purchased from List Biological Laboratories. CpG oligodeoxynucleotide
1826 (TCCATGACGTTCCTGACGTT) was ordered from Sigma-Genosys.

Preparation of bone marrow-derived macrophages (BMDM). Femors and
tibia were collected aseptically from euthanized mice, and after removal of
muscle, the ends of the bones were cut off and the marrow was flushed out using
5-ml syringes with 25-gauge needles and RPMI 1640 medium containing 10%
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FIG. 1. NIK interacts with Nod2. (A) MDP induces p100 process-
ing in a Nod2-dependent manner. HEK 293 cells were transfected with
100 ng of pl00 expression construct in combination with different
amounts of Myc-tagged Nod2 expression plasmid. Cells were stimu-
lated with 20 pg/ml MDP for 24 h, and p100 processing was detected
with anti-NF-kB2 monoclonal antibody, which recognizes both p100
and p52. Myc-tagged Nod2 protein was detected by anti-Myc immuno-
blotting. The film was scanned, and the band intensity of p52 was
calibrated as described in Materials and Methods. (B and C) Interac-
tion of NIK with Nod2. HEK 293 cells were cotransfected with Myc-
tagged Nod2 (B) or truncated Myc-tagged Nod2ACARD (C) and with
FLAG-tagged NIK, RIP, RICK, and p38 expression plasmids. The cell
lysates were immunoprecipitated with rabbit polyclonal anti-FLAG
antibody overnight. The resulting immune complexes were fraction-
ated by SDS-PAGE, transferred to membranes, and subsequently
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heat-inactivated (56°C for 30 min) HyClone defined fetal bovine serum (FBS), 2
mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin. The cells
were spun at 1,000 rpm for 10 min and resuspended in Dulbecco’s modified
Eagle medium (DMEM; Gibco) (with 4.5 g of p-glucose and 110 mg of sodium
pyruvate per liter and with the addition of 30% 1.929 cell-conditioned medium,
10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin), and 30-ml aliquots were added to 150-mm-style non-tissue cul-
ture-treated dishes (Fisher 08-757-14K). The plates were placed in a tissue
culture incubator in 10% CO, at 37°C, and after 4 days 10 ml of additional
medium was added. When cells reached confluence (typically after 5 to 7 days in
culture), the medium was removed, and the cells were washed once and detached
by a 15-min exposure to ice-cold Dulbecco’s phosphate-buffered saline (PBS)
without calcium or magnesium (Gibco). The detached cells were suspended by
pipetting, centrifuged at 1,000 rpm for 5 min, resuspended in DMEM-L929
conditioned medium, and plated in tissue culture plates. Typically, the cell yield
from one mouse was initially plated in three 150-mm plates, yielding 1 X 10° cells
after 5 to 7 days in culture. The cells were observed to be >94% CD11b positive
by fluorescence-activated cell sorting analysis. The BMDM were plated at 1 X
10° cells per ml in 24-well tissue culture plates 18 h prior to use in experiments.
1929 conditioned medium was produced by plating 1.929 cells (ATCC CCL-1) in
150-cm? tissue culture flasks at an initial density of 1 X 10° cells per ml in DMEM
(high glucose) supplemented with 10% nonheated FBS, 2 mM L-glutamine, and
penicillin/streptomycin as described above. After 5 to 7 days in culture, when the
adherent cells were fully confluent, the culture supernatant was centrifuged at
2,000 rpm for 10 min, aliquoted in 50-ml tubes, and stored at —20°C.

