














can effectively be inhibited using RIPK2 inhibitors 1 and 2 and
regorafenib (a known RIPK2 kinase inhibitor) at 100 nM as
determined using RIPK2 phospho-specific antibodies (Fig. 4,
A and B). Furthermore, we determined that RIPK2 inhibitor
1 effectively inhibited KHM2 cells at an approximate IC50 of
5–10 nM, and kinase activity was somewhat sensitive to
detergent conditions (Fig. 4, B and C). When compared with
inhibition with ponatinib (a known RIPK2 inhibitor and
chemical template for selecting our RIPK2 small molecule),
our RIPK2 inhibitor performed equally to inhibit RIPK2
kinase activity in an in vitro kinase assay in two different cell
lines (Fig. 4D).
The functional consequence of inhibiting MDP-dependent

activation of RIPK2 is the loss of NFkB activity (Fig. 5;
Supplemental Fig. 3B) and DNA binding ability, especially

for the interleukin-8 (IL-8) promoter (Supplemental Fig. 4A).
Not surprisingly, RIPK2 inhibitor 1 was more efficacious at
100 nM at inhibiting NFkB activity when compared with
RIPK2 inhibitor 2, gefitinib, or regorafenib (P values com-
paring RIPK2 inhibitor 1 vs. RIPK2 inhibitor 2, gefitinib, and
regorafenib inhibition of MDP-driven NFkB activation were
0.0015, 0.0006, and 0.004, respectively). However, RIPK2
inhibitor 1 was as efficacious as ponatinib at 100 nM for
NFkB inhibition (P value 5 0.06 when comparing RIPK2
inhibitor 1 vs. ponatinib inhibition of MDP-driven NFkB
activation). Interestingly, a recently characterized RIPK2
inhibitor, GSK-583 (Haile et al., 2016), did not inhibit MDP-
dependent NFkB activity at 100 nM in HCT116 cells (data
not shown), although it is known to in primary immune
cells. Interestingly, we did observe a small but significant

Fig. 4. Characterization of RIPK2 kinase inhibitors. (A) Immunoblot illustration of the use of RIPK2 phospho-antibodies in two Hodgkin’s lymphoma
cells that have constitutive active RIPK2. A comparison with a known RIPK2 inhibitor is shown (regorafenib). All inhibitor concentrations were 100 nM.
Similar results were observed for a third Hodgkin’s lymphoma cell line, KMH2 [see (B)]. (B) KMH2 Hodgkin’s lymphoma cells were inhibited in vivo for
33–36 hours using the indicated concentration of RIPK2 inhibitor 1. (Top) An in vitro kinase assay was carried out by IP overnight with 1 mg of the rabbit
anti-RIPK2 antibody from ProteinTech (Rosemont, IL) and 1 ml of lysate from a confluent six-well dish of KMH2 cells. Immune complexes were
separated by SDS-PAGE and captured by autoradiography. (Bottom) Quantitation of three to five independent experiments to reveal an approximate
IC50 of 5–10 nM for in vivo RIPK2 inhibition. (C) Analysis of effect of drug solvent (DMSO), salt concentration, and detergents on the kinase activity of
RIPK2. Following IP, the indicated reagents were added for 10minutes followed by 32-g-ATP to initiate the kinase reaction as described in theMaterials
and Methods section. (D) RIPK2 in vitro kinase assay was carried out as in Fig. 3B in KMH2 and HCT116 cells in the presence of ponatinib or RIPK2
inhibitor 1 to carry out a comparison of RIPK2 inhibition. IB, immunoblotting.
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reduction in lipopolysaccharide (LPS; via TLR4 and TLR2),
TNFa, and IL-1b–dependent activation of NFkB (Fig. 5C and
an approximate IC50 in Fig. 5C, right panel; Supplemental
Fig. 3B). Although a reduction, the approximate IC50 for
RIPK2 inhibition of LPS-driven NFkB activation is .20 mM,
and we speculate it will also be much higher for inhibition of
TNFa and IL-1b–dependent activation of NFkB. Interest-
ingly, RIPK2 inhibitor 1 can also inhibit the activation of
hypoxia-response element I response to chemical induction
using 1% H2O2 (Supplemental Fig. 3C) to suggest either a
link to inflammation or a direct modulation of hypoxia-
inducible factor a function. These observations validate the
specificity of our RIPK2 inhibitor for NOD/RIPK2 biology
and usefulness as an in vivo inhibitor of MDP-driven
inflammation.

