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Abstract

Receptor-interacting protein kinase 2 (RIPK2) mediates inflammatory signaling through
the bacteria-sensing receptors nucleotide-binding oligomerization domain-containing
protein 1 and 2 (NOD1 and NOD?2). Designing kinase inhibitors target RIPK2 is a
possible strategy to ameliorate NOD-mediated pathologies, such as Crohn’s diseases,
sarcoidosis and inflammatory arthritis. Discovering potent inhibitors is of importance for
the further investigation of the RIPK2 function. The thesis describes characterization of
the activity of a new series of RIPK2 inhibitors. To test their activity, three different
methods were used to fully understand inhibition of NOD2 signaling by these molecules.
Based on the HEK-BLUE assay, ADP-Glo assay, as well as the Nano-BRET assay,
several CSLP compounds displayed potent, low nanomolar activity. Curiously, based on
the residence time, we found there is no direct connection between the cellular 1Cs of the
molecules and the residence times. This study provides important data for further

targeting RIPK2 kinase to attenuate pathologic inflammatory signaling.
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Chapter 1: Introduction
1.1 Background

NOD1 and NOD?2 are important receptors for the innate immune system. It has been
reported that NOD1 can be stimulated by a tripeptide motif found in peptidoglycan of
Gram-negative bacteria®, while NOD?2 is triggered by MDP2. Multiple articles describe
the function of NOD proteins in defenses against bacterial infections, such as

Staphylococcus aureus® and Helicobacter pylori®.

Receptor-interacting protein kinase 2 (RIPK2) is a threonine/serine protein kinase
belonging to the RIPK family. This family possesses a relatively conserved kinase
domain but distinct non-kinase regions®. It is a critical component of NOD1 and NOD2

signaling®.

Stimulation of NOD2 recruits RIPK2 along with several ubiquitin ligases, including 1AP’
and LUBACS. Additional ubiquitin-dependent signaling events activate MAP kinases and
the IKK complex include IKKo, IKKp, and NEMO (also termed IKKy) °. This leads to
the activation of NF-«xB transcription factors controlling production of proinflammatory

cytokines and chemokines®®.

Excessive NOD?2 activation is associated with numerous diseases such as Crohn’s
diseases™!, sarcoidosis, and inflammatory arthritis'?. Thus, RIPK2 inhibitors are sought as

potential treatments for these diseases.

Several RIPK2 inhibitors have been developed, such as the commercial available drug
ponatinib which primarily targets BCR-ABL, and regorafenib which has dual functions
of VEGFR2-TIEZ tyrosine kinase inhibition. But these molecules lack specificity towards
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RIPK2. We recently described a strategy targeting the activation loop of RIPK213, A

different class of molecules is exemplified by CSLP compound, as shown below.

1.2 CSLP compounds

HN/\
.

L

Figure 1.1: The molecular structure of CSLP compounds

Compounds X R1 R2 R3

CSLP 18 NH: H OMe -NHSO"Pr
CSLP 37 NH> F OMe -NHSO>"Pr
CSLP 38 NH: F H -NHSO"Pr
CSLP 43 NH> OMe OMe -NHSO>"Pr
CSLP 48 NH> H OH -NHSO>"Pr
CSLP 51 NH: OMe Me -NHSO2Ph
CSLP 52 NH> -OCH2CH:0- -NHSO; "Pr
CSLP 53 Me F OMe -NHSO; "Pr
CSLP 54 NH> OEt Me -NHSO, Bn
CSLP 55 NH: F OMe OMe

Table 1.1: The molecular structure of CSLP compounds

From previous studies we have already tested CSLP 1~50 activities using HEK-BLUE

and ADP-Glo assay. Here we review some of these compounds as well as the

CSLP51~55.




Chapter 2: Materials and Methods
2.1 HEK-Blue assay

HEK-Blue-hNOD2 cells were obtained from Invivogen. The cell line consists of
HEK?293 cells transfected with the human NOD2 gene and an optimized SEAP reporter

gene.

