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Caspase activating and recruitment domain 8 (CARD8) has
been implicated as a co-regulator of several pro-inflammatory
and apoptotic signaling pathways. In the present study, we dem-
onstrate a specific modulation of NOD2-induced signaling by
CARD8 in intestinal epithelial cells.We show thatCARD8phys-
ically interactswithNOD2and inhibits nodosome assembly and
subsequent signaling upon muramyl-dipeptide stimulation.
Furthermore, CARD8 inhibits the direct bactericidal effect of
NOD2 against intracellular infection by Listeria monocyto-
genes. Thus, CARD8 represents a novel molecular switch
involved in the endogenous regulation of NOD2-dependent
inflammatory processes in epithelial cells.

NOD-like receptor (NLR)3 proteins form a family of intracel-
lular pathogen-recognition receptors with more than 24 mem-
bers in humans and over 200 members in lower metazoans
(1–3). The NLR NOD2 is constitutively expressed in mono-
cytes and intestinal Paneth cells (4, 5) and can be induced in
various cell types including intestinal epithelial cells (6, 7).
NOD2 serves as an intracellular pathogen sensor that requires
muramyl dipeptide (MDP) as a minimal motif to trigger activa-
tion of the transcription factor NF-�B (4). Mutations in the
gene encoding for NOD2 have been associated with a genetic
predisposition to chronic inflammatory disorders (8–11)
including Crohn disease, a human chronic inflammatory bowel
disease. It is hypothesized that ligand recognition by the LRR
domain induces a conformational change of the molecule
resulting in the oligomerization of NOD2 via its nucleotide
binding and oligomerization domain (NBD) domain, and sub-

sequent recruitment of the serine threonine kinase RIP2 (4)
through homotypic CARD-CARD domain interaction and
induced proximity signaling.
In addition to this nodosome, multiprotein module, another

major type of NLR complex, the inflammasome, is formed by
pyrin domain-containing NLR proteins, e.g. NALP1 and
NALP3 and several adaptor molecules, e.g. ASC and CARD8
(12–14). The protein complex forms a large scaffold, which is
required for caspase-1-dependent IL-1� processing and secre-
tion (15, 16).
CARD8 (also known as TUCAN and CARDINAL) is com-

prised of a C-terminal CARD domain and a N-terminal FIIND
(domain with function to find) domain (17). CARD8 was first
described in the context of NALP-independent NF-�B activa-
tion and apoptosis (17, 18). It has been reported to form dimers
and bind to procaspase-9 suppressing caspase-9 activation via
Apaf1-dependent mechanisms (19). However, CARD8 overex-
pression has been shown to induce apoptosis (20). Interestingly
CARD8 expression is elevated in colonic carcinoma cells (19)
and correlates with shorter patient survival (19, 21) indicating
an involvement in cancer progression.
CARD8 has been postulated to serve as a molecular bridge

recruiting an additional caspase-1 molecule to the NALP3
inflammasome through homotypic CARD-CARD-interaction
(13). Thus, upon activation CARD8 may bind with its FIIND
domain to the central NBD part of NALP3. Based on structural
homology of NALP3 and NOD2, we investigated the possible
interaction of CARD8 and NOD2. We hypothesized that the
interaction of CARD8 with NOD2 may have an impact on cel-
lular regulation of caspase-1 and NF-�B activation in the con-
text of innate immune reactions.

EXPERIMENTAL PROCEDURES

Construction of Plasmids—The generation of FLAG-tagged
constructs containing full-length wild-type NOD2, the NBD,
the LRR, and the CARDdomains of NOD2 have been described
previously (22). Expression constructs for Myc- and CFP-
tagged NOD2, YFP-tagged CARD8, and GFP-tagged CARD8
(1–320) were generated using standard cloning techniques (see
supplemental Table S1). Plasmids pcDNA3.1-CARD8 and
pEGFPC3-CARD8 have been described elsewhere (17). The
plasmids pFLAG-CMV-caspase1 and pcDNA3-murine-proIL-
1� were a kind gift from Dr. Junying Yuan.
RNAi Knockdown of CARD8—Control and specific siRNAs

againstCARD8were purchased from Invitrogen (Carlsbad,CA;
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supplemental Table S3). Transfection of HeLaS3 cells with a
pool of three different siRNAs was performed using siPort
Amine (Applied Biosystems, Foster City, CA). Knockdown effi-
ciency was evaluated by semi-quantitative RT-PCR.