RIPK2 Inhibitors Can Inhibit the Proliferation of
Several Cancer Cells but Do Not Promote Apoptosis or
Cell Cycle Arrest. Inflammation is a strong driver of
malignant transformation and abnormal proliferation, espe-
cially in the colon (Lasry et al., 2016) and breast (Suman et al.,
2016). We explored the ability of RIPK2 inhibitors to reduce
the proliferative rate of highly metastatic cancer cells. For
most of the cancer cells, 45–100 nM RIPK2 inhibitor
1 inhibited.70% of the proliferation of colon and blood cancer
cells while preserving the proliferation of normal Rat-1 and
ModeK intestinal epithelial cells (Fig. 6A). These data would
suggest strong suppressive properties of RIPK2 inhibitor
1 and, to some extent, inhibitor 2 on cell proliferation.
Regorafenib, a recently characterized RIPK2 inhibitor, did
not significantly inhibit the proliferation of these cells in an

Fig. 5. RIPK2 Inhibition of NFkB activ-
ity. (A and B) NFkB gene reporter assay
determination of inhibition of MDP-
stimulated NFkB activity with RIPK2
inhibitors (A) and an approximate IC50
determination for inhibition of MDP
driven-NFkB activation using RIPK2
inhibitors 1 and 2 (B). All drugs in (A)
were used at 100 nM. P values for RIPK
inhibitor treated vs. MDP (no drug)
were ,0.0001 (inhibitor 1), 0.06 (in-
hibitor 2), ,0.006 (gefitinib), 0.0002
(regorafenib), and 0.0008 (ponatinib).
For ponatinib, n = 4 and n = 10 for the
rest with approximate IC50 curves
shown in (B). (C) Left panel: NFkB gene
reporter assay determination of inhibi-
tion of LPS-stimulated NFkB activity
with RIPK2 inhibitors (concentration
as indicated). P values for RIPK2 in-
hibitor treated vs. LPS (no drug)
were ,0.02 (inhibitor 1) and ,0.268 (for
inhibitor 2) (n = 6). Right panel: approx-
imate IC50 determination for inhibi-
tion of LPS-NFkB–driven inflammation
using RIPK2 inhibitors 1 and 2 (B).
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Fig. 6. In vivo inhibition of proliferation, intestinal, and lung inflammation using RIPK2 inhibitors. (A) RIPK2 inhibitors modulate the proliferation of
several colon cancers but not normal cells. MTT assay was carried out with the indicated concentrations of RIPK2 inhibitors in the indicated cell lines.
HCT116 and DLD-1 are colon cancer cell lines, whereas RAT-1 andMODEK are normal rat andmouse intestinal cell lines, respectively. RIPK2 inhibitor
1 does not appear to interfere with proliferation of normal intestinal cells (Rat-1 andModeK) at 45 nM. For all experiments, n = 5–29. P value of HCT116
(+ inhibitor 1) vs. HCT116 (+ inhibitor 2) was ,0.03; DLD-1 (+ inhibitor 1) vs. DLD-1 (+ inhibitor 2) was ,0.02; DLD-1 (+ inhibitor 1) vs. DLD-1
(+ regorafenib) was,0.006. For RIPK2 inhibitor 1–treated DLD-1 or HCT116 vs. RIPK2 inhibitor 1–treatedModeK or Rat-1 cells (normal cells), P, 0.002
(analysis in either cell type); for RIPK2 inhibitor 2–treated DLD-1 or HCT116 vs. RIPK2 inhibitor 2–treatedModeK cells (normal cells), P, 0.02 and 0.098
(analysis in DLD-1 or HCT116 cells, respectively); for regorafenib-treated DLD-1 vs. regorafenib-treated ModeK (normal cells), P , 0.2 but .0.05. (B)
Intestinal inflammation injury was carried out using the DSS model. DSS is taken up in the drinking water and migrates to the colon to cause irritation
and localized inflammation. Rassf1a2/2 mice are extremely sensitive to this model, with ,25% survival following a 3% DSS insult for 7 days followed by
water for 7 days. Most Rassf1a2/2 mice require euthanasia by days 7–9. Disease activity is scored based on rectal bleeding, piloerection, movement, and
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MTT assay (3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazo-
lium bromide) (Fig. 6A). We also observed inhibition of triple
negative breast cancer cells, HCT1143 andMDA-MB231, with
RIPK2 inhibitor 1 (Supplemental Fig. 4B), suggesting effec-
tive antiproliferative properties. The approximate IC50 for
inhibition was around 30–60 nM for most of the cells tested
(two are shown in Supplemental Fig. 4C). This effect on
growth inhibition was not due to alterations in cell cycle
(Supplemental Fig. 5) nor a significant increase in the
apoptotic cell populations, suggesting that RIPK2 inhibition
of proliferation is independent of cell cycle or apoptotic
changes.
RIPK2 Inhibitors Do Not Inhibit RIP1-Directed Cell