The SEAP reporter cassette allows expression of secreted alkaline phosphatase following
induction of NF-«B signaling pathway. Using SEAP substrate (HEK-BLUE Detection

assay), allows monitoring NOD2-NF-kB activation.

For the HEK-Blue assays. HNOD2-HEK-Blue cells were obtained from Invivogen, cells
were first thawed with DMEM medium cotaining 10% heat-inactivated FBS (Sigma), 1%
antibiotic-antimycotic mix (ThermoFisher), and normocin 100ug/mL (InvivoGen). For
further maintenance the medium is supplemented with extra 30 ug/ml Blasticidin and 100
ug/ml Zeocin, respectively. All antibiotics were from InvivoGen. After several passages,
cells were seeded onto clear 96 well plates at 7.5*%10° cells/well and allowed to attach for
48 hr. On the day of the experiment, media was changed to 100 uL of HEK-Blue
detection media (Invivogen). Inhibitors were diluted and added to 0.5 uL. DMSO 15 min
prior to the addition of 1 ng/ml L18-MDP (InvivoGen). After 8-9 hr, absorbance at 620
nm was measured using the Victor3V plate reader. Values of media-only wells were
subtracted and %inhibition for each compound concentration relative to the
DMSO/MDP-treated controls was calculated. Inhibition values plus StDev were fitted by
non-linear regression using Prism software (GraphPad) to calculate ICso values. The

equation is called Sigmoidal dose response (variable slope) which is Y=Bottom + (Top-



Bottom)/(1+10"[(LogECso-X)*HillSlope)]. The Top is fixed as 100, Bottom is fixed as 0,

ECso and HillSlope is calculated by automatically.

2.2 ADP-Glo assay*.

The ADP-Glo assay is based on the enzyme reaction between kinase and ATP. As ATP is
converted by the kinase to generate ADP. ADP is then converted later back into ATP,
which can be using for a luciferase reaction. Kinase inhibitor attenuates ADP generation,

thus this assay can be used generally for many kinases.

For this assay (commercially available from Promega), 10 ng of recombinant RIPK2 was
diluted in reaction buffer (40 mM Tris-HCI pH 7.5, 20 mM MgCl,, 0.5 mM DTT, 0.01%
BSA) supplemented with 50 uM ATP and varying concentrations of inhibitors. Reactions
were performed at room temperature for 1 hour. In 5 L total volume (5% final
concentration of DMSO) and stopped by addition of 5 uL of ADP-Glo reagent for 40 min
at room temperature. Luminescent signal was generated by addition of 10 pL of kinase
detection reagent for 30 minutes at room temperature and determined using the Victor3V
plate reader. Specific signal was calculated by subtracting values in the wells without
protein and inhibitor from the values in the test wells. Inhibition, % = ((specific signal
(DMSO control) - specific signal (inhibitor))/ (specific signal (DMSO control))) x 100%.
Non-linear regression to determine 1Cso values was performed using Prism software use

the same equation showed before.



2.3 Nano-BRET assay

HEK-Blue or ADP-Glo assays report of the inhibition of NOD2 responses as well as the
affinity of the inhibitors towards RIPK2. However, the ADP-Glo does not assess the
binding between a kinase and inhibitors in the cells. This is achieved by using
Bioluminescence Resonance Energy Transfer, an approach first developed by Promega.
In this assay, the target protein is tagged with Nano Luciferase and acts as a BRET donor,
while an ATP competitive inhibitor-based fluorescent tracer serves as a BRET acceptor.
When the tracer binds the protein, energy transfer from the donor to the acceptor can be

measured and is attenuated by an inhibitor.

