
Transfection, immunoprecipitation and western blotting
Human embryonic kidney (HEK) 293T and COS7 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum. Cells were
co-transfected with 3 mg of each plasmid and cultured for 48 h. For in vivo stimulation
experiments, cells were grown for 48 h in spent medium and then stimulated with HGF
(400 U ml21) at 37 8C, for the indicated times. Ubiquitination experiments were
performed as described15.

For immunoprecipitations, cells were lysed with EB buffer (20 mM Tris-HCl, pH 7.4,
5 mM EDTA, 150 mM NaCl, 10% glycerol, 1% Triton X-100) in the presence of
protease inhibitors and 1 mM Na-orthovanadate. After immunoprecipitation with the
appropriate antibodies, high stringency washes were performed (EB plus 1 M LiCl).

Western blots were performed according to standard methods. In western blot and
immunoprecipitations the following antibodies were used: PY20 monoclonal antibody
(Transduction Laboratories), anti-Met antibodies (described in ref. 25), anti vesicular
stomatitis virus (VSV)-G (Sigma), anti-Cbl and anti-haemagglutinin (HA) (Santa Cruz
Biotechnology), anti-Gab1 (Upstate Biotechnology), and anti-Flag (Sigma). Monoclonal
anti-endophilin A3 and polyclonal anti-endophilins antibodies (able to recognize
endophilins A1, A2 and A3) were a gift of E. Lantelme and C. Giachino. Anti-CIN85 (CT)
antibody and pre-immune serum were provided by I. Dikic. Final detection was done with
ECL system (Amersham).

GST pull-down assay
The host strain Escherichia coli XL-1 was transformed with plasmids encoding GST fusion
proteins, and protein expression was induced with isopropyl-b-D-thiogalactopyranoside.
Bacterial cells were lysed in phosphate-buffered saline containing 1% Triton X-100 and
protease inhibitors. Fusion proteins were captured on glutathione–Sepharose beads and
incubated with crude lysates of transfected HEK 293T cells at 4 8C for 2 h. The beads were
washed extensively in lysis buffer, and then bound proteins were eluted by boiling in SDS–
polyacrylamide gel electrophoresis (PAGE) sample buffer, separated by SDS–PAGE, and
processed for western blotting.

Motility assay
For motility assay, 105 cells were seeded on the upper side of a Transwell chamber on a
porous polycarbonate membrane (8.0-mm pore size); the lower chamber of the Transwell
was filled with DMEM containing 5% FBS, either in the absence or in the presence of HGF
(100 or 200 U ml21). After 24 h of incubation, cells attached to the upper side of the filter
were mechanically removed. Cells that migrated to the lower side were fixed and stained
with crystal violet. The stained cells were solubilized in 10% acetic acid, absorbance at
560 nm was measured in a micro-plate reader.

Immunofluorescence
COS7 cells were transfected using Lipofectamine (Life Technologies) and then seeded on
polylisine-coated coverslips. Cells were treated with HGF (400 U ml21) for different times,
then fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 and finally co-
stained using biotin-conjugated anti-HGF (R&D), anti-VSV to detect endophilin A3 SH3
domain, anti-Flag to detect CIN85-PCC, and anti-HA to detect Cbl-480. Images were
taken using a Bio-Rad Confocal Microscopy System.
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Host defences to microorganisms rely on a coordinated interplay
between the innate and adaptive responses of immunity1. Infec-
tion with intracellular bacteria triggers an immediate innate
response requiring macrophages, neutrophils and natural killer
cells, whereas subsequent activation of an adaptive response
through development of T-helper subtype 1 cells (TH1) proceeds
during persistent infection1. To understand the physiological
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role of receptor-interacting protein 2 (Rip2), also known as RICK
and CARDIAK, we generated mice with a targeted disruption of
the gene coding for Rip2. Here we show that Rip2-deficient mice
exhibit a profoundly decreased ability to defend against infection
by the intracellular pathogen Listeria monocytogenes. Rip2-defi-
cient macrophages infected with L. monocytogenes or treated with
lipopolysaccharide (LPS) have decreased activation of NF-kB,
whereas dominant negative Rip2 inhibited NF-kB activation
mediated by Toll-like receptor 4 and Nod1. In vivo, Rip2-deficient
mice were resistant to the lethal effects of LPS-induced endotoxic
shock. Furthermore, Rip2 deficiency results in impaired inter-
feron-g production in both TH1 and natural killer cells, attrib-
uted in part to defective interleukin-12-induced Stat4 activation.
Our data reflect requirements for Rip2 in multiple pathways
regulating immune and inflammatory responses.

