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Abstract

Previous studies have shown that inhibition of receptor-interacting serine/threonine kinase (RICK)
(also known as RIP2) results in amelioration of experimental colitis. This role has largely been
attributed to nucleotide-binding oligomerization domain 2 (NOD2) signaling since the latter is
considered a major inducer of RICK activation. In this study, we explored the molecular mechanisms
accounting for RICK-mediated inhibition of inflammatory bowel disease (IBD). In an initial series

of studies focused on trinitrobenzene sulfonic acid (TNBS)-colitis and dextran sodium sulfate
(DSS)-colitis we showed that down-regulation of intestinal RICK expression in NOD2-intact mice

by intra-rectal administration of a plasmid expressing RICK-specific siRNA was accompanied by
down-regulation of pro-inflammatory cytokine responses in the colon and protection of the mice
from experimental colitis. Somewhat surprisingly, intra-rectal administration of RICK-siRNA also
inhibited TNBS-colitis and DSS-colitis in NOD2-deficient and in NOD1/NOD2-double deficient mice.
In complementary studies of humans with IBD we found that expression of RICK, cellular inhibitor of
apoptosis protein 2 (clAP2) and downstream signaling partners were markedly increased in inflamed
tissue of IBD compared to controls without marked elevations of NOD1 or NOD2 expression. In
addition, the increase in RICK expression correlated with disease activity and pro-inflammatory
cytokine responses. These studies thus suggest that NOD1- or NOD2-independenent activation of
RICK plays a major role in both murine experimental colitis and human IBD.
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Introduction

The association of loss-of-function nucleotide-binding oligo-
merization domain 2 (NOD2) gene polymorphisms with in-
creased risk for Crohn’s disease (CD) development strongly
implies that NOD2 function, by whatever mechanism, pro-
tects against the development of the gut inflammation char-
acterizing this disease (1-6). This notion is supported by the
possibility that NOD2 has a host defense function in the gut
mucosa and thus limits the survival of gut organisms poten-
tially capable of inducing inflammation in the lamina propria
or that it down-regulates excessive innate responses also
capable of causing inflammation in this milieu (1-10). On this
basis one might predict that inhibition of receptor-interacting
serine/threonine kinase (RICK, also called RIP2) function, the
obligate downstream signaling partner of NOD2, would have
the same effect as loss of NOD2 function. Paradoxically, this

has proven not to be the case (11): both in early studies in
which RICK was inhibited by a relatively non-specific inhibitor
or in more recently studies in which RICK was inhibited by
highly specific inhibitors, RICK inhibition resulted in reduced
levels of mouse models of colitis such as trinitrobenzene sul-
fonic acid (TNBS)-colitis (12), dextran sodium sulfate (DSS)-
colitis (13) and SAMP1/Yit-colitis (14) as well as in reduced
cytokine production by explants of tissue obtained from in-
flammatory bowel disease (IBD) patients (15).

One way of explaining this apparent contradiction is to pos-
tulate that RICK activation plays a central role in experimental
gut inflammation by a mechanism that does not rely solely
on NOD1 or NOD2 signaling. This possibility was initially
supported by studies of RICK-deficient mice conducted by
Kobayashi et al., in which it was shown that RICK deficiency
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was marked by decreased T-cell receptor-mediated T-cell
proliferation and decreased Toll-like receptor (TLR) re-
sponses (16); similarly, in studies of RICK-deficient mice con-
ducted by Chin et al., decreased T helper type 1 responses
and defective IL-12-induced signal transducer and activator
of transcription 4 activation were observed in the absence of
RICK (17). These studies, however, have been challenged by
more recent studies of RICK function in which it was found
that cells lacking RICK exhibited changes neither in TLR-
induced responses in macrophages nor in T-cell responses
but did manifest reduced responses to NOD1 and NOD?2 lig-
ands (18, 19). These studies thus implied that, in spite of the
earlier findings, RICK activation is specifically dependent on
NOD1 and NOD2 stimulation and that RICK plays a minor role
in gut inflammation in the absence of such stimulation.

To resolve these conflicting data regarding RICK function,
we initially conducted studies of TNBS-colitis and DSS-colitis
in mice in which RICK levels were depleted by in vivo ad-
ministration of a plasmid expressing siRNA targeting RICK
(embedded in a hemagglutinating virus of Japan-envelope,
HVJ-E) and showed that such depletion was accompanied
by greatly diminished experimental colitis. TNBS-colitis and
DSS-colitis induced in NOD2-deficient or NOD1/NOD2-
double deficient mice were also ameliorated by adminis-
tration of siRNA targeting RICK, indicating that the effect of
RICK depletion on colitis can occur independently of either
NOD1 or NOD2 signaling. In companion studies of humans
with ulcerative colitis (UC) and CD we examined the expres-
sion of NOD1, NOD2 and RICK mRNA in gut tissues from
patients with both active and quiescent disease. In add-
ition, we assessed the relation of RICK expression to cyto-
kine synthesis. We found that mean NOD1 mRNA levels were
marginally increased and mean NOD2 mRNA levels were un-
changed or marginally decreased in IBD patients compared
to controls. In contrast, mean RICK mRNA levels were quite
clearly increased in IBD patients, especially those with active
disease, and RICK was expressed in cells producing cyto-
kines. Overall, these studies show that activation of RICK is
involved in the immunopathogenesis of both experimental in-
testinal inflammation and human IBD and that such activation
can occur independently of NOD1/NOD2 signaling.

Methods

Patients

Patients with IBD (CD; n = 28, UC; n = 118) were diagnosed
as previously described (20). Clinical characteristics of these
patients are summarized in Supplementary Table 1. Disease
activity of CD and UC was determined as previously de-
scribed (20). Three and 25 patients with CD were defined
as remission and active disease, respectively, based on the
endoscopic examinations. Forty-nine and 69 patients with UC
were defined as remission and active disease, respectively,
as previously described (20). Biopsy samples were obtained
from these patients at the time of endoscopy and subjected to
mRNA preparation also as previously described (20). Colonic
biopsy samples from non-tumorous portions were obtained
from patients with colonic polyps or early colon cancer at the
time of colonoscopy and were used as control specimens.

Colonic surgical specimens obtained from patients with CD
(n=9)or UC (n = 8) who underwent surgical operations were
used for immunofluorescence analysis. Surgical operations
were performed in these patients because of the following
reasons; CD: perforation (n = 2), severe stricture (n = 3), ileus
(n = 3) and diagnostic laparotomy for colitis (n = 1); UC: un-
controllable disease (n = 4), toxic megacolon (n = 2) and
massive hemorrhage (n = 2). Non-cancerous portions of early
colorectal cancers (n = 4) were used as controls for immuno-
fluorescence analysis. Ethical permission of this study was
granted by the review boards of Kindai University Faculty of
Medicine.

