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a spontaneous CD-like ileitis model.
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(Background: Overactive signaling through NLRs is associated with inflammatory disease.
Results: In vivo inhibition of RIPK2 alleviates inflammation in two inflammatory disease models: an acute peritonitis model and

Conclusion: Inhibition of RIPK2 may be beneficial in certain inflammatory states.
Significance: This work supports further development of RIPK2-targeted therapies as well as proposes biomarkers to guide
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The RIPK2 kinase transduces signaling downstream of the
intracellular peptidoglycan sensors NOD1 and NOD2 to pro-
mote a productive inflammatory response. However, excessive
NOD?2 signaling has been associated with numerous diseases,
including inflammatory bowel disease (IBD), sarcoidosis and
inflammatory arthritis, making pharmacologic inhibition of
RIPK2 an appealing strategy. In this work, we report the gener-
ation, identification, and evaluation of novel RIPK2 specific
inhibitors. These compounds potently inhibit the RIPK2 tyro-
sine kinase activity in in vitro biochemical assays and cellular
assays, as well as effectively reduce RIPK2-mediated effects in an
in vivo peritonitis model. In conjunction with the development
of these inhibitors, we have also defined a panel of genes whose
expression is regulated by RIPK2 kinase activity. Such RIPK2
activation markers may serve as a useful tool for predicting set-
tings likely to benefit from RIPK2 inhibition. Using these mark-
ers and the FDA-approved RIPK2 inhibitor Gefitinib, we show
that pharmacologic RIPK2 inhibition drastically improves dis-
ease in a spontaneous model of Crohn Disease-like ileitis. Fur-
thermore, using novel RIPK2-specific inhibitors, we show that
cellular recruitment is inhibited in an iz vivo peritonitis model.
Altogether, the data presented in this work provides a strong
rationale for further development and optimization of RIPK2-
targeted pharmaceuticals and diagnostics.
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NOD2 is a cytosolic sensor for the bacterially-derived pepti-
doglycan breakdown product muramyl dipeptide (MDP)* (1,
2). NOD2 originally gained notoriety as the first identified
genetic susceptibility gene for Crohn Disease (CD) following
studies showing that loss-of-function (LOF) polymorphisms
occurring within the MDP sensing region increase the risk for
development of CD (3-5). However, such loss-of-function
NOD2 polymorphisms are present in ~7-10% of the general
Caucasian population, and the vast majority of people carrying
NOD2 loss-of-function alleles do not develop CD (3-5). In fact,
there are far greater numbers of CD patients who are WT for
NOD2 than those who are polymorphic, and as NOD?2 is regu-
lated at the transcriptional level by NF-«kB (6), it has been sug-
gested that increased expression of WT NOD2 may represent a
feed-forward mechanism by which inflammation is exacer-
bated. Studies have demonstrated that CD patients with WT
NOD2 demonstrate increased expression of both NOD2 and its
associated kinase RIPK2 as well as increased RIPK2 kinase
activity (7, 8). In addition, compared with WT healthy controls,
monocytes from CD patients WT for NOD2 show increased
proinflammatory IL-8 secretion in response to MDP stimula-
tion (9). Given the fact that aberrant overactive WT NOD2
signaling has been associated with an increasing number of
inflammatory diseases including Early Onset Sarcoidosis (EOS)
and Blau Syndrome (10-13), inflammatory arthritis (14, 15),
allergic inflammation (16), and multiple sclerosis (17), pharma-
cologic inhibition of NOD2 signaling may, therefore, be effica-
cious in certain clinical settings.

The dual-specificity kinase RIPK?2 is integral to propagating
signals resulting from NOD?2 activation, including the initiation
of downstream NF-«B, MAPK, and autophagy pathways (18—
20). The fact that RIPK?2 is also utilized by the closely related
NLR NOD1 (21), makes RIPK?2 inhibition an attractive option

2The abbreviations used are: MDP, muramyl dipeptide; IBD, inflammatory
bowel disease; NLR, Nod-like receptor; CD, Crohn Disease; LOF, loss-of-
function; FDR, false discovery rate.

JOURNAL OF BIOLOGICAL CHEMISTRY 29651



RIPK2 Inhibition in Inflammatory Disease

should one wish to suppress an entire arm of innate immune
signaling dedicated to sensing cytosolic bacterial peptidogly-
can. Protein kinases have been successfully pharmacologically
targeted in both cancer and inflammatory diseases and there-
fore have a history of successful translational intervention. Pre-
vious work by our laboratory has reclassified RIPK2 as a dual-
specificity kinase (22). This finding not only allowed for the
identification of 2 FDA-approved drugs that inhibit RIPK2
activity (Erlotinib and Gefitinib), but also helped rationalize the
development of specific RIPK2 inhibitor programs by multiple
pharmaceutical companies.

In the present work, we identify and characterize two novel
RIPK?2 inhibitors. Unlike kinase inhibitors traditionally discov-
ered through high-throughput screening of previously gener-
ated type-I inhibitor compound libraries, the RIPK2 inhibitors
we describe herein result from screening a novel Nanokinib®
library comprised of compounds generated through a small-
molecule macrocylization process (Nanocyclix®), which result
in a unique binding and mode-of-action compared with cur-
rently described kinase inhibitors. Not only do we demonstrate
the potency of such compounds against RIPK2 activity in bio-
chemical and cellular assays, we also show that these RIPK2
inhibitors are also very potent in inhibiting RIPK2 activity in
vivo using an MDP-induced peritonitis model. Using this assay,
these novel compounds were found to significantly inhibit
inflammatory cell recruitment compared with vehicle-treated
animals. These data support further optimization and larger-
scale synthesis of such RIPK2 inhibitors to facilitate longer-
term in vivo testing in various disease models in which RIPK2 is
thought to play a role. To demonstrate the feasibility of RIPK2
inhibition in inflammatory disease over a longer term, we used
the well-studied, widely-available drug, Gefitinib (Iressa™,
AstraZeneca). Gefitinib is an ATP-competitive kinase inhibitor
designed against the EGF-R and has been shown to be a very
effective first-line treatment for non-small cell lung cancer
(NSCLC) in patients harboring activating EGF-R mutations
(23, 24). We have previously demonstrated that Gefitinib
directly inhibits RIPK2 activity with a potency equal to that of
the EGF-R (IC,, in the low nanomolar range). Studies that have
retested Gefitinib against a panel of more than 300 kinases
show that Gefitinib is a highly specific inhibitor, affecting pre-
dominantly EGF-R and RIPK2 (25).> The dosage, pharmacoki-
netics, absorption, distribution, metabolism, excretion, and
toxicology of Gefitinib have all been well studied. Therefore,
having all of these parameters defined, enabled us to test the in
vivo efficacy of RIPK2 inhibition using Gefitinib in a setting of
inflammatory disease.