Immunoprecipitation and Western Blot—Transfected
HEK293 cells were subjected to co-immunoprecipitation ac-
cording to standard protocols (23). Total protein lysates were
prepared as described previously (24, 25). Proteins were trans-

FIGURE 1. CARD8 co-localizes and physically interacts with NOD2. A, HeLa cells expressing CFP-CARD8 and YFP-NOD2 were subjected to fluorescence
microscopy. Regions of co-localization are indicated by white arrows. B, HEK cells were co-transfected with expression constructs encoding for FLAG-NOD2 and
CARD8. 24 h after transfection NOD2 complexes were immunoprecipitated with anti-FLAG or anti-CARD8 antibody. Co-precipitating CARD8 (or FLAG-NOD2)
was detected by immunoblotting with the respective antibodies. C and D, HEK cells were co-transfected with GFP-CARD8 and the indicated FLAG-NOD2
expression constructs encoding for full-length NOD2, LRR, NBD, or the CARDs. Co-precipitating FLAG-NOD2 was detected with anti-FLAG monoclonal anti-
body. Expression of GFP-CARD8 and FLAG-NOD2 constructs is shown in the lower insets.
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ferred onto 0.45 �m polyvinylidene difluoride membranes
(Millipore, Billerica, MA) and probed with respective antibod-
ies. The antibodies used for immunoprecipitation andWestern
blotting were monoclonal mouse anti-FLAG antibody (M2,
Sigma-Aldrich), anti-Myc antibody (Clontech, Palo Alto, CA),
anti-GFP antibody (Clontech, Palo Alto, CA); anti-CARD8
antibody (ProSci, Poway, CA), and �-actin (Sigma Aldrich).
Transfection, Dual Luciferase Reporter Gene Assay, and

ELISA—HEK cells were plated in 96-well plates and transfected
using Fugene 6TM (Roche, Basel, Switzerland) with 15 ng/well
of pNF-�B-Luc plasmid (Stratagene) in combination with 5
ng/well of pRL-TK (Promega) and 30 ng/well of expression
plasmids as indicated. NF-�B-dependent luciferase activity was
determined using a Dual Luciferase Reporter gene kit (Pro-

mega). For determination of human
IL-8 andmurine IL-1� supernatants
of transfected HEK cells were ana-
lyzed by ELISA (R&D Systems,
Rochester, MN).
Patient Samples—Mucosal colon-

ic biopsies were taken from 10
healthy subjects and 10 CD patients
following embedding in cryomatrix
as described (26). Sections were
incubated with primary antibodies
(NOD2, 1:50, 2D9 rabbit polyclonal
(Novus) and CARD, 1:50 (ProSci))
and FITC- and Cy3-conjugated sec-
ondary antibodies (1:100, both
ImmunoResearchLaboratories Inc.,
West Grove, PA). Controls were
included using secondary antibod-
ies only. Samples were counter-
stained usingDAPI and subjected to
fluorescence microscopy.

RESULTS AND DISCUSSION

The aim of the present study was
the molecular dissection of the
putative interaction between the
CARD-containing protein CARD8
and the NLR protein NOD2. We
further investigated the effects of
the interaction on NOD2-induced
signal transduction and regulatory
events that determine CARD8
expression levels in epithelial cells.
For the expression profile of
CARD8 mRNA and protein in
human cell lines and tissues, see
supplemental Fig. S1.
CARD8 Physically Interacts with

NOD2—Co-expression of CFP-
CARD8 and YFP-NOD2 in HeLa
cells revealed a similar mainly gran-
ular cytoplasmic distribution pat-
tern of both proteins (Fig. 1A). Fur-
thermore, CARD8was also found in

the nucleus, which is in line with previous findings (17).
Although it does not harbor any nuclear localization se-
quences (NLS) (21) CARD8may shuttle to the nucleus through
binding to NLS-containing proteins such as IKK�/NEMO (27).
The overlay of the CFP and YFP channel (Fig. 1A and
supplemental Fig. S2) revealed a significant co-localization of
CARD8 and NOD2 in the cytosol. Several studies have
reported a partial membrane localization of NOD2 (22,
28–30). However, when co-expressed both NOD2 and
CARD8 were nearly exclusively observable within the cyto-
plasm suggesting that the putative CARD8/NOD2 interac-
tion may hinder the membrane localization of NOD2. Co-
immunoprecipitation studies in HEK showed that CARD8
physically interacts with NOD2 (Fig. 1B).