2.3.1 Nano-BRET target engagement assay
HEK-Blue cells were maintained as described above.

NanoLuc RIPK2 transfection: On day 1, HEK-Blue cells were seeded in a T-75 flask in
12 mL of media at a density of 2*10° cells/mL. On day 2, 13.5 pg Transfection Carrier
DNA (Promega), 1.5 ug NanoLuc-RIPK2 Fusion Vector (Promega), and 45 uL
PEI(Sigma) were mixed in 1.2 ml of phenol red-free Opti-MEM media (ThermoFisher).
After 30 min of room temperature incubation, the DNA mixture was added to the T-75
flask containing the cells. On day 3, cells were stimulated with 1 ng/ml L18-MDP for 1h,
washed, trypsinized, and resuspended in Opti-MEM media. After a 5 min centrifugation

at 1,400 rpm, cells were stored in aliquots at -80 °C.

Nano-BRET inhibition assay: HEK-Blue cells were thawed and density adjusted to 2*10°
cells/mL. 100X Nano-BRET In-cell Kinase Tracer (Promega) was diluted to 20X in
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phenol red-free Opti-MEM supplemented with 12.5 mM HEPES (ThermoFisher) and
31.25% PEG-400 (Sigma). 10X inhibitor stock solutions in Opti-MEM were prepared by
diluting DMSO stock solutions. For the assay, 11.9 mL cells/well were seeded onto a
white low volume 384 well plate (Corning) and mixed with 0.7 ml 20X tracer and 1.4 ml
10X inhibitors, followed by incubation for 2 h at 37°C. 3X substrate mix was prepared by
adding Nano-BRET Nano-Glo substate (Promega) (1:166 dilution) and extracellular
NanoLuc Inhibitor (Promega) (1:500 dilution) into Opti-MEM media. 7 ml of 3X
substrate mix was added onto each well with the cells. Plates were mixed on a rotary
shaker for 15 seconds at 500 rpm. Emission was determined using the Victor3V plate
reader at 460 nm for donor (NanoLuc) and 610 nm for acceptor (tracer). Nano-BRET
ratios were calculated as [(Acceptor sample / Donor sample) — (Acceptor no tracer
control/Donor no tracer control)] * 1000, Affinity %=( sample Nano-BRET ratio / control
Nano-BRET ratio)*100%, then values were used for non-linear regression to determine

ICso values was performed using Prism software use the same equation showed before.

2.3.2 Residence time measurements using RIPK2 Nano-BRET assay.

HEK-Blue cells transfected with NanoLuc-RIPK2 were adjusted to 2*10° cells/mL and
seeded onto 12 well plates at 1 ml cells/well. 1 ul of each compound was added to the test
wells to achieve 5X ICso concentration determined in previous Nano-BRET inhibition
assay, and incubated for 2h at 37°C. After incubation, cells were washed carefully with
Opti-MEM, re-adjusted to 2*10° cells/ml if needed and were added to a 384 well plate at
22.5 ml/well. As positive controls for maximal inhibition, samples were left with

inhibitor without washes. 25 ml 2X substrate mix and 2.5 ml 20X tracer were added into
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each well. 2X substrate mix was prepared by diluting Nano-BRET Nano-Glo substate
(Promega) (1:250 dilution) and extracellular NanoLuc Inhibitor (Promega) (1:750
dilution) in Opti-MEM media. Plates were mixed for 10 second at 500 rpm in a rotary
shaker and the emission signals were measured 60 times at 2 min intervals. The degree of
inhibition at each time point was calculated based on samples with DMSO (no inhibition)
and un-washed samples with inhibitor (maximal inhibition). Percent inhibition changes
over time were used for non-linear regression to calculate T50% values the equation is

the same as showed before.



Chapter 3: Results

3.1 HEK-BLUE assay
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Figure 3.1: HEK BLUE concentration response curve.

The inhibition effect is normalized by the control. X axis is already transfer to log

concentration, previous concentration is uM.