Death, Ferroptosis, or Modulation of Mitochondrial
Physiology. The RIPK family of proteins are actively in-
volved in numerous cell-death processes beyond death
receptor–dependent cell death (Vanden Berghe et al., 2016).
We characterized two forms of cell death involving erastin-
stimulated ferroptosis (an iron-dependent form of cell death,
Supplemental Fig. 6A) and VAD-fmk, Smac Mimetic-164, and
TNFa stimulation of RIPK1-directed cell death (Supplemen-
tal Fig. 6B). In both cases, RIPK2 inhibitor 1 did not interfere
with these forms of cell death to support our cell-cycle effects
and to suggest no overlap with RIPK1 biology (Supplemental
Fig. 6A). Recently, RIPK3 was demonstrated to require a
Bax/Bak effect on the mitochondrial permeability transition
pore to carry out necroptosis, and the importance of both
RIPK1 and RIPK3 in relation to necroptosis-directed de-
generative, inflammatory, and infectious diseases has been
published (Moriwaki et al., 2015). We thus explored how the
identified RIPK2 inhibitors can perturb mitochondrial phys-
iology by evaluating the activity of the sirtuins, a class of
deacetylases that use NAD1 to remove acetyl groups from
proteins (Tang, 2016). Indeed, the putative SIRT1 activator
resveratrol can stimulatemitochondrial biogenesis to promote
increasedwellness in the individual (Ostojic, 2017). Therefore,
we explored the effect on sirtuin activity using the BIOMOL
assay (Enzo Life Sciences, Farmingdale, NY) as described
previously (Dai et al., 2016). We observed no statistically
significant increase in SIRT1 activation when using the
compounds at 0.1 or 10 mM, indicating that phenotypes
observed for the use of RIPK2 inhibitors at these doses in

cells are likely through SIRT1-independent mechanisms
when compared with the effect of resveratrol (Supplemental
Fig. 6C). The identified RIPK2 inhibitors are thus selective
inhibitors of RIPK2-dependent NFkB pathways if we consider
the data in Fig. 5 and Supplemental Figs. 3B, 4, and 5.
RIPK2 Inhibitors Can Efficiently Resolve Intestinal

Inflammation in an Ulcerative Colitis Model. DSS-
induced intestinal inflammation is a model for ulcerative
colitis [a form of inflammatory bowel disease (IBD)]. DSS
functions to irritate the colonic mucosa to promote localized
inflammation, active cell death, and localized destruction of
the epithelial barrier to the lumen of the colon (Dieleman
et al., 1998). These events subsequently drive inflammation
damage indicative of what IBD patients encounter. NOD2
mutations have been observed in IBD patients, lending
support for dysregulated NOD2/RIPK2 signaling driving in-
flammation in IBD patients (Branquinho et al., 2016). We
have demonstrated the importance of Ras association domain
family protein 1A [RASSF1A (or 1A)] in the pathogenesis of
colitis in a rodent model (Gordon et al., 2013). RASSF1A is a
tumor suppressor involved in TNF-R1–dependent apoptosis,
cell cycle control, and restriction of NFkB activation (Gordon
et al., 2013). The Rassf1a knockout mice (both heterozygous
and homozygous forms) are very susceptible to DSS-induced
inflammation injury (Gordon et al., 2013) mainly due to
uncontrolled inflammation linked to the NOD2/RIPK2 path-
way (Said et al., unpublished observation).
Therefore, we carried out intraperitoneal injection of 1 mg/g