Induction of colitis

TNBS-colitis was induced in C57BL/10 mice obtained from
Japan SLC (Hamamatsu, Japan) as described previously (6).
Onday -2, -1 and 0, mice received intra-rectal administration
of a plasmid expressing RICK-specific siRNA (InvivoGen, San
Diego, CA, USA, 100 ug) or a control [luciferase (LUC)-specific
siRNA, InvivoGen, 100 pg] plasmid encapsulated in a HVJ-E
(Ishihara Sangyo, Osaka, Japan) for a total of three times be-
fore intra-rectal administration of 3.75 mg of TNBS (Sigma, St
Louis, MO, USA) in 100 ul of 45% ethanol (6). In some experi-
ments, mice received intra-peritoneal administration of pan-
IAP inhibitor (AT406, 100 ug, Funakoshi, Tokyo, Japan) (21) or
DMSO for a total of three times before intra-rectal administra-
tion of 3.75 mg of TNBS in 100 pl of 45% ethanol. TNBS-colitis
was induced in C57BL/6 mice (Japan SLC), NOD2-deficient
mice (6) and NOD1/NOD2-double deficient mice through
intra-rectal application of 3.75 mg of TNBS in 100 ul of 50%
ethanol on day 0 and day 2. NOD1/NOD2-double deficient
mice were created by crossing NOD1- (22) or NOD2-deficient
mice (6). DSS-colitis was induced as described previously
(6). Mice were treated with 4% DSS in the drinking water from
day 0 to day 6. On day 0, 1 and 2, mice received intra-rectal
administration of a plasmid expressing RICK-specific siRNA
(75 ng) or expressing LUC-specific siRNA (75 pg) encapsu-
lated in a HVJ-E for a total of three times. At the indicated time
points, mice were sacrificed and colon tissue samples were
stained with hematoxylin and eosin (H&E). The scoring of the
inflammation was performed as described previously (5, 6).
Protocols of animal experiments were approved by the review
boards of Kindai University Faculty of Medicine.

RNA isolation and quantitative PCR

Trizol reagent (Invitrogen, Carlsbad, CA, USA) was used to
extract total RNA and Superscript Il (Invitrogen) was used to
synthesize single-stranded cDNA. The mRNA level for each
target gene was determined by SYBR Green-based quanti-
tative PCR (gPCR) using a LightCycler 480 system (Roche,
Tokyo, Japan) and Quantitect primer assays (Qiagen,
Valencia, CA, USA) followed by the normalization using
GAPDH as a reference gene. Each PCR primer for Quantitect
primer assays was purchased from Qiagen.

Immunohistochemical and immunofluorescence analysis

Colon samples were fixed in 10% formalin. Deparaffinized
sections were incubated with anti-CD11b antibody (Abcam,
Cambridge, MA, USA), anti-CD3 antibody (Abcam)
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and anti-phospho-lkBa antibody (plkBa, Cell Signaling
Technology, CST, Cambridge, MA, USA). Protein expression
was visualized by the Dako Envision system (Dako Japan,
Tokyo, Japan) as previously described (23, 24). The num-
bers of cells positive for these proteins were counted in
high-power fields in each slide as previously described (23,
24). For the immunofluorescence analysis, deparaffinized
sections were incubated with rabbit anti-IL-6 antibody
(Abcam), rabbit anti-CD11c antibody (Abcam), mouse anti-
TNF-a antibody (Abcam), mouse or rabbit anti-RICK anti-
body (Abcam), rabbit anti-cellular inhibitor of apoptosis
protein 1 (clAP1) antibody (Abcam), rabbit anti-clAP2 anti-
body (Abcam) and rabbit anti-TGF-p-activated kinase 1
(TAK1) antibody (Abcam) followed by the incubation with
Alexa 488- or Alexa 546-conjugated anti-mouse or rabbit
IgG (Invitrogen). IgG from mouse or rabbit serum (Sigma)
was used for isotype antibody staining. For visualization of
interaction between clAP2 and RICK or between TAK1 and
RICK in human samples, deparaffinized sections were sub-
jected to the protocols by using combinations of rabbit anti-
clAP2 antibody (Abcam), rabbit anti-TAK1 antibody (Abcam)
and mouse anti-RICK antibody (BD Biosciences, San Jose,
CA, USA) suggested by the Duolink In Situ kit (5). For visu-
alization of interaction between clAP2 and RICK or between
clAP1 and RICK in murine samples, rabbit anti-clAP1 anti-
body (Abcam), rabbit anti-clAP2 antibody (Abcam) and
mouse anti-RICK antibody (BD Biosciences) were used.
Three to five representative immunohistochemical and im-
munofluorescence photographs were taken in each case
by microscopy (Biozero BZ-8100, Keyence, Osaka, Japan)
from each slide prepared and the numbers of positive cells
were determined as previously described (23, 24).

Immunoblotting

Colonic lamina propria mononuclear cells (LPMCs) were iso-
lated from mice at the indicated time points after the treat-
ment with TNBS or DSS and protein lysates were prepared
as previously described (5, 6). Anti-lkBa, anti-plkBa, anti-
phospho-p38 (pp38) anti-p38, anti-phospho-extracellular
signal-regulated kinase (pERK), anti-ERK, anti-phospho-
c-JUN N-terminal kinase (pJNK) and anti-RICK antibodies
were obtained from CST. Anti-JNK1 antibody (Santa Cruz
Biotechnology, Dallas, TX, USA), anti-actin antibody (Santa
Cruz Biotechnology), anti-clAP1 antibody (Santa Cruz
Biotechnology) and anti-clAP2 antibody (Abcam) were used.

Enzyme-linked immunosorbent assays

Colonic LPMCs and mesenteric lymph node (MLN) cells
were isolated from mice 3 or 4 days after the treatment with
TNBS or 8 days after the treatment with DSS as previously
described (8) and stimulated with Pam,CSK4 (PAM, TLR2
ligand, 10 pg ml-', InvivoGen), lipopolysaccharide (LPS,
TLR4 ligand, 1 ug ml-', Sigma), FK565 (NOD1 ligand, 10 pg
ml-', Astellas Pharma Inc., Tokyo, Japan), muramyl dipeptide
(MDP, NOD2 ligand, 10 pg ml-', InvivoGen) and anti-CD3
mAb (1 pg ml-', BD Biosciences) for 48 h. Protein concen-
trations of cytokines were determined by eBioscience (San
Diego, CA, USA) or R&D systems (Minneapolis, MN, USA)
enzyme-linked immunosorbent assay (ELISA) kits for mouse
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IL-12p40, IL-6, TNF-a, IL-10, IL-17 and IFN-y as previously
described (5, 6).

Statistical analysis

Student’s ttest was used to evaluate the significance of the
differences. Log-rank test was used to evaluate the signifi-
cance of the differences in survival rates. Statistical analysis
was performed with the Prism Program (Graphpad Software,
La Jolla, CA, USA). A value of P < 0.05 was regarded as stat-
istically significant. Correlation analysis was also performed
with the Prism Program. The Bonferroni correction was used
in the statistical analyses of data obtained from patients’ sam-
ples (Figs 3 and 4).

Results

Prevention of TNBS-colitis by down-regulation of
RICK (RIP2)

In initial studies we sought to determine the role of RICK-
mediated signaling in gut inflammation using a murine model
previously shown to reproduce important aspects of human
CD, TNBS-colitis (7, 25, 26). To this end, we administered
plasmids expressing a RICK-specific siRNA as well as a con-
trol plasmid expressing LUC-specific siRNA, each encapsu-
lated in a HVJ-E per rectum to mice prior to the induction of
TNBS-colitis. As shown in our previous studies such encap-
sulated plasmids have excellent cellular penetration and as
such can influence levels of intracellular components such
as RICK (5, 6). Indeed, in the present study mice treated with
encapsulated RICK-siRNA exhibited a marked reduction in
RICK expression as compared to mice treated with control
LUC-siRNA in colonic LPMCs (Supplementary Figure 1A).