The use of RIPK2 inhibitors in long-term inflammatory dis-
ease treatment will need to be guided by robust and reliable
assays to detect RIPK2 activity and inhibition in disease. To this
end, we utilized pharmacologic inhibition of RIPK2 in combi-
nation with RNA sequencing to define a 9-gene panel that may
help predict the efficacy of RIPK2 inhibition. We validate this
panel with the development of novel RIPK2 inhibitors that tar-
get RIPK2 without targeting EGFR. Using this 9-gene signature,

3 |UPHAR database (2013).
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we identify a mouse model of CD in which RIPK2 inhibition is
potentially efficacious. We demonstrate that Gefitinib-medi-
ated inhibition of RIPK2 is beneficial in vivo in the SAMP1/
YitFc mouse, a spontaneous mouse model of Crohn’s Disease in
which NOD2 is WT (28, 29). We show that inflammatory cyto-
kine secretion in macrophages from these mice was also mark-
edly reduced upon inhibition of RIPK2 and pharmacologic
inhibition of RIPK2 tyrosine phosphorylation correlated with
improvement in disease. These results suggest that RIPK2 inhi-
bition might be effective in the treatment of specific settings of
inflammatory disease and propose a gene expression profile,
which may be useful to predict which patients might be partic-
ularly helped by RIPK2 inhibition.

EXPERIMENTAL PROCEDURES

Cell Lines, Plasmids, Transfection, and Western Blotting—
Transient transfection assays were performed using calcium
phosphate transfection of HEK293 cells (ATCC®, CRL-1573).
Omni-tagged RIPK2 was generated by PCR cloning HA-tagged
RIPK2 (a gift from V. Dixit, Genentech) into pCDNA4/Hismax
(Invitrogen) or into the InterPlay” Mammalian TAP system
(Stratagene). pMXp-HA-tagged full length NOD2 or NOD2
lacking the LRR region was a kind gift from C. McDonald
(Lerner Research Institute, CCF). For immunoprecipitation
(IP), cell lysates were prepared with a buffer containing 50 mm
Tris HCL (pH 7.5), 150 mm NaCl, 1% Triton X-100, 1 mm
EDTA, 1 mm EGTA, 2.5 mMm sodium pyrophosphate, 1 mm
B-glycerophosphate, 5 mm iodoacetimide, 5 mm N-ethylma-
leimide, 1 mM PMSF, 1 uM sodium orthovanadate, and protease
inhibitor mixture. Immunoprecipitations were performed
using anti-Omni rabbit antibody (M-21) (Santa Cruz Biotech-
nology) overnight followed by the addition of protein G-Sep-
harose (Invitrogen) or by addition of streptavidin-agarose
(Sigma) for NTAP-tagged RIPK2. Immunoprecipitates were
washed 5x in lysis buffer before boiling in an equal volume of
2X Laemmli sample buffer. Western blotting was perfomed
as described previously (22, 30). Anti-HA antibody (16B12)
was obtained from Covance, anti-phosphotyrosine antibody
(P-Tyr-100) was obtained from Cell Signaling and anti-
Omni mouse antibody(D-8) was obtained from Santa Cruz
Biotechnologies.

Identification and Screening of RIPK2 Inhibitors—RIPK2
compounds were generated through a proprietary small mole-
cule macrocylization process (Nanocyclix®, Oncodesign). Ini-
tial screening of compound libraries was performed using in
vitro radiometric kinase assays utilizing recombinantly purified
RIPK?2 expressed in insect cells as kinase and RBER-CHKtide as
a substrate (see supplemental Fig. S1A for complete sequence,
assays performed by ProQinase). Ten concentrations of inhib-
itor were tested ranging from 3 X 10"®Mto 9 X 10~ ' M using
15.7 nm (50 ng) recombinant RIPK2 and 2 ug of recombinant
RBER-CHKtide substrate per 50 ul reaction. Compounds
which showed in vitro IC,, values of < 100 nm were tested in a
cellular assay where RIPK?2 activity (tyrosine autophosphoryla-
tion) was induced by co-expression of NOD2 with RIPK2 and
inhibition of kinase activity was assessed by loss of tyrosine
autophosphorylation upon treatment with RIPK2 inhibitor (2
concentrations tested: 250 nm and 500 nm). The two com-
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pounds which maintained potent inhibition of RIPK2 tyrosine
phosphorylation in the cellular assay at the lower 250 nm dose
were then used for further in vitro and in vivo assays.

Determining Kinase Specificity of RIPK2 Inhibitors—A con-
tract research organization (ProQinase) was utilized to deter-
mine the inhibition of 366 kinases (Gefitinib or OD36) or 88
kinases (OD38) in response to 1 uM Gefitinib, 1 um OD36, 1 um
OD38, 100 nm OD36 and 100 nm OD38. In brief, each recom-
binant kinase was pre-incubated with the indicated dose of
inhibitor for 15 min before an in vitro kinase assay was per-
formed using a known substrate. After 30 min, the reaction was
stopped and phosphate incorporation was measured. Dendro-
grams indicating kinase specificity were generated according to
the following characteristics: Inhibition = 90% = green + 300 —
350 pixel size, Inhibition =75% = light green + 200-300 pixel
size, Inhibition = 50 = light green + 175-200 pixel size, Inhi-
bition = 25 = yellow + 50-175 pixel size, Inhibition = 10 =
red + 20-50 pixel size.