FIGURE 2. CARD8 is up-regulated in intestinal inflammation and co-localizes with NOD2 in the mucosa of
Crohn disease patients. A, protein extracts were prepared from biopsies from the colonic mucosa of healthy
individuals (HN) and patients with Crohn Disease (CD infl.). B, cryosections of mucosal biopsies were stained
using appropriate antibodies to detect endogenous NOD2 (green channel, FITC) and CARD8 (red channel, Cy3),
respectively. In addition, nuclei were stained using DAPI (blue channel). The merged pictures show overlapping
expression patterns of endogenous NOD2 and CARD8 (indicated by arrows).
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FIGURE 3. CARD8 increases bacterial cytoinvasion and suppresses NOD2-induced NF-�B activity and secretion of IL-1� and IL-8. A, CARD8 and/or NOD2
were expressed in HEK cells following infection with L. monocytogenes and gentamicin-mediated elimination of extracellular bacteria. Relative cytoinvasion
was calculated as percentage of CFUs found in lysates of untransfected cells. Actual numbers of CFU are shown in parentheses. **, p � 0.01; data are
representative of three independent experiments (n � 3). B, NOD2 and CARD8 were expressed as indicated in HEK cells and stimulated with MDP (24 h, 1
�g/ml). Data are expressed as relative luciferase activity. C, knockdown of CARD8 gene expression by siRNA. Cells were transfected with a pool of specific
siRNAs targeting CARD8 or irrelevant control siRNA with the indicated amounts. Efficiency of knock-down was analyzed using RT-PCR. D, cells were transfected
with siRNA in combination with a NOD2 expression construct. After stimulation with MDP (20 �g/ml) for 24 h relative luciferase activity was determined by
normalization of luciferase activity to protein content. E–H, FLAG-NOD2, GFP-CARD8, and GFP-CARD8-(1–320) (FIIND-domain) were expressed in HEK cells as
indicated and treated with MDP (24 h, 10 �g/ml) before levels of cytokines were determined. All data represent the mean � S.D. (n � 3). *, p � 0.05; **, p � 0.01.
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Further experiments on identification of relevant domains
involved in CARD8 and NOD2 binding demonstrate a consti-
tutive interaction between the FIIND domain of CARD8 with
the NBD domain of NOD2 whereas no interaction was detect-
able between NOD2 and the CARD domain of CARD8 (Fig.
1D). This is molecularly similar to the interaction of CARD8
with NALP3 where the FIIND (CARD8) domain binds to the
NBD domain of NALP3 (13, 31).
CARD8 and NOD2 Co-localize in Intestinal Inflammation—

To investigate the in vivo relevance of these findings localiza-
tion of endogenous CARD8 and NOD2was analyzed in human
colonic tissue biopsies of patients with Crohn disease. As
shown in Fig. 2A CARD8 expression is elevated in the latter
group and strong co-localization of NOD2 and CARD8 can be
detected in epithelial cells in the inflamed colonic mucosa of
CD patients (Fig. 2B). This may argue for a potential role of the
CARD8/NOD2 interaction on NOD2 signaling in intestinal
epithelial cells. Moderate overlapping expression can also be
detected inmononuclear cells in the lamina propria in both the
uninvolved colon of healthy individuals and CD patients. No
signal was detected when omitting the respective primary
antibodies.
CARD8 Negatively Influences NOD2-mediated Responses—

Because NOD2 is involved in the defense of bacterial invasion
and intracellular bacterial killing (28, 32–35) the impact of
CARD8 onNOD2-mediated defense against bacterial infection
with Listeria monocytogenes was investigated. Expression of
CARD8 and co-expression of CARD8 andNOD2 resulted both
in an increased cellular bacterial invasion (Fig. 3A), indicating
that CARD8 is able to abolish the protective effect of NOD2
against L. monocytogenes. This is likely due to the inhibition of
nodosome assembly by CARD8. However, it is also conceivable
that CARD8 is masking binding sites of NOD2 critical for bac-
terial killing, which have been identified previously (32) and
thereby disabling bactericidal action.
To further dissect the influence of CARD8 on NOD2-medi-

ated signaling, MDP-induced NF-�B activation and IL-1� and
IL-8 release were measured. Co-expression of CARD8 and
NOD2 in HEK cells significantly reduces MDP-induced
NF-�B-activation in a dose-dependent manner (Fig. 3B). Con-
sistently, siRNA-mediated knockdown of endogenous CARD8
(Fig. 3C) resulted in an increased NF-�B promoter transactiva-
tion in HeLa cells compared with controls (Fig. 3D).
To test the hypothesis that CARD8 could block NOD2-in-