Rip2 contains an amino-terminal kinase domain and a carboxy-
terminal caspase activation and recruitment domain (CARD)2 – 4.
We disrupted the Rip2 gene in mice by replacing the first exon of
Rip2 with a neomycin-resistance gene (Fig. 1a). Targeted disruption
was determined by Southern analysis (Fig. 1b), and loss of Rip2
expression was demonstrated by western analysis (Fig. 1c).
Rip22/2 mice were viable and fertile, and have survived up to 24
months with no gross differences compared to Rip2þ/þ littermates.
Offspring genotypes from heterozygous breeding approached men-
delian frequency. Development and ratios of all haematopoietic
lineages tested appeared equivalent in Rip2þ/þ and Rip22/2 mice by
analysis of typical surface markers. Overexpressed Rip2 has been
shown to promote apoptosis2,3; however, sensitivity to apoptosis
induced by a variety of stimuli was similar in Rip2þ/þ and Rip22/2

embryonic fibroblast cells and thymocytes (data not shown).
As Rip2 interacts with CD40, a co-stimulatory receptor critical

for T-cell-dependent humoral responses2, we assessed the role of
Rip2 in the humoral immune response. On immunization of
mice with the T-cell-dependent antigen chicken egg ovalbumin
(OVA), we observed that titres of OVA-specific immunoglobulin-g
(IgG)-2a were up to 20-fold lower in Rip22/2 mice compared with

Rip2þ/þ mice (Fig. 2a). In contrast, OVA-specific IgG1 titres were
similar in Rip2þ/þ and Rip22/2 mice (Fig. 2b). No significant
differences in B-cell proliferation were found between Rip2þ/þ

and Rip22/2 B cells stimulated with anti-CD40 and anti-IgM
(Fig. 2c, d). On the other hand, decreased proliferation was
observed in Rip22/2 CD4þ T cells stimulated with anti-CD3
compared with Rip2þ/þ CD4þ T cells (Fig. 2e). As a role for Rip2
in T cells was unexpected, we also examined Rip2 gene expression,
and detected increasing levels of Rip2 messenger RNA during
activation of T cells (Fig. 2f).

To explore the ability of Rip2 to regulate T-cell responses, we
immunized Rip2þ/þ and Rip22/2 mice with OVA in complete
Freund’s adjuvant (CFA)5. Consistent with the decreased immuno-
globulin isotype switching to IgG2a, lower amounts of IFN-g were
produced by Rip22/2 draining lymph node cells restimulated with
antigen (Fig. 3a; see also ref. 6). These data suggest impaired TH1
activation in Rip22/2 mice, a function critical for the generation of
cell-mediated and inflammatory responses to pathogen challenge7,8.
To further investigate T-helper cell development, we cultured Rip2þ/þ

and Rip22/2 CD4þ T cells under polarizing conditions to promote
either TH1 or TH2 development. When restimulated with anti-CD3,
TH1 cells of Rip22/2 mice produced twofold less IFN-g than TH1 cells
of Rip2þ/þ mice (Fig. 3b). In contrast, similar levels of interleukin
(IL)-4 were secreted in Rip22/2 and Rip2þ/þ TH2-polarized cells,
suggesting that Rip22/2 T cells have an impaired ability to differ-
entiate into TH1 cells, but a normal capacity to differentiate into
TH2 cells (Fig. 3c).