We found that TNBS-colitis was greatly reduced in mice
administered RICK-specific siRNA as judged by degree of
body weight loss and tissue pathology score (Supplementary
Figure 1B and C). The survival rate of the RICK-siRNA group
was 100.0% (12/12), whereas that of the LUC-siRNA group
was 75.0% (9/12, Supplementary Figure 1B). In addition, as
revealed by immunoblotting (Supplementary Figure 1A), co-
lonic LPMCs in these mice exhibited a marked reduction of
RICK, clAP1 and clAP2 levels and, as detected by proximity
ligation assay (PLA), marked reduction of intracellular inter-
action between clAP1 or clAP2 and RICK (Supplementary
Figure 1D).

In accompanying studies, we found that knock-down of
RICK expression was accompanied by decreased activation
of nuclear factor-xB (NF-xB) and mitogen-activated protein
kinase (MAPK) pathways as evidenced by a marked reduc-
tion of colonic LPMC expression of plkBa, pp38, pERK and
pJNK (Supplementary Figure 1A). Moreover, knock-down of
RICK expression inhibited the accumulation of inflammatory
cells such as CD11b* myeloid cells and CD3* T cells and re-
duced tissue expression of plkBa (Supplementary Figure 2A)
(note that isotype control antibody staining of tissues in these
studies using mouse IgG or rabbit IgG was negative). Finally,
mice subjected to RICK knock-down exhibited a marked re-
duction in colonic LPMC production of IL-12p40, TNF-a, IL-6
and IFN-y following treatment of these cells with TLR and
NOD?2 ligands or anti-CD3 mAb (Supplementary Figure 2B).
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Taken together, these data strongly suggest that intra-rectal
administration of RICK-siRNA leading to RICK knock-down
inhibits TNBS-colitis via blockade of RICK activation and
consequently its downstream activation of pro-inflammatory
pathways.

Prevention of TNBS-colitis by administration of a pan-IAP
inhibitor (AT406)

RICK activation of NF-xB depends on its Lysine 63 (K63)-
linked polyubiquitination by various kinds of E3-ligases such
as clAP1, clAP2 and X-linked inhibitor of apoptosis protein
(XIAP) (5, 27-31). In studies parallel to those described
above we asked whether the systemic administration of
AT406, an inhibitor of clAP, clAP2 and XIAP expression that
impairs RICK ubiquitination and activation (21, 32, 33) attenu-
ates TNBS-colitis. We found that, indeed, administration of
AT406 inhibited the expression of both clAP1 and clAP2 in
the lamina propria and, at the same time, inhibited the de-
velopment of TNBS-colitis as judged by the degree of body
weight loss and tissue pathology score (Supplementary
Figure 3A-C). The survival rates of control DMSO and AT406
groups were comparable: DMSO group: 7/15 (46.7%); AT406
group: 7/15 (46.7%, Supplementary Figure 3A). Such at-
tenuation of TNBS-colitis by AT406 was accompanied by
a reduction of inflammatory immune cell infiltration into the
colon as indicated by the number of LPMCs positive for CDS3,
CD11b or plkBa (Supplementary Figure 3D) and MLN cells
isolated from C57BL/10 mice treated with AT406 produced
a much lower amount of IL-12p40 and IL-6 upon stimulation
with TLR and NOD2 ligands as compared with those treated
with DMSO (Supplementary Figure 3E). Taken together, these
data provide additional evidence that inhibition of RICK (in
this case by preventing its activation by IAPs) inhibits the de-
velopment of TNBS-colitis.

Inhibition of TNBS-colitis through down-regulation of RICK
(RIP2) expression in the absence of NOD2 or both NOD1
and NOD2

In studies parallel to those described above in which the effect
of down-regulation of RICK expression was evaluated in NOD2-
intact C57BL/10 mice with TNBS-colitis we evaluated the ef-
fect of RICK down-regulation on TNBS-colitis in C57BL/6 mice
lacking NOD2 alone or both NOD1 and NOD2 (6). C57BL/10
mice are more susceptible to TNBS-colitis than C57BL/6 mice
(5, 6); thus, two doses of TNBS were required to induce a com-
parable level of colitis in C57BL/6 mice (with NOD1/NOD2 de-
ficiency) as induced by one dose in C57BL/10 mice.

In studies of mice lacking NOD2 alone we found that TNBS-
colitis induced by a comparable regimen as that employed in
NOD2-intact mice was as severe as in NOD2-intact mice as
judged by weight loss following intra-rectal TNBS administra-
tion (Supplementary Figure 4). In addition, down-regulation
of RICK expression in colonic LPMCs of NOD2-deficient mice
by administration of encapsulated siRNA targeting RICK led
to greatly decreased TNBS-colitis in such mice as evaluated
by weight loss (Supplementary Figure 4A and B) and by a
greatly decreased anti-CD3 mAb-induced IFN-y response as
well as by a decreased TLR-induced IL-12p40 response by
colonic LPMCs (data not shown).

Similarly, in studies of NOD1/NOD2-double deficient
mice we found that TNBS-colitis induced by a comparable
regimen as that employed in NOD1/NOD2-intact mice [wild-
type (WT) mice] was again as severe as thatin NOD1/NOD2-
intact mice and, as evaluated by weight loss and pathology
scores, down-regulation of RICK expression in colonic
LPMCs by administration of encapsulated siRNA targeting
RICK in such mice again led to greatly decreased colitis
(Fig. 1A-D). The survival rates of WT and NOD1/NOD2-
double deficient (DKO) mice in TNBS-colitis were as fol-
lows: WT LUC-siRNA: 6/16 (37.5%); WT RICK-siRNA: 10/10
(100.0%); DKO LUC-siRNA: 10/12 (83.3%); DKO RICK-
siRNA: 7/7 (100.0%, Supplementary Figure 5A). In addition,
the decreased TNBS-colitis in both NOD1/NOD2-double
deficient mice and WT mice treated with RICK-siRNA (as
compared with those treated with LUC-siRNA) was accom-
panied by a greatly decreased anti-CD3 mAb-induced
IFN-y and IL-17 responses in LPMCs isolated from the
colon as well as decreased TLR ligand-induced IL-12p40,
TNF-a and IL-6 responses by these cells (Fig. 1E and
Supplementary Figure 6A). As expected, decreased NOD1
ligand (FK565) or NOD2 ligand (MDP)-induced IL-12p40,
TNF-a and IL-6 responses by colonic LPMCs were seen
in WT mice treated with RICK-siRNA as compared with
those treated with LUC-siRNA, whereas responses of co-
lonic LPMCs from NOD1/NOD2-double deficient mice were
low regardless of treatment. Finally, no significant changes
in IL-10 production were observed in mice treated with
siRNAs specific to RICK or LUC (Supplementary Figure
BA). Thus, TNBS-colitis induction was not dependent on
the presence of NOD1 or NOD2 but was dependent on the
presence of RICK.