RNA Isolation—Bone marrow-derived macrophages (BMDMs)
were generated by culturing bone marrow for 7 days in 10%
DMEM with 25% conditioned Ladmac media (gift from Clif-
ford Harding, CWRU). Cells were rested in 10% FBS-DMEM
media overnight before use. BMDMs were pretreated with
Gefitinib (LC Labs), RIPK2 inhibitor (Oncodesign) or vehicle
(DMSO) for 30 min before stimulating with MDP for 4 h. Cells
were then harvested and RNA extracted using a Qiagen RNeasy
kit using the manufacturer’s instructions.

RNA Sequencing—RNA was sent to Oklahoma Medical
Research Foundation for RNA sequencing. The 100-bp paired-
end Illumina reads were processed to remove the 3’ bases with
Phred quality score of lower than 20. Reads that are less than 20
bases after quality trimming were removed from further analy-
sis. The reads from each replicate of each sample were mapped
to mouse genome release mm9 using tophat v1.4.1 program
before guided assembly using cufflinks v1.3.0 program with
mouse genome annotation from RefSeq database and the lin-
cRNA annotation from Ensembl database. Differential expres-
sion of transcripts was analyzed using two-tailed Student’s ¢ test
with Benjamini and Hochberg correction of false discovery rate
(FDR). FDR-corrected p value of 0.05 was set as the cutoff of
statistical significance.

RT-PCR—RNA was reverse transcribed using a Quantitect
reverse transcription kit (Qiagen). The following primer pairs
were used for amplification: mCXCL10-F 5'-TCCTTGTCCT-
CCCTAGCTCA-3', mCXCL10-R 5'-ATAACCCCTTGGGA-
AGATGG-3', mGPR84-F 5'-GGGAACCTCAGTCTCCAT-
3’, mGPR84-R 5'-TGCCACGCCCCAGATAATG-3', mIRG1-F
5-GTTTGGGGTCGACCAGACTT-3’, mIRG1-R 5 -CAGGT-
CGAGGCCAGAAAACT-3', mMARCKSL1-F 5'-TTGTGCTG-
TGCCTAGTGGC-3', mMARCKSL1-R 5'-GCTTATCAAGTC-
AGGGACATGG-3', mRASGRP1-F 5'-CGCTTCTTGCACTC-
GAACC-3', mRASGRP1-R 5'-GGGCCAGCTCCATCTATTC-
3’, mSLC2a6-F 5'-CGAGCCGGGGCCTTG-3’, mSLC2a6-R 5'-
CACCCAAGGTGAACACGGA-3', mCLEC4e-F 5'-TCCCAC-
CACACAGAGAGAGG-3', mCLEC4e-R 5'-CCCGGAAATTT-
GAGAGCTGC-3', mICAM1-F 5'-CGTGCAGTCGTCCGCTT-
CCG-3', mICAMI-R 5-TGAGAGCTGGGTCCGCGGTG3-/,
mCD40-F 5'-TCTCGCCCTGCGATGGTGTCT-3', mCD40-R
SASBMB
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5'-CGGCTTCCTGGCTGGCACAA-3', mGAPDH-F 5'-AGG-
CCGGTGCTGAGTATGTC-3', mGAPDH-R 5'-TGCCTGCT-
TCACCACCTTCT-3'. Sybr Green was obtained from Bio-Rad,
and the real-time PCR reactions were carried out using a CFX96
C1000 Real-Time Thermal Cycler from Bio-Rad. RT-PCR data is
presented as the means * S.E. RT-PCR experiments were per-
formed in duplicate and repeated twice. A representative experi-
ment is shown. Significance of comparisons shown was assessed
by Student’s two-tailed ¢ test with the cut-off for significance set at
p = 0.05.

Mice and Inhibitor Treatment—C57BL/6 mice were
obtained from Jackson Labs and maintained in a rodent barrier
facility. SAMP1/YitFc mice were obtained from the IBD Pro-
gram Project Animal Core directed by Dr. Theresa Pizarro.
Gefitinib (LC Laboratories) was incorporated into RMH3000
rodent chow at 0.025% of food weight (Research Diets). This
amount of drug was calculated based on previous studies on the
typical food intake of various mouse strains (31) and the average
weight of our mice, resulting in a dose of 50 mg/kg/day. Diet
containing Gefitinib was administered to SAMP1/YitFc mice
starting at 5 weeks of age for a duration of 7.5 weeks. Mice were
euthanized and tissue was harvested for histology (the IBD Pro-
gram Project Animal Core). H & E sections were scored by a
blinded pathologist using a published and well-established his-
topathological scoring system for these mice. Histology was
scored by 1) active inflammation (infiltration with neutrophils
especially at the base of the muscularis; Score = 0—4 X % ileal
involvement), 2) chronic inflammation (lymphocytes, plasma
cells, and macrophages in the mucosa and submucosa; Score =
0—4 X % ileal involvement), and 3) villus distortion (flattening
and/or widening of normal villus architecture; Score = 0—4 X
% ileal involvement). The sum of all 3 individual components
was then expressed as the total inflammatory score. For the
MDP-induced peritonitis model, C57BL/6 mice (Jackson Labs)
were given vehicle or 6.25 mg/kg of Gefitinib or OD36 intra-
peritoneal in a 500 ul volume. Thirty minutes later, mice were
injected with 150 ug of MDP intraperitoneal Four hours later,
mice were sacrificed and a peritoneal lavage using 5 ml of PBS
was performed.

In Situ Proximity Ligation Assay—Anti-phosphotyrosine
antibody generated in mouse (P-Tyr-100, Cell Signaling) and
anti-RIPK2/RICK antibody generated in rabbit (H-300, Santa
Cruz Biotechnologies) were used for primary antibodies.
Duolink PLA was performed on paraffin-embedded, formalin-
fixed sections using the secondary probes, amplification
reagents, and polymerase as directed by the manufacturer’s
instructions (Sigma).