body weight of RIPK2 inhibitor 1 or 2 on days 5, 7, and 9 to
offset the preinflammation damage stage, peak inflammation
damage stage, and postinflammation damage/restitution
phase. Using this treatment scheme, we observed a robust
difference on day 9 in the disease activity indices of wild-type
and Rassf1a knockout mice that was significantly inhibited
with the use of the RIPK2 inhibitors, especially RIPK2
inhibitor 1 (Fig. 6B; Table 2). Interestingly, a newly charac-
terized RIPK2 inhibitor, gefitinib, can also inhibit intestinal
inflammation injury but only promote a 41% survival versus
73% survival with RIPK2 inhibitor 1 (Fig. 6B; Table 2).
Similar results were obtained for the protein tyrosine kinase
inhibitor regorafenib (data not shown). Since both gefitinib
and our RIPK2 inhibitors can inhibit RIPK2, either our drug

TABLE 2
Survival of Rassf1a2/2 animals during DSS-induced inflammation
The presence of RIPK2 inhibitors reduced acute intestinal inflammation and enhanced overall survival of the mice.

RIPK2 Inhibitor Treatment and Genotype Percentage Survival

No drug DSS-treated Rassf1a2/2 7/30 = 22%
1 (MolPort-016-359-762) DSS-treated Rassf1a2/2 8/11 = 73%
2 (MolPort-001-746-327) DSS-treated Rassf1a2/2 5/9 = 56%
Gefitinib DSS-treated Rassf1a2/2 7/15 = 47%

body weight changes as described previously (Madsen et al., 2001). N = 10–25 and P value of Rassf1a2/2 (DSS) vs. wild type (DSS) was ,0.0001;
Rassf1a2/2 (DSS) vs. 1a2/2 (DSS + inhibitor 1 or 2 or gefitinib) was,0.0001. (C) In vivo inhibition of lung inflammation in an ovalbumin-induced asthma
model in mice. Sensitization and challenge with ovalbumin (OVA) in this model induce accumulation of inflammatory cells in the BAL that are primarily
eosinophils. Administration of RIPK2 inhibitor-1 significantly decreased both the number of total cells and the number of eosinophils in the BAL fluid (n =
8 for each group). P values for comparison between OVA alone and OVA + RIPK2 inhibitor-1 were 0.019 for total cell numbers and 0.003 for eosinophils.
Please note that RIPK2 inhibitor 2 was not used in this experiment due to its higher approximate IC50 for NFkB (see Fig. 5B). (D) Model for disruption of
NOD2/RIPK2 biology in the presence of RIPK2 inhibitor 1. RIPK2 is activated via tyrosine (Y) (pY474) and serine (S) (pS176) phosphorylation and
ubiquitination events to allow for associations with downstream components. RIPK2 inhibitor 1 inhibits phosphorylation at serine 176 and tyrosine
474 and possible inhibition of ubiquitination of RIPK2.
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has more affinity for RIPK2 or the off-target effects of RIPK2
inhibitor 1 are beneficial to aid in recovery from inflammation
injury using the DSS model.
We then explored pharmacokinetic properties of RIPK2