Inhibition of DSS-colitis through down-regulation of
RICK (RIP2) expression in the absence of both NOD1
and NOD2

We next sought to determine the role of RICK-mediated
signaling in a second murine model of gut inflammation
shown to reproduce important aspects of human UC, DSS-
colitis (7, 25, 26). To this end, we administered plasmids ex-
pressing a RICK-specific siRNA as well as control plasmids
expressing LUC-specific siRNA, each encapsulated in a
HVJ-E per rectum to mice during the initiation phase of DSS-
colitis induction. Down-regulation of RICK expression was
confirmed in colonic LPMCs by intra-rectal administration
of RICK-siRNA in both WT and NOD1/NOD2-double defi-
cient mice (Fig. 2A). As in the case of TNBS-colitis, down-
regulation of RICK expression by siRNA protected both WT
and NOD1/NOD2-double deficient mice from DSS-colitis
as judged by body weight loss and pathology score (Fig.
2B-D). The survival rates of WT and DKO mice in DSS-colitis
were as follows: WT LUC-siRNA: 8/10 (80.0%); WT RICK-
siRNA: 10/10 (100.0%); DKO LUC-siRNA: 10/10 (100.0%);
DKO RICK-siRNA: 8/8 (100.0%, Supplementary Figure 5B).
Protection from DSS-colitis by down-regulation of RICK ex-
pression was associated with a marked reduction in pro-
inflammatory cytokine responses (including IL-6, TNF-a,
IL-12p40, IL-17 and IFN-y) by colonic LPMCs isolated
from WT and NOD1/NOD2-double deficient mice (Fig. 2E
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Fig. 1. Prevention of TNBS-colitis by administration of a RICK siRNA-expressing plasmid in NOD1 and NOD2-double deficient mice. NOD1
and NOD2-intact C57BL/6 mice (NOD1+*#*NOD2** mice) and NOD1 and NOD2-double deficient mice (NOD1--NOD2-- mice) were admin-
istered HVJ-E-encapsulated RICK-siRNA expressing vector or control LUC-siRNA expressing vector via the intra-rectal route on days -2,
—1and 0 and then challenged with intra-rectal TNBS on day 0 and 2. (A) Expression of RICK in colonic LPMCs (cLPMCs) in TNBS-treated
mice on day 3. Protein lysates were prepared from cLPMCs isolated from the colon of TNBS-treated mice on day 3 and then subjected to im-
munoblotting. (B) Changes of body weight in mice. Results shown are values from pooled data derived from two independent experiments
(NOD1+#NOD2** LUC-siRNA; n = 16, NOD1**NOD2*+ RICK-siRNA; n = 10, NOD1--NOD2"- LUC-siRNA; n = 12, NOD1--NOD2-- RICK-
siRNA; n = 7). Results are expressed as mean + SEM. *P < 0.05, as compared with NOD1*+*NOD2** HVJ-LUC siRNA group. *#P < 0.01, as
compared with NOD1--NOD2-- HVJ-LUC siRNA group. (C, D) H&E staining of colon tissue obtained from mice on day 3; pathology scores
calculated from examination of tissues obtained from mice on day 3; results are expressed as mean + SEM. Results shown were obtained from
pool tissues from two independent experiments. **P < 0.01, as compared with NOD1+*NOD2+* HVJ-LUC siRNA group. #P < 0.01, as compared
with NOD1--NOD2-- HVJ-LUC siRNA group. (E) Production of IL-12p40, TNF-a, IL-6 and IFN-y by cLPMCs isolated from TNBS-challenged
mice on day 3; cLPMCs (1 x 10°¢ per ml) were stimulated with FK565, MDP, PAM, LPS or anti-CD3 mAb for 48 h after which culture fluids were
assayed for cytokine levels by ELISA, as indicated. Results are expressed as mean + SEM. **P < 0.01, as compared with NOD1*+*NOD2**
HVJ-LUC siRNA group. #P < 0.01, as compared with NOD1--NOD2-- HVJ-LUC siRNA group.

and Supplementary Figure 6B). A small increase was seen Expression levels of NOD1, NOD2, RICK and downstream

in IL-10 production by colonic LPMCs from NOD1/NOD2- signaling components in patients with IBD

double deficient mice treated with RICK-siRNA as com- 1o relate the results of the above studies of experimental
pared with those with LUC-siRNA. These data show thatthe  cojitis to intestinal inflammation in patients with IBD we
development of DSS-colitis (as in the case of TNBS-colitis)  next conducted extensive studies in which we employed
requires NOD1- and NOD2-independent RICK activation gPCR analysis to estimate mRNA levels of NOD1, NOD2
and that the decreased colitis observed in the presence of  5n4 RICK as well as mRNA levels of related signaling
RICK inhibition was due to the loss of an inflammatory re-  somponents and cytokines in tissue specimens obtained
sponse rather than to the induction of an anti-inflammatory by endoscopy from large groups of IBD patients and con-
response. trols. Previous studies have shown that increased levels
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Fig. 2. Prevention of DSS-colitis by administration of a RICK siRNA-expressing plasmid in NOD1 and NOD2-double deficient mice. NOD1 and
NOD2-intact C57BL/6 mice (NOD1+*NOD2** mice) and NOD1 and NOD2-double deficient mice (NOD1--NOD2-- mice) were treated with
DSS (4%) in the drinking water from day O to day 6. Mice were administered HVJ-E-encapsulated RICK-siRNA expressing vector or control
LUC-siRNA expressing vector via the intra-rectal route on days 0, 1 and 2. (A) Expression of RICK in colonic LPMCs (cLPMCs) in DSS-treated
mice on day 8. Protein lysates were prepared from cLPMCs isolated from the colon of DSS-treated mice on day 8 and then subjected to im-
munoblotting. (B) Changes of body weight in mice. Results shown are values from pooled data derived from two independent experiments
(NOD1+#NOD2+** LUC-siRNA; n = 10, NOD1**NOD2*+ RICK-siRNA; n = 10, NOD1--NOD2-- LUC-siRNA; n = 10, NOD1--NOD2-~ RICK-
siRNA; n = 8). Results are expressed as mean + SEM. *P < 0.05, as compared with NOD1+#NOD2** HVJ-LUC siRNA group. #P < 0.01, as
compared with NOD1--NOD2-- HVJ-LUC siRNA group. (C, D) H&E staining of colon tissue obtained from mice on day 8; pathology scores
calculated from examination of tissues obtained from mice on day 8; results are expressed as mean + SEM. Results shown were obtained from
pooled tissues derived from two independent experiments. **P < 0.01, as compared with NOD1+*NOD2++ HVJ-LUC siRNA group. #P < 0.01,
as compared with NOD1--NOD2-- HVJ-LUC siRNA group. (E) Production of IL-12p40, TNF-a, IL-6 and IFN-y by cLPMCs isolated from DSS-
challenged mice on day 8; cLPMCs (1 x 108 per ml) were stimulated with FK565, MDP, PAM, LPS or anti-CD3 mAb for 48 h after which cul-
ture fluids were assayed for cytokine levels by ELISA, as indicated. Results are expressed as mean + SEM. **P < 0.01, as compared with
NOD1++*NOD2*+ HVJ-LUC siRNA group. #*P < 0.05, #P < 0.01, as compared with NOD1--NOD2-- HVJ-LUC siRNA group.

of NOD2 are observed following an inflammatory process
induced by exposure to a pathologic organism (34-36);
thus, the studies conducted here were based, in part, on
the expectation that the participation of NOD2 in IBD in-
flammation would be accompanied by increased levels
of NOD2 mRNA. This notion is supported by the fact that
NF-xB generated by activated cells is a transcriptional ac-
tivator of NOD2 and therefore could provide positive feed-
back for NOD2 synthesis during an inflammatory process
(37, 38).