RNA quantification. Total RNA was isolated using Trizol reagent (Invitrogen
Inc.), and 1 pg of RNA was reverse transcribed using Superscript IT (Invitrogen
Inc.). Real-time PCR was done in an Applied Biosystems HT7900 using a SYBR
Green detection protocol. The following primers were used to amplify specific
genes: B lymphocyte chemoattractant (BLC) 5', CCCCAAAACTGAAGTTGT
GATCT, and BLC 3, CAGGCAGCTCTTCTCTTACTCACT; RANTES 5',
GCCCACGTCAAGGAGTATTTCTA, and RANTES 3', ACACACTTGGCG
GTTCCTTC; 18sRNA 5', CCGCGGTTCTATTTTGTTGGT, and 18sSRNA 3,
CTCTAGCGGCGCAATACGA,; interleukin-18 (IL-1B) 5', GCAACTGTTCC
TGAACTCAACT, and IL-1B 3', ATCTTTTGGGGTCCGTCAACT.

Immunoprecipitation and Western blot analysis. For immunoprecipitation
experiments, HEK 293 cells were transfected with Lipofectamine 2000 (Life
Technologies, Inc.) and cultured for an additional 24 h. Cells were suspended in
lysis buffer (225 mM NaCl, 50 mM Tris 7.4, 1% NP-40, supplemented with
Protease Inhibitor Cocktail Set III [CalBiochem Inc.]) for 30 min at 4°C. Cell
lysates were centrifuged at 14,000 rpm for 5 min, and supernatants were first
preincubated with protein G-Sepharose beads for 2 h and spun at 13,000 rpm for
5 min. The supernatants were collected and incubated with anti-FLAG antibody
(2 pg/ml; Santa Cruz Biotechnology) and protein G beads overnight at 4°C. The
precipitated immunocomplex was washed five times with lysis buffer and sepa-
rated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS—
10% PAGE). Proteins were transferred to Immobilon-P (polyvinylidene di-
fluoride) membranes (Millipore). The membrane was blocked with a solution
containing PBS (PH 7.4), 0.5% Tween 20, and 5% nonfat milk. Incubation with
anti-Myc mouse monoclonal antibody (clone 9E10, 1:2,000 dilution; Santa Cruz
Biotechnology) was carried out at room temperature overnight. The blot was
developed with ECL Plus reagent (Amersham Bioscience). For detection of
NF-kB2 protein, cells were stimulated as indicated in the figure legends and lysed
directly with SDS loading buffer. Cell lysates were separated on SDS-10%
PAGE gels, and NF-«B proteins were detected with antibody which recognized
both p100 and p52 (at a dilution of 1:2,000; anti-human p100 [Upstate Biotech]
or anti-murine p100 [Santa Cruz Biotechnology]). Antitubulin antibody (Santa
Cruz Biotechnology Inc., CA) was used as a gel loading control.

Preparation of nuclear extracts. Cells (2 X 10°) were washed with ice-cold
PBS and resuspended in 0.4 ml of buffer A (10 mM HEPES, pH 7.9, 10 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethyl-
sulfonyl fluoride). After 10 min, Nonidet P-40 was added to 0.6%. Nuclei were
separated from the cytosol by centrifugation at 13,000 X g for 10 seconds and
resuspended in 50 pl of buffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride). After 30 min at

probed with monoclonal anti-Myc antibody. The lysates (10% of im-
munoprecipitation input) derived from each transfection were also
loaded in gels as control and immunoblotted using anti-FLAG and
anti-Myc antibodies.
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FIG. 2. Essential roles of Nod2 and NIK in mediating responses to MDP and LPS. (A) Nod2 mediates MDP-induced IkBa degradation and
p38 phosphorylation. Nod2*/* and Nod2 ™/~ BMDM were stimulated with MDP (20 wg/ml) or LPS (10 ng/ml) for different times. Cell lysates were
prepared, and IkBa degradation and p38 phosphorylation were detected by Western blotting using specific antibodies. NIK (B and C) and Nod2
(D) are required for synergistic production of p52 by MDP and LPS. BMDM from aly/+ and aly/aly mice lacking functional NIK (B) or BMDM
from NIK** and NIK~/~ mice (C) and also BMDM from WT and Nod2 ™/~ mice (D) were stimulated by various concentrations of LPS in the
presence or absence of MDP (20 pg/ml) for 24 h, and processing of p100 was analyzed by Western blotting using anti-NF-kB2 antibody recognizing
both p100 and p52. The films were scanned, and the band density for p52 was normalized to the tubulin constitutive control.