To specifically study TH1 cells, we generated TH1 clones. In CD4þ

T cells, IFN-g production can be induced either through T-cell
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antigen receptor (TCR) or IL-12/IL-18 activation9. To delineate the
specific pathway involving Rip2 in IFN-g regulation, we stimulated
TH1 clones with IL-12, IL-18, or both, and measured IFN-g
production. Whereas IL-12 or IL-18 alone did not activate IFN-g
secretion, Rip22/2 TH1 clones produced 76% less IFN-g on average
after synergistic activation with the combination of IL-12 and IL-18,
compared with Rip2þ/þ clones. After stimulation with anti-CD3
alone, or with IL-12, IL-18, or IL-12 plus IL-18, in conjunction with
TCR activation, Rip22/2 clones produced 34%, 43%, 45% or 36%
less IFN-g on average, respectively, than Rip2þ/þ cells (Fig. 3d).
Statistically significant differences in IL-12-mediated IFN-g pro-
duction led us to examine further the role of Rip2 in IL-12
signalling.

IL-12 mediates its function largely through the activation of
signal transducer and activator of transcription 4 (Stat4). Indeed,
Stat42/2 TH1 cells are defective in IL-12-induced IFN-g pro-
duction10,11. Similar expression levels of IL-12 receptor in Rip2þ/þ

and Rip22/2 clones, as measured by western blot and polymerase
chain reaction with reverse transcription (RT-PCR) (data not
shown), implicated Rip2 as functioning downstream of the IL-12
receptor. To determine whether the loss of Rip2 affected Stat4
activation, we stimulated Rip2þ/þ and Rip22/2 TH1 clones with
IL-12, and measured activation of Stat4. Rip22/2 TH1 clones
exhibited impaired Stat4 activation, as shown by decreased tyrosine
phosphorylation and decreased DNA binding, whereas total

amounts of Stat4 remained constant (Fig. 3e). Thus, defective
Stat4 activation may contribute towards impaired IFN-g pro-
duction in Rip22/2 mice.

The inflammatory cytokine IL-12 bridges innate and adaptive
immunity, in part, by induction of IFN-g, a critical mediator of
TH1, cytotoxic T-lymphocyte (CTL), and natural killer (NK) cell
responses12. We next investigated whether impaired IL-12-mediated
IFN-g production in TH1 cells of Rip22/2 mice could be a
generalized defect, and examined the ability of NK cells to respond
to IL-12. Splenocytes from Rip2þ/þ and Rip22/2 mice were stimu-
lated with IL-12, IL-18, or both IL-12 and IL-18. Whereas spleno-
cytes of Rip2þ/þmice secreted IFN-g after stimulation with IL-12 or
IL-18, splenocytes of Rip22/2 mice did not secrete IFN-g at levels
above background under similar conditions, demonstrating an
impairment of IL-12 and IL-18 signalling in NK cells. Synergistic
activation with IL-12 and IL-18 induced twofold less IFN-g from
Rip22/2 cells (Fig. 3f). Impairments in IL-18-mediated signalling
were observed in both TH1 and NK cells. This finding indicates an
additional role for Rip2 in the related Toll-like receptor (TLR)/IL-1/
IL-18 superfamily.

IFN-g is crucial in the defence against intracellular pathogens such
as L. monocytogenes, as mice deficient in IFN-g, IFN-gR, or Stat4 have
increased susceptibility to infection by L. monocytogenes11,13,14. To
demonstrate the in vivo role of Rip2 in immune responses, we used a
10% LD50 dose (lethal to 50% of animals tested) of L. monocytogenes
to intravenously infect Rip2þ/þ and Rip22/2 mice. Although the
bacterial titres among Rip2þ/þ and Rip22/2 mice after 1.5 days were
similar in both livers and spleens, after 5 days the numbers of
L. monocytogenes recovered from the livers and spleens of Rip22/2

mice were about 75- and 25-fold higher than those in Rip2þ/þmice,
respectively (Fig. 4a, b). Indeed, all Rip22/2 mice succumbed to
infection within 8 days, whereas 83% of Rip2þ/þ mice survived and
completely cleared the bacteria by 10 days (Fig. 4c).