Of note, levels of expression varied considerably in both
CD and UC patient groups as well as in controls. This could
reflect variability in tissue sampling and in medications used
in treatment of patients (5-aminosalicylic acid, prednisolone,
TNF-a inhibitor, immunomodulator and calcineurin inhibitor;
Supplementary Table 1). In addition, in the case of IBD pa-
tients, this could be due to variable levels of inflammation
in the biopsy specimens. Because of this variability the val-
idity of the values obtained in the studies depended on the
large number of patient specimens evaluated and the strict
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reliance on statistical analysis of log-transformed expression
data in which significant differences were established using
mean values subjected to Bonferroni correction. On a related
point, the number mRNA parameters assayed in each patient
(and thus the sample size for the different parameters) varied
somewhat due to the fact that total amount of mRNA extract-
able from endoscopic biopsy samples was at times limited by
the amount of tissue obtained. However, for each parameter,
a sufficient number of samples were obtained to ensure ad-
equacy of sample size for the necessary statistical analyses.
Finally, it is important to mention that IBD-associated NOD2
polymorphisms have not been found in Japanese or other
Asian patient populations (39). Given that all of the biopsy
samples analyzed in this study were obtained from Asian pa-
tients at Kindai University Hospital, this means that the data
presented were not influenced by genetic effects on NOD2
levels (39). Based on the limited amount of data available, the
same can be said for NOD1 (40).

In initial studies we evaluated both CD and UC patient
tissue specimens obtained by endoscopy with respect to
major pro-inflammatory cytokine expression (Fig. 3A). Both
CD and UC patient tissues expressed increased mean levels
of IL-6 compared to control tissues (obtained from uninvolved
areas of patients with colonic polyps or early cancer). TNF-a.
expression levels in specimens from CD patients were lower
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than those from UC patients and not significantly different from
control levels possibly reflecting the fact that >50% of CD pa-
tients (64.3%) were being treated with anti-TNF-a antibody
(Supplementary Table 1). Overall, the mean cytokine values
in the patient groups offer validation of the methodology used
to evaluate NOD1/NOD2 and RICK gene expression since
one would expect elevations in the pro-inflammatory cyto-
kine expression in patient specimens compared to control
specimens.

In further studies mRNA expression levels of NOD1
(CARD4), NOD2 (CARD15) and RICK (RIPK2) in the same
tissue samples as those evaluated above for cytokine ex-
pression were assessed (Fig. 3B). Mean NOD1 expression
levels were modestly increased in UC tissues (P < 0.05) com-
pared to control tissues, whereas mean NOD2 expression
levels were not increased in CD tissues compared to con-
trols and were even modestly decreased in UC tissues com-
pared to both CD and control tissues (Fig. 3B). In contrast,
mean expression levels of RICK, the immediate downstream
signaling partner of both NOD1 and NOD2 were distinctly in-
creased in both CD and UC tissues compared to control tis-
sues (P < 0.01, Fig. 3B). Thus, whereas NOD1 levels were
only modestly elevated and NOD2 levels were unchanged
or even decreased in patient tissues, RICK expression was
clearly elevated in both patient groups; these data suggested
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Fig. 3. Colonic mucosa of patients with IBDs exhibits enhanced expression of RICK, clAP1, clAP2, TRAF6 and TAK1. Endoscopic biopsy sam-
ples were obtained from inflammatory portions of patients with CD and UC and subjected to gPCR analysis. Colonic biopsy samples obtained
from non-tumorous portions of patients with colonic polyps or early colon cancer were used as controls. mMRNA expression was normalized by
using GAPDH as a reference gene. (A) Expression of pro-inflammatory cytokines (IL-6, TNF-a and IL-12p40) is shown. (B) Expression of NOD1,
NOD2, RICK, clAP1, clAP2, TRAF6, Pellino 3, XIAP and TAK1 is shown. The number associated with each data set shows the number of patients
studied. Results are expressed as mean + SEM. Each dot represents a value of each patient sample. *P < 0.05, **P < 0.01.
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that the latter elevation was independent of NOD2 activation
and possibly NOD1 activation as well.

RICK activation of NF-xB depends on its K63-linked
polyubiquitination by various E3-ligases such as clAP1,
clAP2, XIAP, Pellino 3 and TNF receptor-associated factor 6
(TRAFB) (5, 27-31). We therefore measured the expression
of the various ligases that have been shown to be involved in
such ubiquitination. Both clAP1 (BIRC2) and clAP2 (BIRC3)
were elevated in UC patients as compared with control pa-
tient tissues, whereas only clAP2 was elevated in CD patients.
In contrast, XIAP (BIRC4) was not increased in UC patient
tissues corresponding to the fact that XIAP cofactors HOIP
(RNF31) and Sharpin were also not increased; XIAP was also
not increased in CD patient tissues but in this case HOIP was
increased and Sharpin was marginally decreased (Fig. 3 and
data not shown). Pellino 3 (PELI3), yet another ligase involved
in RICK ubiquitination, was also not increased in either CD
or UC patients as compared with control patient tissues; this
finding thus does not support earlier work showing that pa-
tients with CD exhibit decreased expression of Pellino 3 at
the protein level (27). Finally, IBD patients (particularly UC
patients) displayed increased tissue expression of TRAFG,
a component that functions both as an E3-ligase and as a
downstream signaling molecule with respect to RICK. The
latter finding is in accord with the fact that another signaling
molecule, TAK1 (MAP3K?7) was also increased in UC tissue
(although not in CD tissue, Fig. 3B). Overall, the studies of
NOD1/NOD2 mRNA expression as well as RICK and RICK-
associated E3-ligase mRNA expression support the view
that whereas NOD1 and NOD2 expression is not increased
in IBD, RICK expression and at least some of its E3-ligases
such as TRAF6 and clAP2 are increased.

Relation of NOD1, NOD2, RICK and downstream signaling
components to disease activity

The data displayed above were also analyzed with respect
to disease activity (i.e. remission versus active disease).
Only values obtained from UC patient tissues were statistic-
ally analyzed since only a small number of CD patients in
remission were available. UC tissues obtained from patients
with active disease expressed an increased amount of IL-6
mRNA compared to patients in remission, but not increased
amounts of TNF-a or IL-12p40 mRNA (Fig. 4A). In keeping
with the finding mentioned above that NOD1 and NOD2 ex-
pression levels were only marginally changed in patient tis-
sues compared to control tissues, there were no differences
between NOD1 levels in active and remission UC patient tis-
sues. A small, but not significant increase in NOD2 levels was
seen in active versus remission UC patient tissues (Fig. 4B).
It should be noted, however, that this increase in NOD2 ex-
pression in active UC patients did not raise the mean value
to a level greater than that exhibited by controls. Concomitant
studies of RICK mRNA levels showed that these were in-
creased in active versus remission UC patient tissues (Fig.
4B); in addition, while these increases were accompanied
by a lack of change in levels of clAP1, clAP2, TRAF6 and
TAK1, the levels of each of these factors remained higher
than those in control patients (Fig. 4C). Thus, this analysis
of active versus remission patient specimens suggests that

whereas RICK expression levels are significantly increased
in UC patients with active disease versus levels of patients in
remission, levels of NOD1 or NOD2 are not increased.

A statistical analysis of mMRNA levels in patients with re-
mission and active CD, as mentioned, was not performed
because of the very limited number of patients in remission
available for study. However, a statistical comparison of pa-
tients with active CD and controls with respect to RICK levels
was possible and showed that active CD patients had clearly
higher RICK levels, consistent with the data obtained with
the UC patient group (Fig. 4B). In addition, the expression
value of NOD2 in the three CD patients in remission was in the
same range as the 21 active CD patients.

Correlation of RICK signaling with pro-inflammatory
cytokine expression in IBD tissues at the mRNA level

Given the observation above that tissue expression of RICK
and its associated ubiquitinating ligases (TRAF6 and clAP2)
exceeds NOD1 and NOD2 expression in both UC and CD
we focused on the relation of RICK to expression of pro-
inflammatory cytokines in IBD tissues. In initial studies of this
question, we constructed correlation curves reflecting indi-
vidual patient RICK tissue expression with their tissue expres-
sion of pro-inflammatory cytokines.