RESULTS

Transcriptomic Profiling Reveals a Novel Gene Set Specifi-
cally Regulated by RIPK2 Kinase Activity—Currently, RIPK2
activity is most accurately measured biochemically, by per-
forming in vitro kinase assays or through Western blotting for
tyrosine-phosphorylated RIPK2. However, a simpler, more
robust method of detecting RIPK2 activation would be more
amenable to potential future clinical applications. With this in
mind, we set out to determine a unique set of NOD2-driven
genes that were particularly sensitive and specific to RIPK2
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FIGURE 1. Transcriptomic profiling reveals a novel gene set specifically regulated by RIPK2 kinase activity. A, primary BMDMs were stimulated with
vehicle or with each of the RIPK2 kinase inhibitors Gefitinib or SB203580, in the absence or presence of, the NOD2 agonist MDP. RNA was extracted from each
condition and subjected to RNA sequencing. While Gefitinib inhibits both RIPK2 and the EGF-R, and SB203580 inhibits both RIPK2 and p38, the only shared
“off-target” kinase they inhibit to the same extent as their intended target is RIPK2. Focusing on transcripts differentially expressed by both RIPK2 inhibitors

during NOD2 activation allowed us to determine 26 genes that were specificall
showed that the RIPK2 kinase-dependent genes were preferentially involved i

y regulated by RIPK2 kinase activity. B, of the genes identified, pathway analysis
n immune functions, cell metabolism and nucleotide/nucleoside regulation. C,

of the RIPK2 kinase-dependent genes identified using RNA sequencing, 9 genes were selected and validated using gRT-PCR. Using BMDMs, all 9 genes showed

significant up-regulation in the presence of MDP and a corresponding down

-regulation when either of the 2 RIPK2 inhibitors, Gefitinib or SB203580, were

present. Experiments were performed in duplicate on three separate occasions (¥, p = 0.05; **, p < 0.01; ***, p =< 0.001).

kinase inhibition. Previously published studies as well as our
own findings indicate that the EGF-R inhibitor Gefitinib and
the p38 inhibitor SB203580 showed inhibition of RIPK2 activity
with an IC,, equivalent to their intended targets (22, 25, 27).
Taking advantage of this, we treated primary bone marrow-
derived macrophages with either vehicle, 500 nm SB203580 or
500 nM Gefitinib for 30 min before stimulation with 10 pg/ml
MDP for 4 h. We then extracted RNA and performed RNA
sequencing for each condition. These 2 compounds, having
been designed against distinct targets, possess different binding
preferences and off-target profiles (25, 32). The only kinase they
both inhibit is RIPK2 (25, 32). Therefore, focusing on tran-
scripts that were differentially affected by MDP treatment and
jointly affected by both SB203580 and Gefitinib allowed us to
identify genes that most likely reflect the function and activa-
tion of RIPK2 (intersection of Venn Diagram, Fig. 14). While
our previously published studies using Affymetrix chips
showed only 40 — 60 genes that were consistently up- or down-
regulated 2-fold upon MDP stimulation (33), due to its
increased linear range and increased sensitivity RNA-seq tran-
scriptomic analysis revealed 10-15X as many genes whose
expression is induced by MDP (30), and this allowed us to select
for genes particularly sensitive to RIPK2 kinase inhibition. Fur-
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ther classification of these genes based on biological function
showed that a majority of these were involved in immune pro-
cesses (Fig. 1B). The gene list identified was curated against
published TNF, IL-1, and LPS induced expression profiles.
While genes such as NOS2, GPR84, ICAM1, and CXCL10 were
general inflammatory response genes, others such as SLC26a,
MARCKSL1, and RASGRP1 were more specific to a NOD2-
driven gene expression profile. The gene set of RIPK2 kinase-
driven genes was then narrowed to a set of 9 such that both
general inflammatory response genes and NOD2-specific genes
were represented. We then independently verified the depend-
ence of these 9 genes on the kinase activity of RIPK2 by qRT-
PCR (Fig. 1C).

Development of Novel Inhibitors of RIPK2—NOD?2 hyperac-
tivity has been published to occur in patients with Crohn dis-
ease who are WT for NOD2 (7, 8), in patients with Early Onset
Sarcoidosis (10 -13) and in mouse models of allergic inflamma-
tion (16) and multiple sclerosis (17). Additionally, since loss-of-
function NOD2 polymorphisms have been shown to be protec-
tive against Ulcerative Colitis (34), inhibition of RIPK2 kinase
activity might be efficacious in UC as well. For these reasons, we
screened a proprietary kinase-directed Nanocyclix® library for
novel RIPK2 kinase inhibitors and compared their activity to
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Gefitinib. These compounds were developed using a novel,
small-molecule macrocyclisation platform comprised of an
ATP scaffold and functionalized linker. These compounds are
of low molecular weight, have predictable structure-activity
relationships and drug-like properties. Initial screening was
performed using a radiometric kinase assay on a recombinant
kinase substrate (supplemental Fig. S14). Those which showed
IC50 < 100 nM were then further subjected to a cellular screen
for RIPK2 activity (RIPK2 tyrosine autophosphorylation). Out
of hundreds of such compounds, we identified 2 (OD36 and
OD38), which inhibited RIPK2 activity at low nanomolar range
(supplemental Fig. S1B; Fig. 24, structures shown side-by-side
with Gefitinib for comparison). When dose-response experi-
ments were performed, these novel compounds inhibited
RIPK?2 activity even more potently than Gefitinib (Fig. 2B). To
explore the mechanism of action of these inhibitors, we utilized
a Gefitinib-resistant mutant form of RIPK2 in which the gate-
keeper residue, threonine 95 (T95), has been mutated to a bulky
methionine (RIPK2 T95M). The T95M RIPK2 mutation is
homologous to that occurring within the EGF-R in lung cancer
patients who develop resistance to Gefitinib (T790M) (22, 35).
Such a mutation creates steric hindrance and prevents entry of
Gefitinib into the ATP-binding pocket, thereby changing the
sensitivity of RIPK2 to this drug. Neither OD36 nor OD38
could inhibit T95M RIPK?2 at the concentrations used (Fig. 2C),
indicating that Gefitinib, OD36 and OD38 compete with ATP
for binding and that all agents were directly capable of inhibit-
ing RIPK2. To prevent any potential artifacts generated by acti-
vation of RIPK2 induced by overexpression of NOD2, we also
stimulated a colorectal epithelial cell line HT29 with MDP and
looked for the effects of Gefitinib or OD36 or OD38 on induc-
ible RIPK2 tyrosine autophosphorylation (Fig. 2D). We addi-
tionally looked at the effect of these novel RIPK2 inhibitors on
MAPK and NF-«B pathways (Fig. 2D, HT29 and BMDM time
course). In both cases, Gefitinib, OD36 and OD38 inhibited
both RIPK2 tyrosine autophosphorylation as well as down-
stream NF-«B and MAPK signaling induced by MDP. As these
compounds were found to act as ATP-competitive inhibitors of
RIPK2, we would expect that OD36 and OD38 equally affect
both the Tyr and Ser/Thr-directed activities of RIPK2. RIPK2 is
known to autophosphorylate on Ser, Thr and Tyr residues (22),
and indeed, subjecting RIP2 to a radiometric in vitro kinase
assay demonstrates loss of y->’P autophosphorylation in the
presence of Gefitinib, SB203580, OD36, and OD38 suggesting
that these agents inhibit total kinase activity (kinase activity
targeted against Tyr, Ser, and Thr) (Fig. 2E). We additionally
tested the effects of SB20350 (a Ser/Thr inhibitor) as well as the
new RIPK?2 inhibitors on the reported pS176 RIPK2 autophos-
phorylation site (36)(supplemental Fig. S2). All 3 showed inhi-
bition of MDP-induced RIPK2 phosphorylation suggesting that
these inhibitors affect the kinase function of RIPK2 regardless
of the amino acid targeted for phosphorylation.