4°C, lysates were centrifuged at 13,000 X g for 30 s, and the supernatant con-
taining nuclear proteins was collected.

Quantitation of Western blot band intensities. Western blot films were
scanned with a GS-800 Densitometer (Bio-Rad). The band intensity was pre-
sented as density (optical density [OD]/mm?) and normalized by the ratio of
tubulin band density.

Measurement of cytokine production. The concentrations of BLC, macrophage-
derived chemokine (MDC), IL-6, and tumor necrosis factor a (TNF-a) in culture

supernatants of BMDM were measured by enzyme-linked immunosorbent assay
(ELISA) using reagents purchased from R&D, Inc. (Minneapolis, MN).
Helicobacter felis culture and infection. H. felis (ATCC 49179) was grown under
microaerobic conditions in a BBL Campy Pouch microaerophilic system (catalog
no. 260656; Becton Dickinson) containing N,, H,, and CO, (80:10:10) at 37°C on
brucella broth agar plates supplemented with 5% sheep blood. The bacteria were
harvested after 24 to 48 h of growth, washed, and resuspended in PBS. The OD
at 600 nm (ODy,) was determined, and the bacteria titer was calculated (1 X 10°
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FIG. 3. NIK regulates LPS- and CpG-induced p52 nuclear translocation. BMDM were stimulated with LPS (100 ng/ml) and CpG (0.2 nM) for
the indicated time points. Cells were lysed, and nuclear fractions were subjected to Western blot analysis with the indicated antibody.
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CFU per OD unit). The presence of H. felis was confirmed by characteristic
colony morphology, motility, and a urease test. BMDM were infected by bacteria
for 24 h in the absence of antibiotics, and cell culture supernatants were assayed
for specific cytokine secretion.

Statistical analysis. A Student’s ¢ test (two-tailed) was used to evaluate the
data. A P value of <0.05 was considered significant.

RESULTS

p52 production via Nod2. In order to determine if activation
of the Nod2 pathway leads to events associated with the non-
canonical NF-«kB pathway, we focused our efforts on the role of
the enzyme known as NIK. NIK is critical for the processing of
p100 to p52 (4). Mammalian cells express five NF-kB proteins:
NF-kB1 (the DNA-binding subunit p50 and its precursor
p105), NF-kB2 (the DNA-binding subunit p52 and its precur-
sor pl00), RelA (p65), RelB, and c-Rel. NF-«kBl is critical for
the canonical pathway, while processing of p100 activates non-
canonical pathway. We first sought to determine whether
MDP-induced cell activation leads to Nod2-dependent p52
production. To address this question, we transiently expressed
p100 and Nod2 in HEK 293 cells and asked whether we could
detect MDP- and Nod2-dependent p52 production. p52 accu-
mulation was observed when MDP was added to Nod2-trans-
fected cells, supporting a link between MDP, Nod2, and the
NIK pathway (Fig. 1A). In studies not shown, we also noted
that p52 was found in the nucleus of MDP-treated cells. Fur-
ther, we observed constitutive production of p52 with the high-
est input of Nod2 cDNA, in keeping with ligand-independent
activation of Nod2 when it is overexpressed (Fig. 1A). Several
lines of evidence show that RIP2/RICK is important for Nod2
activation of the canonical NF-«kB pathway and that it binds to
Nod2 via CARD-CARD domain interactions (14, 18). RIP2 is
upstream of the IKK1/IKK2 pathway, while NIK is upstream of
IKK1 in the noncanonical pathway. We next asked if we could
detect interactions of NIK and Nod2. We coexpressed FLAG-
tagged constructs encoding RIP, RIP2, NIK, and p38 with
Myc-tagged wild-type Nod2 or Nod2 containing deletions in
the CARD domain (Nod2ACARD) in HEK 293 cells; cell
lysates were immunoprecipitated with anti-FLAG, and the re-
sulting immunoprecipitates were resolved by SDS-PAGE and
visualized by Western blotting with anti-Myc antibody. We
observed that both RIP2 and NIK, but not RIP or p38, inter-
acted with wild-type Nod2 (Fig. 1B) and that NIK but not RIP2
interacted with NOD2ACARD (Fig. 1C). Thus, Nod2 appears
to utilize CARD domain-dependent and -independent inter-
actions to transduce signals to the canonical and noncanonical
NF-«kB pathways. In studies not shown, we also determined
that NIK binds similarly to wild-type Nod2 or Nod2 containing
various mutations (R702W, P268S, G908R, or the frameshift
mutation L1007fsinsC), which are often found in Crohn’s dis-
ease patients (12).