This analysis with respect to the UC data showed clearly
that RICK mRNA tissue levels exhibited significant cor-
relation with the various pro-inflammatory cytokine mRNA
levels (Supplementary Figure 7A) as well as with the
various E3-ligase mRNA levels and TAK1 mRNA levels
(Supplementary Figure 7B). A similar correlation analysis with
respect to the CD data yielded inconsistent results; however,
they did show that tissue RICK mRNA levels exhibited a sig-
nificant correlation with the various pro-inflammatory cytokine
(IL-12p40 and IL-6) mRNA levels as well as with clAP2 mRNA
levels (Supplementary Figure 8). These data suggest that
RICK and its several E3-ligases (clAP1, clAP2 and TRAF6)
are correlated with the pro-inflammatory cytokine response
(IL-6, TNF-a and IL-12p40) in UC. The same is true in CD, but
here the correlation was limited to levels of pro-inflammatory
cytokines and with clAP2.

Correlation of RICK signaling with pro-inflammatory
cytokine expression in IBD tissues at the protein level

We next determined whether expression of pro-inflammatory
cytokines (TNF-a and IL-6) is correlated with expression of
RICK and/or one of its associated E3-ligases at the protein
level in tissue samples obtained from UC or CD patients that
had undergone surgical operation. In studies focused on
TNF-a expression we performed dual immunofluorescence
staining studies in which tissues were stained with either
Alexa 488-labeled anti-RICK antibody or anti-clAP2 antibody
in combination with Alexa 546-labeled anti-TNF-a antibody.
We found that in both CD and UC tissues, most cells staining
positive for RICK or clAP2 also stained positive for TNF-o. and
therefore exhibited a yellow fluorescence (Fig. 5). Thus, cells
producing TNF-a were also expressing both RICK and clAP2.
Isotype control antibody staining using mouse IgG or rabbit
IgG was negative (Supplementary Figure 9). Non-tumorous
portions of early colorectal cancers were used as controls
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Fig. 4. Colonic mucosa of patients with active UC and CD shows enhanced expression of RICK as compared with remission disease. Expression
of pro-inflammatory cytokines (IL-6, TNF-a, IL-12p40) and RICK-associated molecules was measured by gPCR in patients with CD and UC
with active or remitted disease as described in Fig. 3. (A) Expression of pro-inflammatory cytokines (IL-6, TNF-a, IL-12p40) is shown. (B, C)
Expression of NOD1, NOD2, RICK, clAP1, clAP2, TRAF6 and TAK1 is shown. The number associated with each data set shows the number of
patients studied. Results are expressed as mean + SEM. *P < 0.05, **P < 0.01, N.S., not significant.

and two control samples were negative for RICK or clAP2
staining, in parallel with the gPCR results (Supplementary
Figure 10A).

In parallel studies focusing on IL-6 we could not perform
dual staining studies because an anti-human-IL-6 antibody
(suitable for dual staining) that could be used in combin-
ation with suitable antibodies to RICK, clAP2 or TAK1 was not
available. Consequently, in this case we performed staining
studies to determine if the numbers of mono-stained IL-6-
expressing cells correlated with the numbers of mono-stained
RICK, clAP1, clAP2 or TAK1 expressing cells. We found that
tissue samples heavily infiltrated with IL-6-expressing cells
detected by staining with Alexa 546-labeled anti-IL-6 antibody
(right panels of both CD and UC tissues) contained greatly
increased numbers of CD11c* dendritic cells (DCs) visual-
ized as yellow color upon staining with Alexa 546-labeled

anti-CD11c antibody and Alexa 488-labeled RICK antibody in
comparison with tissue containing few IL-6 expressing cells
(left panels of both CD and UC tissues) (Fig. 6A). Similarly,
green clAP1- and clAP2-expressing cells as well as green
TAK1-expressing cells are greatly increased in tissue sam-
ples containing large numbers of red IL-6-expressing cells
as compared to those containing few red IL-6-expressing
cells (Fig. 6A and B). Consistent with the data obtained in
gPCR studies, two control samples were negative for IL-6,
clAP1 or clAP2 staining and contained few mononuclear
cells expressing TAK1 (Supplementary Figure 10A). Semi-
quantitative evaluation of these data obtained by counting
of stained cells in representative tissues from patients with
both UC and CD disclosed a positive correlation between the
percentage of IL-6* cells in the tissue and the percentage of
CD11c*RICK*, clAP1+, clAP2+ and TAK1+ cells (Fig. 6C).
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Fig. 5. Expression of TNF-a, clAP2 and RICK in patients with IBDs.
Expression of TNF-a, clAP2 (A) and RICK (B) was examined by im-
munofluorescence analysis in surgical specimens obtained from CD
or UC patients. Representative immunofluorescence photomicro-
graph of patient tissue stained with anti-TNF-a antibody (red color),
anti-clAP2 antibody (green color) or anti-RICK antibody (green color).
Nuclei were stained with DAPI, magnification x1200.

Molecular interactions between RICK and clAP2 or RICK
and TAK1 in cells expressing TNF-a. or IL-6 in CD and UC
tissues

To explore further the involvement of RICK in pro-inflammatory
cytokine production in CD and UC we performed PLA to clarify
the relationship between cytokine expression and RICK-
mediated signaling pathways in inflamed tissues from IBD
patients (5). In this analysis molecular interactions between
RICK and clAP2 or RICK and TAK1 could be identified by the
presence of cells containing a red fluorescence product gen-
erated by the proximity of RICK to clAP2 or TAK1 and thus indi-
cative of an interaction between RICK with clAP2 or TAK1. We
found that, in general, tissues containing a greater number of
TNF-a* or IL-6* cells also contained a greater number of cells
containing a red fluorescence product indicative of cells in
which RICK is interacting with clAP2 or TAK1 (Fig. 7A and B,
right CD and UC panels). Two control samples were negative
for the interaction between clAP2 and RICK or between TAK1
and RICK (Supplementary Figure 10B).

Subsequent semi-quantitative evaluation of the PLA in re-
lation to cells positive for TNF-a and IL-6 showed that the
presence of increased numbers of cytokine positive cells
was indeed generally associated with increased numbers
of cells exhibiting red fluorescence indicative of interaction
between RICK and clAP2 or TAK1 (Fig. 7C). However, only
in two instances was this correlation formally established by
the presence of a linear correlation coefficient: the correlation
between numbers of TNF-a* cells and RICK-TAK1+ cells in
CD tissue and the correlation between numbers of IL-6* cells
and clAP2-RICK* cells in UC. Overall, these findings sug-
gested that the RICK signaling pathway is active in a sub-
stantial number of cells with active downstream synthesis of
pro-inflammatory cytokines.