Specificity of Novel RIPK2 Inhibitors—To determine the
selectivity profile of these newly discovered RIPK2 inhibitors,
biochemical kinase assays were performed using two concen-
trations of inhibitor, 100 nm and 1uM. The most potent com-
pound (OD36) and Gefitinib were profiled against 366 kinases,
whereas OD38 was screened against 88 kinases. The kinase pro-
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files, visualized as dendrograms, and the extent of inhibition are
graphically represented in Fig. 34. At 100 nm, both OD36 and
OD38 show very good initial specificity, inhibiting few other
kinases to the same extent as RIPK2 and showing very high
potency with IC,, values in the lower nanomolar range (OD36
having an IC;, of 5.3 nMm and OD38 having an IC;, of 14.1 nm,
Fig. 3A). As expected, at higher concentrations, off-target
effects are increased while retaining a strong inhibitory activity
against RIPK2 (summarized in Fig. 3B). The results of these
specificity and dose-response assays are important for a num-
ber of reasons. First, as none of the specific RIPK2 inhibitors
affect the EGF-R, this fact can be used to further validate our
genetic RIPK2 activation panel independently of an effect on
the EGF-R. Secondly, while Gefitinib inhibits both the EGF-R
and RIPK2, it is remarkably specific for these two kinases (Fig.
3B), suggesting that it may be possible to titrate in vivo doses
such that these are the only two kinases inhibited. Finally, given
that these inhibitors were developed using a novel medicinal
chemistry technology (Nanocyclix®) for which a wealth of data
exists with regard to the properties of the proprietary library of
linkers and scaffolds used to generate such compounds, knowl-
edge of this drug discovery platform is currently being lever-
aged to further optimize the overall profile of these through
iterative rounds of chemical modification and in vitro/in vivo
testing

Novel RIPK?2 Inhibitors Down-regulate our Defined Panel of
RIPK2 Kinase-dependent Genes—Given that the OD36 and
OD38 RIPK2 inhibitors were developed using an independent
medicinal chemistry technology and show different off-target
effects compared with Gefitinib, down-regulation of our genetic
RIPK?2 activation panel would be an additional verification that
this 9 gene biomarker set is suitable to confirm activation status
of RIPK2. As such, we stimulated primary BMDMs with the
NOD2 agonist MDP in the absence or in the presence of either
Gefitinib or our novel RIPK2 inhibitors. In all cases, this 9 gene
set was inhibited by OD36 and OD38 to a similar or better
extent than Gefitinib (Fig. 4A4). These effects were not reflective
of a global down-regulation of inflammation-induced genes by
these inhibitors as both Gefitinib and OD36 did not show a
decrease in the 3 selected genes tested when TNF-a or LPS
were used as stimuli (Fig. 4B). These finding suggest that this
genetic RIPK2 activation panel may be a useful tool in addition
to biochemical assays to monitor RIPK2 function as influenced
by either a disease state or pharmacologic inhibition. Second,
these data also support further optimization of lead compounds
such as OD36 and OD38, which display a very strong inhibitory
activity against RIPK2.

The Novel RIPK2 Inhibitor OD36 Reduces Cellular Infiltra-
tion in An in Vivo MDP-induced Peritonitis Model—To dem-
onstrate that these novel RIPK2 inhibitors, which show potent
in vitro inhibitory activity, are also functional in vivo, we sub-
jected mice to an MDP-induced model of peritonitis. Prior to
administration of MDP, we intraperitoneally (intraperitoneal)
administered vehicle, 6.25 mg/kg Gefitinib, or 6.25 mg/kg
OD36 30 min prior to intraperitoneal delivery of 150 ug of
MDP for an additional 4 h. As shown in Fig. 54, both Gefitinib
and OD36 inhibited the recruitment of inflammatory cells to
the peritoneum, specifically that of neutrophils, and, to a lesser
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extent, lymphocytes. Statistical analysis of peritoneal lavage cell
subsets shows a significant effect of both Gefitinib and OD36 in
inhibiting MDP-induced peritonitis (Fig. 5B). When we iso-
lated RNA from the infiltrating cells and subjected these to
qRT-PCR, we observed a decrease in both expression of RIPK2-
specific genes as well as a decrease in inflammatory cytokine
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and chemokine gene expression (Fig. 5C). We also took super-
natants from the peritoneal lavage and performed multiplex
analysis for various chemokines. Although there was quite
some variability between animals, for a number of analytes
tested, there was also an observable trend in decrease of
secreted chemokines in either the Gefitinib or in the OD36-
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treated mice (supplemental Fig. S3). These very promising in
vivo results for an early-stage RIPK2 inhibitor such as OD36,
which also shows potent in vitro activity and good initial selec-
tivity, encourages continued optimization of such RIPK2 inhib-
itors that will retain potency but in addition display enhanced
specificity and an improved half-life in vivo.