Pathway requirements for p52 production. We next used
BMDM from Nod2~/~, NIK™/~, and aly/aly strains of mice to
further study the role of NIK in MDP signaling. The aly/aly
strain has a point mutation in NIK that renders NIK inactive
while aly/+ strain has a wild-type phenotype (23). It is now well
established that Nod2 does not recognize LPS but, rather, is a
receptor for structures found in bacterial peptidoglycans such
as MDP. It is very likely that in physiological settings, a variety
of TLR ligands might be present that influence Nod?2 signaling
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FIG. 4. Impaired BLC gene induction in NIK™/~ cells. BMDM
were stimulated for 24 h with LPS (0.02 to 0.4 ng/ml) and 20 pg/ml
MDP. Gene induction (mRNA) was determined by real-time PCR.
The relative expression of genes was normalized to the level of 18s
RNA. Data are presented as means * standard deviations of triplicate
wells. =, P < 0.01 for cytokine concentrations from knockout mice
compared with data from wild-type mice. Results are representative of
two independent experiments.

via TLR activation pathways. In support of this concept are
multiple studies showing synergies between TLR and Nod2
signaling. Here we have used LPS as a prototypic TLR4 acti-
vator and examined its effects in combination with MDP-in-
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FIG. 5. Diminished BLC secretion in NIK '~ cells. BMDM were stimulated for 24 h (LPS, 0.04 ng/ml; MDP, 20 wg/ml) and the production
of cytokine and chemokine were determined by specific ELISA. Data are presented as means * standard deviations of triplicate wells. *, P < (.05,
and **, P < 0.01, for cytokine concentrations from knockout mice compared with data from wild-type mice. Results are representative of three

independent experiments.

duced Nod2 signaling. BMDM from Nod2 ™/~ and Nod2*/*
mice were treated with MDP or LPS, and subsequent changes
in IkBa degradation and p38 activation were measured as
indicators of cell activation. MDP induced IkBa degradation
and p38 activation in Nod2™*/* but not Nod2 ™/~ cells, while the
LPS responses were identical in Nod2 ™/~ and Nod2*/*
BMDM (Fig. 2A). Thus, the absence of Nod2 does not reduce
LPS responses but completely blunts MDP-induced cell acti-
vation. BMDM derived from aly/aly or NIK ™'~ cells that are
defective in the NIK pathway due to a mutation in the former
and gene deletion in the latter were used to further character-
ize endogenous Nod2 signaling pathways. Specifically, we de-
termined how MDP, LPS, or the combination of the two in-
fluenced processing of p100 to p52 in wild-type or mutant cell
lines. Addition of MDP alone produced barely detectable p52,
but when increasing amounts of LPS were added to aly/+ cells,
a synergistic production of p52 was observed (Fig. 2B). In
addition we observed that MDP or LPS alone or when added
together produced a strong increase in p100 production. When
we compared aly/+ and aly/aly cells, we observed that the
enhanced p52 production noted when MDP and LPS were
added together was absent in the aly/aly cells homozygous for
the NIK mutation. In contrast, the marked increase in p100
protein expression induced by MDP, LPS, or the combination
of the two occurred to a similar extent when responses in aly/+
and aly/aly cells were compared. We also observed a compa-
rable response pattern when MDP and LPS were added to-
gether to NIK™* or NIK™/~ BMDM. NIK*'* cells treated