Discussion

In the initial series of studies of NOD signaling in relation to
gut inflammation reported here we focused on RICK function
in relation to two different established murine models of IBD,
TNBS-colitis and DSS-colitis. In these studies we determined

that intra-rectal delivery of a plasmid expressing siRNA spe-
cific for RICK encased in HVJ-E inhibits RICK expression in
mucosal tissues and, in doing so, inhibits the induction of
TNBS-colitis and DSS-colitis; in addition, the administration
of a pan-inhibitor of IAPs, the latter factors essential for RICK
activation, has a similar inhibitory effect. By showing that an
agent with exquisite specificity for RICK inhibits two experi-
mental models of colitis, TNBS-colitis and DSS-colitis, these
studies augment previous evidence concerning the import-
ance of RICK signaling in gut inflammation (12-14). In fur-
ther studies utilizing the TNBS-colitis and DSS-colitis model
we showed that inhibition of RICK function with RICK siRNA
also inhibits both types of colitis in NOD2-deficient or NOD1/
NOD2-double deficient mice in which these bacterial sensors
cannot be playing a role in the intestinal inflammation. These
studies thus offer the first evidence that the function of RICK
in experimental colitis is not strictly dependent on prior acti-
vation of either NOD1 or NOD2 as implied in some previous
studies relating to the activation of RICK (18, 19). In add-
ition, they suggest that NOD1/NOD2-independent induction
of gut inflammation (such as TLR-induced inflammation) is
largely dependent on RICK activation along with other kin-
ases conceivably activated by myeloid differentiation factor
88 (MyD88) and IL-1 receptor-associated kinase (IRAK)
signaling.

To determine if the above conclusions concerning the im-
portance of RICK activation and its independence from NOD1
and NOD2 derived from studies of murine experimental col-
itis applies to humans with IBD we assessed mRNA levels
of various NOD, RICK and cytokine components in endo-
scopic biopsy specimens of a substantial number of IBD pa-
tients and controls by gPCR. The underlying assumption of
this approach with respect to evaluation of activity of NOD1,
NOD2 and RICK was that such activity would be reflected in
(or marked by) increased levels of these components if they
were participating in an inflammatory response. With respect
to NOD2, this assumption is supported by evidence that
NOD2 up-regulates NF-kB and the latter, in turn, up-regulates
NOD2 transcription (37, 38). In addition, it has been shown
that various kinds of gastrointestinal infections up-regulate
NOD2 levels (34-36). Finally, since the gastrointestinal en-
vironment is replete with bacteria expressing NOD2 (and
NOD1) ligands, the increased NOD2 levels would inevitably
lead to increased NOD2 activity.

We found, as expected, that levels of NOD1 and NOD2
MmRNA and other components varied within the patient
groups studied and we therefore relied on log-transformed
mean values and statistical analysis to assess changes in
expression. The validity of this approach for assessment of
mMRNA levels of NOD1, NOD2 and RICK is supported by the
fact that IL-6 and TNF-a mRNA levels in UC patients (not gen-
erally on anti-cytokine therapy) exhibited statistically signifi-
cant and substantial elevations. Thus, the finding that NOD2
MRNA tissue levels from both active CD and UC patients are
not elevated as compared with control tissues and NOD1
MRNA levels were at best marginally increased provides evi-
dence that NOD2 or NOD1 has only a minor role in driving the
pro-inflammatory process operative in these IBD patients. In
contrast, the finding that RICK mRNA tissue levels from both
active CD and UC are statistically greater than levels in control
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Fig. 6. Expression of IL-6 is positively correlated to that of RICK, clAP1, clAP2 and TAK1 in patients with IBDs at a protein level. Expression
of IL-6 and RICK-associated molecules was examined by immunofluorescence analysis using surgical specimens obtained from CD patients
(n=5or7)or UC patients (n = 8). (A) Representative immunofluorescence photomicrograph of patient tissue stained with anti-IL-6 antibody
(red color), anti-RICK antibody (green color) and anti-CD11c antibody (red color), or anti-TAK1 antibody (green color); left panel of both CD
and UC shows tissue expressing low numbers of IL-6* (IL-6"°") cells; right panel of both CD and UC shows tissue expressing high numbers of
IL-6* (IL-6M9") cells. Nuclei were stained with DAPI, magnification x1200 (RICK, CD11c, TAK1), x800 (IL-6). (B) Representative immunofluores-
cence photomicrograph of patient tissue stained with anti-IL-6 antibody (red color), anti-clAP1 antibody (green color) or anti-clAP2 antibody
(green color); left panel of both CD and UC shows tissue expressing low numbers of IL-6* (IL-6*) cells; right panel of both CD and UC shows
tissue expressing high numbers of IL-6* (IL-6"9") cells. Nuclei were stained with DAPI, magnification x1200 (clAP1, clAP2), x800 (IL-6). (C)
The numbers of cells positive for IL-6, RICK, CD11c, clAP1, clAP2 and TAK1 was determined by counting in high-power fields and shown as
the percentages of total DAPI-positive mononuclear cells. The percentages of cells positive for RICK, CD11c, clAP1, clAP2 and TAK1 were
plotted against IL-6* cells. Correlation analysis between cell populations shown was performed; each dot corresponds to a value of each patient
sample. P value and Pearson rvalues are shown.

tissues, provides evidence that RICK is participating in the
inflammatory response mediating IBD. In addition, evidence
that RICK is activated in IBD patients is inherent in the finding
that the increases in RICK mRNA tissue levels are associated
with increases in mMRNA levels of E3-ligases that are known
to K63-polyubiquitinate RICK and thus facilitate its function
as a signaling molecule capable of interacting with TAK1 (5,
29-31). Finally, both at the mRNA level and at the protein level
in tissue from IBD patients, RICK levels correlated with pro-
inflammatory cytokine levels and RICK expression was found
in cells that synthesize such cytokines (see further discussion
below). The overall conclusion that can be drawn from these

studies is that there is little evidence that NOD2 (or indeed
NOD?1) is a necessary driving force of inflammation in patients
with active IBD, whereas there is ample evidence that RICK
activation is an essential participant in such inflammation; fur-
thermore, these studies suggest, as do the studies of murine
experimental colitis, that RICK activation is not necessarily
dependent on NOD1 or NOD2 activity. These conclusions are
again fully compatible with previous findings suggesting that
NOD2 is not a necessary contributor to the pro-inflammatory
cytokine responses causing IBD inflammation since loss-of-
function polymorphisms are associated with increased rather
than decreased susceptibility to CD (4, 26).
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Fig. 7. Expression of IL-6 is positively correlated to the intensity of the molecular interaction between RICK and clAP2 in patients with UC.
Expression of IL-6 and TNF-a was examined by immunofluorescence analysis using surgical specimens obtained from CD (n=9) or UC (n=5
or 6) as described in Fig. 6. The molecular interaction between clAP2 and RICK or between TAK1 and RICK was analyzed by PLAs. (A, B)
Representative immunofluorescence photomicrograph of the patient tissue stained with anti-IL-6 antibody (red color, first and fourth row) or
anti-TNF-a antibody (red color, second and fifth row). The molecular interaction between clAP2 and RICK (third row) or between TAK1 and RICK
(sixth row) was visualized as red color. Nuclei were stained with DAPI, magnification x1200 (TNF-a, clAP2-RICK interaction, RICK-TAK1 inter-
action), x800 (IL-6). (C) The number of cells positive for IL-6 or TNF-a. was determined by counting in high-power fields. The number of cells
positive for the interaction between clAP2 and RICK or between TAK1 and RICK was determined by counting in high-power fields and shown
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sample. P value and Pearson rvalues are shown.