Genetic RIPK2 Activation Markers Predict the Efficacy of
RIPK?2 Inhibition in a Spontaneous Model of CD-like Ileitis—
Because loss-of-function NOD2 polymorphisms cause Crohn
disease in an appreciable subset of CD patients, and because
hyperactive NOD2 function has also been shown to cause
inflammatory disease, when thinking about RIPK2 inhibition
and disease treatment, it is necessary to be able to predict which
patients are likely to respond to RIPK2 inhibition. To this end,
we tested the 9-gene biomarker panel in a well-established
mouse model of CD. The SAMP1/YitFc mouse develops severe,
spontaneous ileitis that recapitulates human Crohn’s disease
in a number of ways. This mouse develops discontinuous
transmural inflammation, crypt abscesses, granulomas, and
ileal structures (29). Additionally, like human Crohn disease,
SAMP1/YitFc disease is not limited to the ileum as a significant
percentage of these mice develop Crohn-like gastritis. Impor-
tantly, unlike DSS or TNBS colitis models which require dis-
ruption of the epithelium requiring subsequent EGF-R activity
to re-epithelialize the ulcer bed, the SAMP1/YitFc mouse only
rarely develops ulcerations (29). The NOD2 and RIPK?2 genes of
this strain have been sequenced and found to be wild-type.
Lastly but most importantly, treatments that have shown to be
efficacious in this mouse strain have been predictive of efficacy
in humans (29). Given all these factors, the SAMP1/YitFc
mouse is therefore a good model to determine whether RIPK2
kinase inhibition using Gefitinib would be efficacious. In order
to ascertain whether the 9-gene RIPK2 activation signature we
have established may be useful in predicting responsiveness of
the SAMP1/YitFc mice to RIPK2 inhibition, primary bone mar-
row-derived macrophages (BMDMs) were generated from
these mice and treated with MDP in the absence or in the pres-
ence of either Gefitinib, OD36, or OD38. Quantitative RT-PCR
of the isolated RNA indicated that expression of MDP-induced
genes was downregulated by pharmacologic RIPK2 inhibition
(Fig. 6A). Additionally, all three RIPK2 inhibitors caused down-
regulation of various inflammatory cytokines and chemokines,
as well as expression of NOD2 and RIPK2 themselves (both
NF-kB-driven genes) (Fig. 6B). These findings suggest that

RIPK2 Inhibition in Inflammatory Disease

RIPK2 inhibition might be efficacious in this spontaneous ile-
itis-prone mouse strain.

To determine if this was indeed the case in vivo, Gefitinib was
incorporated into mouse food to deliver a dose each of 50
mg/kg/day. Based on the FDA Center for Drug Evaluation and
Research guidelines (37), when converted, this value roughly
corresponds to the lowest clinical dosage recommended in
humans (250 mg daily). After 7.5 weeks of treatment, SAMP1/
YitFc mice given Gefitinib or vehicle control were sacrificed,
and their entire ileums and jejunums were evaluated by two
blinded board-certified pathologists (Wei Xin, M.D. and Derek
Abbott, M.D, Ph.D., University Hospitals of Cleveland). Mice
treated with vehicle showed blunted villi and severe acute
inflammation at the border of the lamina propria and muscu-
laris mucosa (top panels, Fig. 7A). In contrast, mice treated with
low dose Gefitinib showed increased villous height and no acute
inflammation at the border of the muscularis mucosa and lam-
ina propria (bottom panels, Fig. 7A). Blinded histopathology
scoring using well-established criteria (29, 38) showed signifi-
cant decreased villous distortion and statistically significantly
decreased acute and chronic inflammation (Fig. 7B).

Gefitinib is well-known to inhibit EGF-R in vivo at the doses
used, and, despite equal potency in in vitro kinase assays and
tissue culture systems, Gefitinib has never been shown to
inhibit RIPK2 in in vivo disease systems. To confirm the effect
of Gefitinib in affecting RIPK2 activity in vivo, we extracted
RNA from ileum obtained from either placebo or Gefitinib-
treated SAMP/YitFc mice, and subjected the RNA to qRT-PCR
for our genetic RIPK2 activation markers. However, as this
panel was initially established using BMDMs, few showed
expression within the disease tissue (ileum). However, one
marker that was reproducibly down-regulated upon treatment
with Gefitinib was MARCKSL1 (Macrophage Myristoylated
Alanine-Rich C Kinase Substrate), which has also been
reported to be expressed in tissues such as the small intestine
and colon (Fig. 7C). In addition, given that Gefitinib potently
inhibits RIPK2’s tyrosine autophosphorylation, we were able to
utilize the DuoLink proximity ligation assay (Sigma Aldrich) to
show that Gefitinib inhibits RIPK2 tyrosine autophosphoryla-
tion in situ in the Samp/YitFc mouse. In this system, a signal is
generated only if two events (in this case, tyrosine phosphoryl-
ation and the presence of RIPK2) occur in very close proximity.
Fluorescence is then indicative of RIPK2 tyrosine phosphoryl-
ation. Using this assay, RIPK2 was found to be heavily tyrosine