duced activation of caspase-1 and subsequent IL-1�, we tran-
siently transfected a murine pro-IL-1� expression plasmid into
HEK cells together with plasmids encoding for human CARD8,
human pro-caspase-1, and NOD2. The murine pro-IL-1�
expression plasmid was used to monitor secretion of this cyto-
kine independent from altered processing of endogenous pro-
IL-1�. Expression of full-length CARD8 or FIIND domain of
CARD8 diminishes NOD2-induced release of IL-1� into the
culturemedium of HEK cells in a dose-dependentmanner (Fig.
3, E and F).
Because NOD2-induced NF-�B activation has previously

been shown to induce the expression and secretion of chemo-
tactic cytokine IL-8 (6), we also tested the influence of transient
transfection with NOD2 and/or full-length CARD8 and/or the

FIINDdomain of CARD8 on IL-8 secretion inMDP-stimulated
HEK cells (Fig. 3, G and H). NOD2-dependent IL-8 secretion
was significantly reduced in the presence of the full-length
CARD8 protein and the FIIND domain of CARD8. The expres-
sion of the respective proteins was confirmed by Western blot
analysis (supplemental Fig. S3).
The FIIND Domain Inhibits Nodosome Assembly—As

CARD8 negatively affects NOD2-dependent signaling and
NOD2-mediated antibacterial effects, we investigated whether
CARD8may disturb the assembly of the nodosome complex via
an inhibition of the oligomerization of NOD2. For this reason
we transiently expressed Myc- and FLAG-tagged NOD2
together with increasing amounts of the FIIND domain of
CARD8 and subsequently studied theMDP-induced oligomer-
ization of NOD2. Through the use of differently tagged NOD2
proteins self-oligomerization could be detected via co-immu-
noprecipitation studies. The FIINDdomain ofCARD8 is able to
inhibit the oligomerization of NOD2 upon MDP stimulation
(Fig. 4). These data suggest that binding of CARD8 and NOD2
negatively interfereswith the oligomerization ofNOD2 thereby
diminishing MDP-induced NOD2 signaling. Co-expression of
GFP alone, which was used as a tag in the FIIND expression
plasmid, did not affect theMDP-induced oligomerization (data
not shown). Interestingly CARD8 interacts with NALP3,
anothermember of theNOD-like receptor family (13). Accord-
ing to the molecular mechanisms proposed in this study,
CARD8 represents an adaptor of the inflammasome complex
by binding to the NBD domain of NALP3 and enabling it to
recruit a second caspase-1 protein via homotypic CARD-
CARD interactions.
This study demonstrates novel aspects on the function of

CARD8 in epithelial cells. Our data indicate that CARD8 acts as
a negative regulator of NOD2 signaling by inhibiting the oligo-
merization process of NOD2 itself. In the context of the patho-
physiology of Crohn disease, where loss-of function variants of
NOD2 have been shown to play a causative role in disease etio-
pathogenesis, a suppressor of NOD2 activity such as CARD8
may be of special interest. In vivo an inhibition of NOD2 func-
tion via CARD8 could lead to decreased epithelial responsive-

FIGURE 4. CARD8 interferes with MDP-induced NOD2 oligomerization.
FLAG- and Myc-tagged full-length NOD2 and the CARD8-(1–320) (FIIND
domain of CARD8) were expressed in HEK cells and self-association of NOD2
was determined in absence or presence of MDP (10 �g/ml) by immunopre-
cipitation. Total lysates were immunoblotted with anti-FLAG, anti-GFP, and
anti-Myc antibodies (lower three blots). Each gel is representative of at least
three independent experiments.
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ness to MDP and to an increased secondary inflammatory
response. This is in contradiction to findings for NALP3, where
CARD8 represents an adaptor of the inflammasome complex
by binding to the NBD domain of NALP3 and enabling recruit-
ing of a second caspase-1 protein via homotypic CARD-CARD
interactions. Thus, CARD8 seems to act as amolecular control-
ler regulating different inflammatory pathways by either
assembling or disassembling protein scaffolds.
Our study may highlight another putative consequence of

the NOD2/CARD8 interaction. Studies have reported on an
increased concentration of intracellular bacteria in themucosal
epithelia of patients with colonic cancer (36). Because CARD8
has been shown to be overexpressed in colonic cancer cells and
overexpression correlates with shorter patient survival (18),
elevated CARD8 protein levels, and resulting inhibition of
NOD2 function could contribute to this phenomenon.
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