inhibitor 1 in the sera of mice. Analysis revealed that RIPK2
Inhibitor 1 can be eluted at ∼3.7 minutes in a region of the
chromatogram free of interfering substances (Supplemental
Fig. 6D, top panel). After a dose of 1–2 mg/kg IP of inhibitor,
the compound was not quantifiable inmouse serum. However,
after dosingmice with 15mg/kg IP, the RIPK2 inhibitor was of
measurable concentrations in most of the serum samples
assayed. The mean Cmax was 114 ng/ml occurring at 1 hour
after dosing, and the area under the serum concentration
versus time curve was 573 ng � h/ml, with a terminal phase
half-life of 1.9 hours observed. Therefore, it appears that
RIPK2 inhibitor 1 may be efficiently metabolized within
2 hours and cleared from the blood (Supplemental Fig. 6D,
bottom panel). Furthermore, toxicity analysis carried out
9 days after the last dose of intraperitoneal injection of
2 mg/g body weight revealed little or no changes in .98% of
the markers characterized in a complete blood count (Supple-
mental Fig. 7). However, creatine kinase activity was signif-
icantly elevated in animals treated with RIPK2 inhibitor 1 as
opposed to RIPK2 inhibitor 2. During treatment with RIPK2
inhibitor 1 (and post-treatment), we did not overtly observe
phenotypic changes in these animals nor notice evidence of
health conditions to support a creatine kinase abnormality
(such as skeletal muscle defect and movement abnormalities
or unexpected euthanasia due to a cardiac abnormality).
Interestingly, it has been shown that the creatine/phosphoc-
reatine pathwaymay play a central role in energymetabolism,
and nutritional creatine supplementation has been shown to
impart beneficial effects in a number of diverse disease
pathologies (Kitzenberg et al., 2016). We speculate this to be
the case, as resetting of metabolic abnormalities is needed for
recovery of IBD patients who have metabolic syndrome
disorder (Goncalves et al., 2015). Further analysis is required
to determine if elevated creatine kinase affects the health of
the animal, how sustained it is, and if it can be alleviated with
RIPK2 inhibitor 1 analogs. In addition, detailed analysis is
needed on how our RIPK2 inhibitor 1 is metabolized and
removed from the blood, where it accumulates, or if it can cross
the blood-brain barrier. These are all unanswered questions
that we are currently addressing.
RIPK2 Inhibitors Can Also Efficiently Resolve Lung

Inflammation in an Asthma Model. RIPK2 has also been
implicated in allergic airway inflammation. RIPK2 gene
silencing in the airways decreased allergic airway inflamma-
tion in an ovalbumin-mediated mouse model of asthma (Jun
et al., 2013). Furthermore, an association between a RIPK2
promoter polymorphism and childhood severe asthma has
been shown in a Japanese population (Nakashima et al.,
2006). Since we observed robust inhibition of NFkB in the
presence of RIPK2 inhibitor 1 and a.70% recovery of animals
from DSS-induced inflammation injury (Figs. 4 and 6B), we
proceeded to explore the ability to resolve lung inflammation
using the ovalbumin challenge model (Kumar et al., 2008).
Ovalbumin elicits a robust inflammatory reaction in the
airways characterized by an increased number of total cells
and eosinophils in the BAL of ovalbumin-sensitized mice (Fig.
6B). In the presence of RIPK2 inhibitor 1 (and, to some extent,
with RIPK2 inhibitor 2), we observed a significant reduction in

both total cell numbers and eosinophil numbers in BAL fluid.
These data suggest effective inhibition of lung inflammation.

Discussion
RIPK2 is the obligate kinase to theNOD2 pathogen receptor

pathway and has been demonstrated to be involved in NFkB
activation and metastatic behavior in some cancers (Jun
et al., 2013) and has a distinct activity versus RIPK1, 3, or 4
(Chirieleison et al., 2016). In addition, several reports suggest
involvement in the activation of the immune response upon
viral infection (Lupfer et al., 2013) and the requirement for
the NOD2/RIPK2 molecular pathway in several models on
inflammatory diseases, including experimental colitis
(Branquinho et al., 2016) and arthritis (Vieira et al., 2012).
Colorectal cancer (CRC) is only one example of a disease that
can arise from a prior state of persistent or chronic inflamma-
tion. Individuals with IBD and primary sclerosing cholangitis
(inflammation of the bile ducts) are at a much higher risk for
progressing to CRC and require closer management of their
debilitating disease (Dyson and Rutter, 2012; Williamson and
Chapman, 2015). As such, therapies to modulate and control
inflammation are robust cancer-prevention strategies.
Herein, we performed pharmacophore and similarity-based