FIGURE 2. Development of novel inhibitors of RIPK2. An inhibitor library developed using Nanocyclix technology was screened for activity directed against
RIPK2's tyrosine kinase function. Initial screening was performed using in vitro radiometric kinase assays testing recombinantly expressed RIPK2 activity on a
synthetic substrate in the presence of the various Nanocyclix compounds. Of over hundreds screened, 2 showed strong activity against RIPK2 (supplemental
Fig.S1). A. The structure of these two novel RIPK2 inhibitory compounds, as compared with Gefitinib, are presented here. B, these two compounds, OD36 and
0OD38, were tested in dose-response assays against Gefitinib to determine their comparable ability to inhibit RIPK2. While all three compounds showed that
nanomolar concentrations could inhibit NOD2-mediated RIPK2 tyrosine autophosphorylation in HEK293 cells, both OD36 and OD38 displayed a more potent
activity against RIPK2 (quantified data using a chemiluminescent CCD imager are shown to the right). Experiments were performed twice with similar results.
G, to further determine the mode of action of OD36 and OD38, the T95M RIPK2 mutant was utilized. This mutation reduces the ATP binding pocket of RIPK2,
preventing entry of Gefitinib and conferring a corresponding resistance to the drug. Observing a similar response using the novel RIPK2 inhibitors indicates a
similar mode of action. As with Gefitinib, both OD36 and OD38 were unable to inhibit T95M RIPK2, indicating they are specific for the RIPK2 ATP-binding pocket.
D, OD36 and OD38 inhibit endogenous MDP-induced RIPK2 tyrosine autophosphorylation as well as MDP-induced MAPK and NF-kB activation in two cell
types. HT29 cells or BMDMs were treated with RIPK2 inhibitors overnight (250 nm) prior to stimulation with MDP. Lysates were collected 1 h after stimulation
for assessment of endogenous RIPK2 tyrosine autophosphorylation (D, left panels) or at the timepoints indicated for analysis of downstream signaling (D, right
panels). Experiments were performed three times with similar results. E, radiometric in vitro kinase assays using tyrosine autophosphorylation of RIPK2 as a
readout of RIPK2 kinase activity show that SB203580, Gefitinib, OD36, and OD38 (500 nm) all inhibit the total kinase activity of RIPK2, indicating that as expected
from their mechanism of action, both Tyr or Ser/Thr directed-activities are affected.
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phosphorylated in the vehicle-treated SAMP/YitFc mice but
this tyrosine phosphorylation (and inflammation) was greatly
decreased when Gefitinib was present (Fig. 7D). This data sug-
gest that RIPK2 is, in fact, inhibited by Gefitinib in vivo and that
such inhibition correlates with a decrease in disease severity in
this mouse model of ileitis.

inhibitors by multiple companies with the goal of introducing a
new therapy for this as well as other diseases showing excessive
NOD2/RIPK?2 activity (40, 41). In this work, we report the
development of such compounds for inhibition of RIPK2 kinase
function that display potent activity against RIPK2 both in vitro
and in vivo. The RIPK2 inhibitors we use in this study have been
developed using a proprietary novel small molecule macrocycl-

DISCUSSION

IBD is a chronic, relapsing inflammatory disorder of the gas-
trointestinal tract whose treatment and management is less
than ideal (39). Evidence of increased NOD2 activity in IBD
patients lacking the common loss of function NOD2 variants
combined with our discovery of RIPK2 as a dual-specificity
kinase, has encouraged the development of specific RIPK2

ization platform (Nanocyclix®, Oncodesign) comprised of an
ATP scaffold and functionalized linker. Most current kinase
inhibitors are ATP competitive and mimic the interactions
between the adenine ring and the hinge region of the target
kinase. Aside from possessing a strong interaction with the
hinge region, Nanoclyclix® compounds additionally utilize
interactions with the hydrophobic back pocket as well interac-

FIGURE 3. Specificity of novel RIPK2 inhibitors. A, to determine the specificities of OD36 and OD38, a panel of 366 kinases were subjected to radiometric in
vitro kinase assays in the presence of 100 nm or 1 mm of inhibitor and a specificity profile was then generated. Small molecule-kinase inhibition maps are shown
for each of the RIPK2 inhibitors at a concentration of either 100 nm or T mm with the extent of inhibition indicated by both size and color (refer to key). The kinase
dendogram was adapted and used with permission from Science (sciencemag.org) and Cell Signaling Technology (cellsignal.com). As indicated by the circle
color and size, at 100 nm, OD36 and OD38 show good potency and selectivity for RIPK2. B, kinases most inhibited by each compound at the specified
concentration and the extent of inhibition are listed. RIPK2 (highlighted) is inhibited greater than 90% by all 3 compounds at all doses tested. Furthermore, at
a dose of 100 nm, few kinases other than RIPK2 are inhibited to the same extent. Additionally, this Table indicates that the new RIPK2 inhibitors have distinct
off-target profiles from Gefitinib, information that is useful in ascribing effects directly to RIPK2 inhibition.
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*** p = 0.001). C, RNA was extracted from cellular infiltrate obtained from each experimental group and qRT-PCR was performed. Expression of both genetic
RIPK2 activation markers as well as cytokines and chemokines were reduced in the Gefitinib-treated animals but more so in the animals receiving the same dose

of OD36.

tions with the ribose binding region, thereby, more fully occu-
pying the ATP-binding site. The beauty of such a technology is
that by combining readouts of RIPK2 kinase activity (in vitro
kinase assays, RIPK2 tyrosine autophosphorylation, MDP-
driven cytokine release) and the in-depth knowledge of this
platform by the company, Oncodesign, lead compound optimi-
zation can be iteratively improved until desired properties of
selectivity and metabolic half-life are achieved. The early RIPK2
specific compounds resulting from such technology (OD36 and

29660 JOURNAL OF BIOLOGICAL CHEMISTRY

OD38) already display very potent inhibitory activity against
RIPK2 in multiple in vitro assays, as well as an off-target profile
distinct from that of Gefitinib. Importantly, we additionally
demonstrate that these novel RIPK2 inhibitors are potent in
vivo using an MDP-induced peritonitis model. These findings
encourage the continued optimization of these lead com-
pounds such that they may be amenable to prolonged adminis-
tration in vivo, as will be the need in chronic inflammatory
conditions. Because of the fact that optimization of such com-
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FIGURE 6. Pharmacologic inhibition of RIPK2 in macrophages from SAMP1/YitFc mice show down-regulation of both MDP-induced genetic RIPK2
activation markers and pro-inflammatory gene expression. A, primary BMDMs were generated from SAMP1/YitFc mice and were stimulated with 10 mg/ml
MDP for 4 h either in the presence or absence of 500 nm Gefitinib, OD36 or OD38. RNA was then harvested and qRT-PCR was performed. Gefitinib, OD36, and
0OD38 all significantly inhibited MDP-induced, RIPK2 kinase-dependent gene expression (¥, p =< 0.05; **, p =< 0.01; *** p < 0.001). Experiments were performed
in duplicate on three separate occasions. B, primary BMDMs were generated from SAMP1/YitFc mice and were stimulated with 10 ug/ml MDP for 4 h either in
the presence or absence of 500 nm Gefitinib, OD36, or OD38. RNA was then harvested, and qRT-PCR was performed. The RIPK2 inhibitors significantly inhibited
MDP-induced pro-inflammatory cytokine production in the SAMP1/YitFc macrophages (¥, p =< 0.05; **, p < 0.01; ***, p < 0.001). Experiments were performed

in duplicate on three separate occasions.