Interestingly, up to tenfold higher L. monocytogenes titres were
found in Rip22/2 mice 3 days after infection, earlier than the 4–5
days required for the development of an adequate adaptive
response, suggesting an intrinsic defect in innate immunity as
well. Thus, to examine the intrinsic contribution of Rip2 in
macrophages, we investigated signalling in macrophages infected
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with L. monocytogenes. Decreased activation of NF-kB (Fig. 5a), a
pathway critical to host inflammatory responses, was observed in
macrophages of Rip22/2 mice. Similar to infection with L. mono-
cytogenes, LPS-stimulated macrophages of Rip22/2 mice showed
decreased activation of NF-kB compared with Rip2þ/þ cells
(Fig. 5b), as well as decreased p38 and SAPK activation (data not
shown). In addition, LPS stimulation upregulated Rip2 expression
as measured by RT-PCR (data not shown). To assess in vivo
responsiveness, we challenged Rip2þ/þ and Rip22/2 mice with
LPS, and found that Rip22/2 mice were completely resistant to an
LD50 dose (Fig. 5c). This effect underscores the importance of Rip2
in the recognition and/or subsequent activation of inflammatory
responses to LPS, and highlights a common signalling defect in
Rip22/2 mice in TLR and related receptors such as IL-18.

Recent studies have implicated the plant disease-resistance-like
proteins, Nod1 and Nod2, as activators of NF-kB in response to
presentation of pathogens in the cytosol15. In fact, mutations in
Nod2 have been linked to susceptibility to Crohn’s disease, impli-
cating innate immune dysfunction in Crohn’s disease16,17. Con-
sidering how Rip2-deficient mice could respond in vivo with altered
sensitivity to both LPS and L. monocytogenes, we investigated a role
for Rip2 in the signalling pathway of TLRs and Nods. Activation of
NF-kB by both TLR4 and Nod1 was inhibited in a dose-dependent
manner by coexpression of dominant negative Rip2 (Rip2-DN), as
measured by a NF-kB-dependent luciferase reporter in 293T cells
(Fig. 5d). Whereas activation of NF-kB by both TLR4 and Nod1 was
inhibited using a dominant active inhibitor of NF-kB (IkB-DA),
dominant negative forms of proteins found in TLR complexes
(IRAK-DN and MyD88-DN) specifically abolished TLR4- but not

Nod1-induced NF-kB activity. These data are consistent with
previous studies demonstrating association of Rip2 with either
Nod1 or TRAF6, and further supports a Rip2-dependent contri-
bution in TLR/IL-18 receptor and Nod1 family signalling18 – 20.

Insight into the regulation of cell-mediated immunity is critical
to understanding the balance between normal immune responses
and inappropriate inflammatory responses. Our studies provide
genetic evidence for the requirement of Rip2 in both innate and
adaptive immune responses. In the future, it will be important to
establish the precise mechanisms of Rip2 function in IL-12/Stat4
signalling, as well as in in vivo specificity in intracellular versus
extracellular microbial infections. Here, we implicate Rip2 in the
innate response to pathogens by mediating Nod- and TLR-induced
cell signalling. In the adaptive immune response, Rip2 mediates
cytokine-induced IFN-g production in TH1 and NK cells. The critical
roles of Rip2 in regulating cell-mediated responses provide support
for Rip2 as a candidate target for immune intervention. A

Methods
Generation of Rip22/2 mice
An internal 1.1-kilobase (kb) HpaI–SmaI genomic fragment containing exon 1 was
replaced with a PGK-neor (neomycin-resistance gene) cassette. The targeting construct
was electroporated into 129J1 cells and selected with G418. Recombinants were identified
using a genomic probe external to the targeting construct, hybridizing to an 8.8-kb BglII
fragment of the endogenous Rip2 locus and to an 11-kb fragment of the targeted allele. We
used Rip2-specific C-terminal antibodies for western analysis (Alexis Biochemicals). Two
clones chosen for injection into 3.5-day-old C57Bl6 blastocytes gave germ-line
transmission of the targeted allele. Chimaeric mice were crossed with C57Bl6 females to
generate Rip2þ/2 mice. Mice were re-derived into a specific pathogen-free facility. Age-
and gender-matched mice of C57Bl/6x129 F2 background were used, except for L.
monocytogenes infections, in which mice of C57Bl/6x129 F5 generation were used.