with LPS and MDP showed enhanced, synergistic production
of p52 that was not observed with the NIK~/~ BMDM (Fig.
2C). In contrast, increases in p100 expression were identical in
NIK** and NIK~/~ BMDM. The synergy between LPS and
MDP required the presence of Nod2 since we observed en-
hanced p52 production when MDP and LPS were added to
Nod2™'* cells but not when we performed the identical exper-
iment using Nod2~/~ BMDM (Fig. 2D). Thus, the totality of
the data provided here support the contention that MDP sig-
nals via both the canonical and noncanonical NF-«B pathways
and requires NIK for multiple and distinct responses in both
transfected cell lines and in primary cell isolates and that
synergies exist as shown here by the enhanced responses trig-
gered by the combined effects of MDP and LPS.

To determine if NIK is also required for p52 generation and
subsequent translocation in cells activated by other TLR acti-
vators, BMDM were challenged with LPS (100 ng/ml) and
CpG (0.2 mM), and nuclear fractions were subjected to immu-
noblot analyses. Both LPS and CpG induced p52 generation in
wild-type but not NIK '~ cells. In contrast, translocation of other
members of NF-«kB family (RelA, p50, and cRel) were found in
approximately equal amounts in wild-type and NIK ™/~ cells nor-
mally (Fig. 3).

NIK-dependent gene induction via the Nod2 pathway. We
next performed an expression analysis on total RNA from
resting and activated BMDM obtained from wild-type and
NIK ™/~ mice comparing the effects of stimulation with MDP,
LPS, and MDP plus LPS to determine if we could identify one
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FIG. 6. Helicobacter infection induced BLC gene activation and chemokine secretion in a NIK-dependent manner. (A) BMDM were infected
with H. felis at the indicated multiplicity of infection (MOI) for 24 h, and induction of cytokines was detected with specific ELISA kits. Data are
presented as means *+ standard deviations of triplicate wells. Results are representative of three independent experiments. (B) BMDM were
infected with H. felis at the indicated multiplicity of infection (MOI) for 24 h. Relative gene expression was detected by real-time PCR. Data are
presented as means =+ standard deviations of triplicate wells. **, P < 0.01 for cytokine concentrations from knockout mice compared with data
from wild-type mice. Results are representative of three independent experiments.

or more genes that are selectively upregulated by the combi-
nation of LPS and MDP compared to the effects of either
ligand alone. Analysis of the arrays to be presented elsewhere
(R. J. Ulevitch, Q. Pan, C. Fearns, et al., unpublished data)
revealed that the gene encoding BLC (CXCL13) was strongly
upregulated by the combined effects of LPS and MDP in wild-
type but not NIK™/~ cells. Based on these findings, we con-
ducted experiments to quantify BLC, RANTES, and IL-1B
mRNA expression by reverse transcription-PCR in BMDM
from wild-type or NIK '~ mice following stimulation by LPS,
MDP, or LPS plus MDP. Results shown in Fig. 4 demonstrate
that BLC mRNA expression is markedly upregulated in wild-
type but not NIK~/~ BMDM when LPS and MDP are added
simultaneously. In contrast, expression of RANTES and IL-13
mRNA was identical in the parental and NIK '~ BMDM.

We also observed strong synergies between LPS and MDP in
secretion of chemokines and proinflammatory cytokines. This
was observed for release of BLC, MDC, TNF-«, and IL-6. A
key role for the NIK pathway was only noted for BLC with a
marked reduction in release when wild-type and NIK /'~
BMDM were compared (Fig. 5). These data reflect the same
pattern of mRNA expression when BLC induction was com-
pared with RANTES and IL-1B. However, the levels of pro-
duction of other cytokines (TNF-a, IL-6, and MDC) were
similar in wild-type and NIK ™/~ cells.