pounds for preclinical in vivo use requires enormous resources,
repurposing already approved therapies to demonstrate iz vivo
feasibility of RIPK2 inhibition would provide the rationale
needed to further invest in improving the in vivo half-life and
selectivity of such lead compounds. In the current work, we
show that inhibition of RIPK2 by repurposing the EGF-R inhib-
itor Gefitinib resulted in a striking reduction in inflammation in
aspontaneous model of Crohn Disease ileitis. Using a proximity
ligation assay (PLA), we also demonstrate that RIPK2 tyrosine
phosphorylation is reduced within the ileal tissue in Gefitinib-
treated animals concurrent with a reduction of inflammation.
Collectively, these results support further optimization and
pre-clinical testing of specific RIPK2 inhibitors.

Given that targeting RIPK2 in inflammatory disease requires
a functional and potentially hyperactive NOD2 response, we
also introduce and utilize additional assays to detect RIPK2
activity and inhibition. We utilized Next-Gen sequencing to
establish a genetic RIPK2 activation panel, which may be useful
in determining whether a particular setting may be amenable
to RIPK2 inhibition or if a patient is likely to be responsive to
RIPK?2 treatment. This technology may be broadly applicable to
inflammatory disease as both NOD2 and RIPK2 are NF-«B reg-

OCTOBER 24, 2014-VOLUME 289-NUMBER43  SASBMB

ulated genes, and their expression is up-regulated upon expo-
sure to TNF, IL-1, and IFN (6) as well as in acute ileitis and
colitis (7, 8). Studies have shown that NOD1, NOD2, or RIPK2
loss causes decreased inflammation in a number of mouse mod-
els of inflammatory disease, including EAE (17), inflammatory
arthritis (14, 15), allergic inflammation (16), sarcoidosis (42),
and ulcerative colitis (43). Studies in human pediatric Crohn’s
disease in which patients are WT for NOD2 has shown height-
ened NOD2 and RIPK?2 activity (7, 8), and agents targeting both
RIPK2 and p38 have been efficacious in mouse models of
inflammatory bowel disease (26, 44). Genotyping IBD patients
with the aim of personalized treatment for those harboring
the commonly occurring, CD-predisposing, loss-of-function
NOD2 alleles has, so far, not altered the course of clinical treat-
ment. This s, in part, due to the poor predictive ability of having
a single loss-of-function allele on the disease phenotype.
Although compound heterozygosity and homozygosity for
these variants appears to correlate with more aggressive dis-
ease, there is still no proven treatment that will be beneficial for
this subset. However, genotyping IBD patients for NOD2 status
may be useful for the remaining CD as well as UC patients who
lack such polymorphisms and are, therefore, candidates for
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FIGURE 7. Inhibition of RIPK2's kinase activity significantly ameliorates ileitis in SAMP1/YitFc mice. A, given that RIPK2 kinase inhibition decreases
MDP-induced pro-inflammatory gene expression in SAMP1/YitFc macrophages, SAMP1/YitFc mice were treated with either vehicle control or Gefitinib (50
mg/kg/daily for 7.5 weeks). While the SAMP1/YitFc mice treated with vehicle control showed severe villous blunting, crypt abscesses, mucosal, and transmural
inflammation and fibrosis (top panels), these features were significantly diminished in mice treated with Gefitinib (lower panels). The experiment was repeated
three times with 5 mice per experimental group. Representative histology is shown. B, blinded histopathological scoring using published criteria for ileal
inflammation in the SAMP1/YitFc mouse was performed. There was significantly less acute inflammation, villous distortion, and chronic inflammation in
SAMP1/YitFc mice treated with Gefitinib (**, p = 0.01; *** p = 0.001). C, RNA was extracted from ileal tissue obtained from placebo or Gefitinib-treated
SAMP1/YitFc and subjected to qRT-PCR. SAMP1/YitFc mice treated with Gefitinib show decreased expression of MARCKSL1. D, SAMP1/YitFc mice were treated
with Gefitinib (50 mg/kg/daily for 7.5 weeks) or with vehicle control. Formalin-fixed tissue was immunostained with both an anti-phospho tyrosine antibody
(mouse) and an anti-RIPK2 antibody (rabbit) and subjected to a proximity ligation assay to detect tyrosine phosphorylated RIPK2 (DuoLink, Sigma). Mice
treated with Gefitinib showed significantly less tyrosine phosphorylated RIPK2 staining, indicating that Gefitinib inhibits RIPK2 autophosphorylation in vivo in

this ileitis-prone mouse model.

RIPK?2 inhibition. Preselecting for such individuals will allow us
to utilize the genetic RIPK2 activation panel we describe herein
to determine which patients show heightened RIPK2 activity
compared with controls as well as display down-regulation of
RIPK?2 induced genes upon exposure to inhibitor in vitro,
ultimately defining a subset of individuals who are likely to
benefit from in vivo RIPK2 inhibition. Taken together, in this
work we have identified novel RIPK2 inhibitors, we demon-
strate the feasibility and efficacy of in vivo pharmacologic
inhibition of RIPK2 in a mouse model of IBD, and we estab-
lish genetic and immunohistochemical methods of monitor-
ing RIPK2 activation with the ultimate goal of moving this
potential therapy closer to a personalized treatment for
inflammatory disease.
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