PCR with reverse transcription
First strand complementary DNA was produced by reverse transcription (RT) of 5 mg total
RNA using the superscript first strand synthesis kit (Gibco BRL). Levels of hypoxanthine
guanine phosphoribosyltransferase (HPRT) were amplified by PCR and used to equalize
levels of cDNA21. T cells were differentiated in vitro by stimulation with anti-CD3
(5 mg ml21) and anti-CD28 (1 mg ml21) antibodies without antigen-presenting cells.
The primers used for Rip2 PCR were: 5 0 -CCATCCCGTACCACAAGCTC-3 0 and
5 0 -GCAGG ATGCGGAATCTCAAT-3 0 .

In vitro CD41 T-cell differentiation
Splenic CD4þ T cells were purified by negative selection using a magnetic cell sorter (Stem
Cell) to 90–95% purity as determined by staining with fluorescein isothiocyanate-
conjugated anti-CD4 and flow cytometry. CD4þ depleted splenocytes were used as APCs.
Purified T cells (5 £ 105 ml-1) were cultured with wild-type irradiated APCs
(5 £ 105ml21) in the presence of anti-CD3 (5 mg ml21) and IL-2 (20 U ml21). TH1
polarization was achieved with the addition of IL-12 (5 ng ml21) and anti-IL-4 (4 mg
ml21), whereas for TH2 polarization, IL-4 (1,000 U ml21) and anti-IFN-g (4 mg ml21) was
added. After 4 days of culture, cells were collected, washed extensively, and restimulated at
5 £ 105 cells ml21 with plate-bound anti-CD3 (5 mg ml21). Supernatants were collected
after 24 h and assayed for levels of IFN-g and IL-4 by ELISA. Antibodies for differentiation
and ELISA assays were purchased from Pharmingen.

IFN-g production in TH1 clones and NK cells
TH1 clones were maintained using irradiated wild-type APCs, and used for experiments 2
weeks after restimulation to decrease the contribution of cells from the APC population.
TH1 clones were cultured with media, IL-12 (1 ng ml21), IL-18 (50 ng ml21), or both, with
and without plate-bound anti-CD3 (5 mg ml21) for 48 h. Splenocytes were stimulated with
media, IL-12 (5 ng ml21), IL-18 (20 ng ml21), or both for 24 h. FACS analysis of
splenocytes using a NK-specific antibody in conjunction with intracellular IFN-g staining
demonstrated that IFN-g secreted from splenocytes was derived from NK cells, and that
similar numbers of NK cells were present in spleens of Rip2þ/þ and Rip22/2 mice.
Supernatants were assessed for IFN-g production by ELISA.

Analysis of Stat4 activation
TH1 clones from Rip2þ/þ and Rip22/2 mice were stimulated with IL-12 (10 ng ml21) for
15 min. We prepared total cell extracts as described22. Stat4 immunoprecipitated with
polyclonal anti-Stat4 antibodies (Santa Cruz) was assessed for phosphotyrosine with RC-
20-horseradish peroxidase (Transduction Laboratories). After stripping, total Stat4 levels
were detected using rabbit anti-Stat4 antibody. For DNA binding, lysates (20 mg) were
incubated with 32P-labelled consensus binding site oligonucleotides for Stat4 (Santa
Cruz), and analysed by electrophoresis mobility shift assay (EMSA).

NF-kB activation in macrophages
Total bone marrow cells were isolated from mice and plated overnight (1 £ 106 cells ml21)
in the presence of macrophage colony-stimulating factor (M-CSF). After 24 h,
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Figure 5 Impaired NF-kB activation in macrophages of Rip22/2 mice. a, b, Macrophages

of Rip2þ/þ and Rip22/2 mice were stimulated with L. monocytogenes (a). IFNg-activated
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indicated constructs were analysed for luciferase activity of a NF-kB reporter. Normalized

fold activation is indicated.
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non-adherent cells were plated (1 £ 105 ml21) and cultured for 6 days. Unactivated
macrophages were stimulated with L. monocytogenes using a multiplicity of infection of 20,
whereas macrophages activated with IFN-g (400 U ml21) for 16 h were stimulated with
LPS. Nuclear extracts (3 mg) were incubated with a 32P-labelled oligonucleotide probe
derived from the major histocompatibility complex (MHC) class II NF-kB consensus-
binding site, and analysed by EMSA.