search and molecular docking studies toward the identifica-
tion of potential novel RIPK2 inhibitors. In the pharmaco-
phore search, we identified several molecules that share the
pharmacophore arrangement with ponatinib. From these,
compound MolPort-016-359-762 is one of the most attractive
molecules to be tested since it exhibits a high correlation with
the pharmacophore model and lowest binding free energy
(highest score). Moreover, the similarity-based virtual screen-
ing predicted 10 molecules as new potential RIPK2 inhibitors.
The lower docking score of one of the less-similar compounds,
MolPort-001-746-327, presents amore attractive scaffold to be
repositioned as an inhibitor of this enzyme. Interestingly,
several analogs of MolPort-016-359-762 also showed higher
affinities for the active site pocket of RIPK2, suggesting a high
preference of this scaffold for the active site pocket. These
analogs may even afford a greater selectivity to inhibit RIPK2
(data not shown). We are currently exploring the use of these
analogs of MolPort-016-359-762.
As mentioned earlier, several RIPK2 inhibitors have been

characterized. However, like most RIPK2 inhibitors, at
100 nM, OD36 and OD38 can also inhibit 10-FYN proto-
ocogene, transforming growth factor 2 beta, activin receptor
like kinase 2, and Lck by .80%. Our identified RIPK2
inhibitors reveal lower binding free energies that other RIPK2
inhibitors identified, suggesting that our inhibitor may be
more active. Furthermore, our identified RIPK2 inhibitors
appear to have more affinity for the active site of RIPK2 than
others, are more efficacious at inhibition of proliferation, and
can effectively resolve lung inflammation and intestinal in-
flammation more robustly than gefitinib (Fig. 6B; Table 2).
The efficacious quality of RIPK2 inhibitor 1 in resolving
intestinal inflammation may arise from the fact that it can
have a small but significant effect on TNFa-, IL-1b-, and LPS-
driven NFkB activation as seen in Fig. 5 and Supplemental
Fig. 3B. Most inflammatory diseases are complex diseases
that have amultitude of inflammatory pathways targeting the
area. Thus, to effectively resolve inflammation in these areas,
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a broad-spectrum inhibitor may be needed to target multiple
TLRs and pathogen receptors (Murgueitio et al., 2017).
All of our in vivo inhibition was at 1–2 mg/g body weight,

which is much lower than the level used for most small-
molecule inhibitors. Preliminary pharmacokinetics suggest a
1.89-hour half-life in the blood (Supplemental Fig. 6D), and
chronic experiments using RIPK2 inhibitor 1 agree with our
preliminary pharmacokinetics, suggesting the efficacious
quality of this inhibitor can last for up to 5–6 days after a
1–2-mg/g body weight intraperitoneal injection (data not
shown). We are currently completing our pharmacokinetic
analysis and will be exploring inhibition of intestinal in-
flammation in the IL-102/2 model for inflammatory bowel
disease, a model with spontaneous colonic inflammation by
8–10 weeks of age and an established model for IBD (Kuhn
et al., 1993).
It has been demonstrated by several groups that RIPK2 has

a unique requirement for NOD1 and NOD2 and functions in
many pathways different from RIPK1, 3, or 4. Recently,
Chirieleison et al. (2016) summarized the uniqueness of
RIPK2 kinase domain within the RIPK family that could not
be substituted for the kinase domain from RIPK1 or RIPK4.
Indeed, RIPK2 inhibitors 1 and 2 did not inhibit RIPK1
biology nor ferroptosis, a form of cell death influenced by
proteins of the RIPK family (Supplemental Fig. 6, A and B). As
such, we believe that our identified RIPK2 inhibitors 1 and
2 can selectively modulate RIPK2-specific biology in agree-
ment with the observations by Chirieleison et al. (2016).
Although we can observe a robust inhibition of autophos-