The finding in the present study that NOD2 mRNA levels
are not increased in colonic tissues of patients with active CD
is at odds with previous studies that show with tissue-staining
techniques that the number and types of cell expressing
NOD2 is increased in CD and, in addition, NOD2 mRNA was
increased in such patients (41-43). One important difference
between these previous studies and the present study is that
the previous studies were conducted in pediatric patients,
whereas the studies conducted here were performed in adult
patients. It may therefore be that in patients with more pro-
longed disease NOD2 levels fall and play a reduced role in
the inflammation. A possible mechanistic basis for this possi-
bility was reported by Rosenstiel et al., who showed that the
NOD2 gene contains 5" untranslated exons that are capable

of translational repression and thus influence NOD2 protein
expression (44). In addition, these investigators showed that
expression of these ‘regulatory exons’ is determined by al-
ternative splicing that is influenced by cellular exposure to
inflammatory mediators (44). Whereas in the study reported
by Rosenstiel et al., the expression of these down-regulatory
exons was inhibited by rapamycin which thus up-regulated
NOD2 expression, other factors not yet studied in this context
may have the opposite effect (44).

The importance of RICK activation in the inflammation
occurring in human IBD is supported by previous studies
showing that levels of phosphorylated RICK (i.e. acti-
vated RICK) are increased in IBD tissue; in addition, these
studies provide evidence that RICK inhibitors ameliorate



inflammation in murine models of IBD and that inhibition of
RICK down-regulates pro-inflammatory cytokine formation
in mouse models of inflammation in vivo and in human IBD
specimens in vitro (11-15). In the present study we provide
additional data supporting the role of RICK in IBD inflamma-
tion with data showing that expression of RICK and associ-
ated E3-ligase (clAP1, clAP2 and TRAF6) mRNA in UC tissue
correlates with expression of major pro-inflammatory cytokine
(TNF-a, IL-6, IL-12p40) mRNAs. A similar correlation was also
found in CD in that RICK and clAP2 mRNA expression cor-
related with mRNA expression of IL-6, TNF-a and IL-12p40.
These mRNA data were supported by protein data derived
from both UC and CD patients in which tissue staining was
used to assess RICK expression. These studies showed that
expression of TNF-a occurred in cells expressing RICK and
clAP2 and that numbers of DCs expressing IL-6 were parallel
to those of DCs expressing RICK, clAP1 and clAP2. This as-
sociation of RICK with pro-inflammatory cytokines in inflamed
IBD tissue was further highlighted with PLAs showing that
RICK interacts with either clAP2 or TAK1 in cells expressing
cytokines in a pattern depending on the type of cytokine.
Taken together, these data support the role of RICK in IBD by
showing that activated RICK is expressed in cells producing
pro-inflammatory cytokines and that such expression is ac-
companied by interactions between RICK and components
of the inflammatory pathway. In line with this idea, we con-
firmed that pro-inflammatory cytokine responses (including
IL-6, TNF-a and IL-12p40 responses) were markedly reduced
in colonic LPMCs treated with RICK-specific siRNA as com-
pared with those with control siRNA.

The lack of dependence of RICK-mediated pro-
inflammatory function on NOD1 or NOD2 signaling path-
ways clearly shown in our studies of the role of RICK in
TNBS-colitis and DSS-colitis is difficult to understand if
one postulates that RICK activation is strictly tied to NOD1
and NODZ2 signaling as suggested by studies of Park et al.
and Hall et al. showing that neither receptor-induced T-cell
proliferation and induction of T-cell differentiation nor TLR
signaling is impaired in the absence of RICK, whereas
NOD1 and NOD2 signaling is impaired in this circumstance
(18, 19). However, these data do not take into account the
initial studies by Kobayashi et al. and Chin et al. showing
that cell stimulation that is clearly independent of NOD1
and NODZ2 signaling such as stimulation by mitogens, cyto-
kines and TLRs are impaired in cells from RICK-deficient
mice (16, 17). That TLR stimulation can induce such
NOD1- and NOD2-independent RICK signaling was sub-
sequently demonstrated in mechanistic studies showing
that LPS stimulation causes RICK binding to IRAK1 and
TRAF6 as well as RICK phosphorylation accompanying
pro-inflammatory cytokine production (45, 46). Additional
evidence that RICK activation can be NOD1- and NOD2-
independent has come from recent studies showing that
RICK has a T-cell-intrinsic role in the induction and regula-
tion of IL-17 and IFN-y responses without affecting regula-
tory T-cell responses induced by Chlamydia pneumoniae
(47). Consistent with this, down-regulation of IL-17 and
IFN-y responses accompanied by small increases in IL-10
responses were seen in the colon of RICK-siRNA-treated
mice as compared with LUC-siRNA-treated mice. Finally, it
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is important to point out that the E3-ligases known to be in-
volved in and necessary for RICK activation, such as clAP1,
clAP2 and TRAF6 studied here, are also independent of
NOD1 and NOD2 signaling as activation of such ligases
is generally brought about by post-translational modifica-
tions such as phosphorylation or binding to ubiquitination
targets; thus, their activity in the case of RICK may be gov-
erned by RICK activation itself (48).

The studies shown here imply that impaired colonic in-
flammation in the absence of RICK can in fact be due to dys-
function of signaling pathways independent of NOD1 and
NOD?2 activation and operative in DCs, macrophages or T
cells. However, this should not be taken to mean that NOD1
or NOD2 activation does not contribute to RICK-mediated
signaling; on the contrary, when NOD1/2 signaling is
present and robust, it is quite likely to be a major contributor
to such signaling. On the based of the data obtained in the
studies of TNBS- and DSS-colitis (as well as the studies
of IBD patients described here), we propose the following
scheme as a shorthand for RICK signaling (Supplementary
Figure 11): in the case of NOD1- and NOD2-dependent
signaling of DCs or macrophages, NOD1/2 ligands activate
NOD1 and NOD2 which then bind to RICK; this leads to
auto-phosphorylation of RICK and subsequently its ubiqui-
tination by various E3-ligases. Activated RICK then interacts
with TAK1 and induces NF-xB and MAPK activation for the
production of IL-6, IL-12/23p40 and TNF-a. In the case of
NOD1 and NOD2-independent activation of RICK, RICK is
activated in DCs, macrophages and T cells (Supplementary
Figure 11); in DCs and macrophages, TLR ligands (such as
LPS) activate TLRs and then their downstream MyD88-IRAK
pathways for the production of IL-6, IL-12/23p40 and TNF-a.
(Supplementary Figure 11); RICK then binds to IRAK1 and is
phosphorylated and ubiquitinated as in the NOD1/2 pathway
(45, 46). Alternatively, RICK is activated in T cells via T-cell
receptor signaling and then regulates cytokine synthesis
such as that producing IFN-y and IL-17 (Supplementary
Figure 11); its initial binding partner(s) leading to its activa-
tion in this case is not yet known. Such cytokines may then
induce E3-ligase activation.

In summary, the data reported here showing that experi-
mental murine colitis is not diminished in the absence of NOD1
and NOD2 yet is still largely dependent on RICK signaling
emphasizes that RICK occupies a central position in the in-
duction of IBD and that TLRs conceivably driving such inflam-
mation may utilize this kinase to gain access to downstream
pro-inflammatory machinery. This, in turn, suggests that in-
hibition of RICK activation constitutes a viable approach to
the treatment of IBD. It should be noted, however, that admin-
istration of RICK-siRNA utilized in this study is not a feasible
alternative to the treatment of IBD at present since frequent
intra-rectal administration of siRNAs is physically challenging
and likely to be quite expensive. In addition, such RICK in-
hibition might impair host defense functions since RICK ac-
tivation is involved in signaling pathways mediated not only
by NODs but also by TLRs. Finally, it is important to point out
that if indeed NOD2 dysfunction is associated with increased
susceptibility to the occurrence of CD it is fair to say that in-
hibition of NOD2 function via inhibition of RICK function could
ultimately lead to initiation or exacerbation of CD.
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