Transient transfection and luciferase analysis
Human embryonic kidney (293T) cells were plated in 6-well plates at 2.5 £ 105 cells per
well. Cells were stimulated by transfection with plasmid pCMV (cytomegalovirus) human
NOD1 (10 ng) or pCMV murine CD4-TLR4 (10 ng). Stimulated cells were inhibited by
co-transfection with pCMV human RIP2-DN (1–434), pcDNA3 murine MyD88-DN,
pCiNeo murine IRAK-DN, or pCMV IkB-DA, as indicated (in ng). All transfections were
performed with a luciferase reporter plasmid containing two kB binding sites (20 ng) and
pCMV-LacZ (40 ng). Luciferase activity was measured and normalized to beta-
galactosidase activity.
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The immune system consists of two evolutionarily different but
closely related responses, innate immunity and adaptive immu-
nity. Each of these responses has characteristic receptors—Toll-
like receptors (TLRs) for innate immunity and antigen-specific
receptors for adaptive immunity. Here we show that the caspase
recruitment domain (CARD)-containing serine/threonine kinase
Rip2 (also known as RICK, CARDIAK, CCK and Ripk2)1 – 4

transduces signals from receptors of both immune responses.
Rip2 was recruited to TLR2 signalling complexes after ligand
stimulation. Moreover, cytokine production in Rip2-deficient
cells was reduced on stimulation of TLRs with lipopolysacchar-
ide, peptidoglycan and double-stranded RNA, but not with
bacterial DNA, indicating that Rip2 is downstream of TLR2/3/4
but not TLR9. Rip2-deficient cells were also hyporesponsive to
signalling through interleukin (IL)-1 and IL-18 receptors, and
deficient for signalling through Nod proteins—molecules also
implicated in the innate immune response. Furthermore, Rip2-
deficient T cells showed severely reduced NF-kB activation, IL-2
production and proliferation on T-cell-receptor (TCR) engage-
ment, and impaired differentiation to T-helper subtype 1 (TH1)
cells, indicating that Rip2 is required for optimal TCR signalling
and T-cell differentiation. Rip2 is therefore a signal transducer
and integrator of signals for both the innate and adaptive
immune systems.

Rip2 is a serine/threonine kinase1 – 4 that carries a CARD at its
carboxy terminus, and shares sequence similarity with a serine/
threonine kinase, Rip, which is essential for NF-kB activation
through the tumour-necrosis factor (TNF) receptor5. In vitro
studies have shown that Rip2 can associate with a variety of other
CARD-containing molecules through CARD – CARD inter-
actions1 – 3. Moreover, overexpression of Rip2 causes activation of
NF-kB and Jun amino-terminal kinase (JNK)1 – 4. NF-kB activation
by Rip2 is inhibited by dominant negative TRAF6 (ref. 4), a
signalling molecule that is downstream of TLRs. Furthermore, we
found that expression of Rip2 was induced in macrophages on
stimulation with lipopolysaccharide (LPS) (Fig. 1a, b). These
observations led us to consider the possibility that Rip2 is involved
in signalling in the innate immune system. To assess the physio-
logical role of Rip2 in signalling in the innate immune system, we
generated Rip2-deficient mice by homologous recombination of
embryonic stem cells. A gene-targeting construct was generated to
replace the two exons coding for murine Rip2 with a neomycin-
resistance gene (neor) (Fig. 1c). Homologous recombination in
embryonic stem cells was confirmed by Southern blot analysis
(Fig. 1d), and the absence of Rip2 expression in homozygous animals
was confirmed by western blot (Fig. 1e). Rip2-deficient mice were
born in the expected mendelian ratio, and showed no gross devel-
opmental abnormalities and no abnormal composition of lympho-
cytes as determined by flow cytometry (data not shown).
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