To further establish the functional significance of NIK in
innate immunity, we infected BMDM with the gram-negative

bacterium H. felis. H. felis is a mouse gastric pathogen, and
infection of mouse by H. felis mimics many pathogenic changes
commonly found in humans infected with Helicobacter pylori.
Our data showed that H. felis activated murine macrophages
(NIK** and NIK /") and induced comparable levels of ex-
pression of TNF-a and IL-6 in NIK™* and NIK~/~ macro-
phages (Fig. 6A). In contrast, the absence of NIK resulted in a
decrease in BLC production that was seen both at the protein
(Fig. 6A) and mRNA levels (Fig. 6B).

DISCUSSION

It is our contention that a better understanding of the role of
Nod2 in disease will derive from defining Nod2-dependent
signaling pathways. Few studies have addressed questions
about Nod2 function under physiological conditions where en-
dogenous signal transduction pathways can be studied. Here
we have provided several distinct experimental approaches
that establish a role for NIK in Nod2-dependent signaling and
that support the contention that Nod2 is linked to both the
canonical and noncanonical NF-kB pathways. This contention
is supported by studies that show NIK binding to Nod2, MDP-
dependent processing of p100 to p52 requiring both Nod2 and
NIK, and a requirement for NIK in Nod2-dependent induction
of the chemokine encoded by the BLC gene. The requirement
for NIK is not global since induction levels of multiple other
genes including IL-1, TNF, IL-6, and other matrix metallopro-
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teinase family members are identical in NIK-sufficient and
NIK-deficient cells. We further showed that there is a striking
synergy between LPS and MDP in activating the noncanonical
NF-«kB pathway and in gene expression and that in some cases
this synergy requires NIK as well. Previous studies have used
dominant-negative forms of NIK to probe Nod2-dependent
signaling pathways (18). No previous studies have investigated
a role for NIK in primary cell types such as BMDM or under
conditions that reflect signaling via endogenous pathways.

The major role of the noncanonical NF-kB pathway in immu-
nology has been assigned to adaptive immunity with a specific
emphasis on its role in the development and maintenance of
secondary lymphoid organs (4). Here we show that the role of
NIK-dependent gene expression is not confined to these latter
responses but include genes and pathways associated with innate
immunity and inflammation. We have identified one specific gene
encoding the chemokine known as BLC. Here we have linked
BLC production to Nod2- and NIK-dependent pathways. BLC is
usually expressed in secondary lymphoid tissue constitutively, and
aberrant expression of BLC has also been associated with chronic
inflammatory diseases, such as H. pylori gastritis (16) and rheu-
matoid arthritis (5, 20). These data suggested an important role
for NIK in innate responses to bacteria infection and associated
chronic disease as well.

The work described here provides a new framework to in-
vestigate the downstream events triggered by Nod2 activation
and to further define the physiological role of Nod2 in health
and disease. Whether the current studies provide the basis to
understand recent results of Hollenbach et al. (11) will require
further work in appropriate animal models. In their study, they
examined the effects of p38 inhibitor SB203580. They showed
the activation of the noncanonical NF-kB pathway in a dextran
sulfate sodium-induced murine model of inflammatory bowel
disease. Their studies also suggested that SB203580 could in-
hibit both the canonical and noncanonical NF-kB pathways
leading to an improved clinical score in the bowel. Despite
continued uncertainty about the pathogenesis of Crohn’s dis-
ease, the results provided herein may well lead to a novel
means to regulate key events linked to Nod2 signaling. This
would include distinct modulation of the canonical and non-
canonical NF-kB pathways as well as the basis for a better
understanding of the influence of mutations in Nod2 or other
genes linked to Crohn’s disease susceptibility (19, 21).
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