phorylation of RIPK2, NFkB, and alleviation of intestinal and
airway inflammation injury in our mouse models of colitis and
asthma, our kinome screen demonstrated in vitro inhibition of
several other kinases, including 20%–30% inhibition of c-ABL,
Aurora kinase B, or ERBB2. We have demonstrated the
importance of c-ABL in driving inflammation injury in our
acute DSS model in the publication by Gordon et al. (2013). It
is likely that our RIPK2 inhibitor 1 may interfere with the
kinase activity of these off targets indirectly by resolving the
inflammation. Many of these kinases are involved in growth-
related pathways, tumorigenesis pathways, and cell cycle
control, such as Aurora kinase B (Borisa and Bhatt, 2017).
These off-target effects may actually be beneficial in treating
IBD, primary sclerosing cholangitis, primary sclerosing
cholangitis/IBD-related CRC, and asthma, whereby a multi-
tude of abnormal signaling involving inflammation, oxidative
damage, DNA damage, and apoptotic abnormalities exists to
manifest itself into a diseased state. Thus, eliminating all of
these abnormalities using a single small molecule will pro-
mote a return to homeostasis and recovery from inflammation
damage. It will be interesting to explore other inflammation
states such as obesity, diabetes, cystic fibrosis, psoriasis, and
arthritis to determine the importance of RIPK2 in driving
inflammation damage and the usefulness of RIPK2 inhibitor
1 to alleviate the clinical symptoms associated with these
diseases.
Comparison with Recently Identified RIPK2 Inhibi-

tors. Recently, four inhibitors to RIPK2 were identified as
OD36/OD38 (Tigno-Aranjuez et al., 2014) WEHI-435
(Nachbur et al., 2015), GSK-583 (Haile et al., 2016), and the
one from Novartis (He et al., 2017). OD36 and OD38 were
obtained through a small molecule macrocylization process
from Oncodesign (Dijon Cedex, France) with IC50 values

of , 100 nM and the ability to interfere with MDP dependent
RIPK2 activity. WEHI-435 was obtained by analysis of the
RIPK2/ponatinib structure and the necrostatin-1/murine
RIPK1 structure to obtain a structural face for the murine
RIPK2 kinase domain (18–249) (Nachbur et al., 2015). Using
this structural face, the computational biology used to obtain
small molecules to associate with the RIPK2 ATP-binding
pocket, GSK-583, was obtained using structural comparisons
of RIPK2 with ponatinib. Last, the Novartis RIPK2 inhibitor
was obtained in a similar manner to GSK583 and was based
on a proprietary chemical library screen. Several hits were
obtained, and after structural optimization, a RIPK2 inhibitor
was obtained to inhibit RIPK2 kinase activity at 3 nM (He
et al., 2017).
In this study, we used similarity-based virtual screening

and molecular docking analysis to identify a RIPK2 inhibitor
that can empirically inhibit the autophosphorylation of
RIPK2, inhibit NFkB, and alleviate lung and intestinal
inflammation efficacious at 1–2 mg/g body weight. RIPK2
inhibitors did not inhibit RIPK1 activity involved in ferropto-
sis or cell death nor have an effect onmitochondrial biology. In
addition, RIPK2 inhibitor 1 appeared to also inhibit cell
proliferation as determined by MTT assay, which did not
appear to promote cell death. We find this curious and will be
further exploring how RIPK2 inhibitors 1 and 2 can promote
reduced proliferation and interfere with inflammation. In-
terestingly, RIPK2 has been demonstrated to be involved in
the active growth of CD90(1) intestinal stromal cells to
suggest an “inflammatory” cross-talk between intestinal
stromal cells and the epithelial cells (Owens et al., 2013),
and we can observe robust activation of RIPK2 in IBD colon
tissue sections immunostained with our proprietary pY474
RIPK2 antibody (Salla et al., unpublished observations).
Inflammation signals from stromal cells and the epithelial
cells will drive abnormal states to produce a cytokine storm
that fuels malignant growth. Inhibitors to RIPK2 may have
promising therapeutic potential to uniquely interfere with
NFkB-dependent biology and offer an alternative to existing
anti-inflammatory therapies.
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