Compounds ICs0/nM
CSLP 18 542.5
CSLP 37 25.3
CSLP 38 725.5
CSLP 43 1.7
CSLP 48 6766.0
CSLP 51 1995.0
CSLP 52 2647.0
CSLP 53 1830.0
CSLP 54 2417.0
CSLP 55 538.6

Table 3.1: ICso of CSLP compounds in the HEK-Blue assay.




3.2 ADP-glo assay
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Figure 3.2: ADP-Glo concentration response curve.

The inhibition effect is normalized by the control. X axis is already transfer to log

concentration, previous concentration is nM.
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Compounds ICs0/nM
CSLP 18 54.8
CSLP 37 13.0
CSLP 38 39.7
CSLP 43 20.0
CSLP 48 57.5
CSLP 51 No inhibition
CSLP 52 519.8
CSLP 53 3426.0
CSLP 54 5063.0
CSLP 55 39.19

Table 3.2: ICso of CSLP compounds in the ADP-Glo assay.

From HEK-Blue and ADP-Glo assays, we observed some correlation between in vitro
and in vivo activities. However, a number of outliers was identified including CSLP43
and CSLP48. Thus, we used a Nano-BRET assay method to examine whether aberrant
cellular values may reflect differences in small molecules’ binding to RIPK2 in the cells
vs. recombinant RIPK2. Based on the HEK-Blue and ADP-Glo experiments, we choose

CSLP18, 37, 38, 43, 48, 53, 55 for Nano-BRET assays, due to the broad range of their

activities in ADP-Glo vs HEK-BLUE assays.
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3.3 Nano-BRET target engagement assay
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Figure 3.3: Nano-BRET concentration response curve.
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Compounds IC50/nM
CSLP 18 613.4
CSLP 37 23.1
CSLP 38 171.0
CSLP 43 13.3
CSLP 48 1091.0
CSLP 53 7149.0
CSLP 55 137.2

Table 3.3: ICso of CSLP compounds in the Nano-BRET assay.

Comparison of the three methods indicate that Nano-BRET assay is closer indicator of
changes in cellular responses (measured in HEK-BLUE assay) compared to the affinity
of the compounds towards the recombinant RIPK2 (ADP-Glo assay). Because of major
changes in cellular activities in CSLP analogs, we also sought to determine whether these
molecules display differences in the residence times, which is an important parameter in

the understanding tissue exposure to different drugs in vivo.
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3.4 Nano-BRET residence time assay
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Figure 3.4 Nano-BRET residence time response curve.
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Compounds T50%/min
CSLP 18 67.6
CSLP 37 27.3
CSLP 38 103

CSLP 43 91.3
CSLP 48 118.2
CSLP 55 6.3

Table 3.4 Nano-BRET T50% of CSLP compounds.

Curiously, we find no correlation between residence times and cellular affinities or
activities. When used at the comparable 5X ICsq concentrations, molecules again display
a broad range of residence times. However, while CSLP 37 is a potent NOD2/RIPK2
inhibitor, its residence time is short, while CSLP 43 is also a potent inhibitor, but its

residence time is long.
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Chapter 4: Discussion.

Targeting the NOD1 and NOD2 pathway using the RIPK2 inhibitors could be a useful
approach. Testing the ICsq against recombinant target proteins is the first step to
understand an inhibitor properties. Unexpectedly, multiple CSLP analogs displayed
potent inhibition of RIPK2 in our ADP-Glo RIPK2 assay. However, only a small subset
of these molecules displayed potent inhibition of RIPK2 responses in the cells, based on
our HEK-BLUE data and other assays, which were performed by other lab members. To
address this important discrepancy, we implemented a cellular target engagement
method, recently developed by Promega. We applied this approach both to evaluate
cellular affinity of inhibitors and their residence times. Strikingly, these data clearly
suggested that binding of the inhibitors to the full length RIPK2 protein in the
endogenous environment is very different from interactions between the inhibitors and
the isolated recombinant RIPK2 kinase domain. This is a very important conclusion

suggesting an intrinsic weakness of in vitro inhibitor characterization in some cases.

We are currently pursuing further characterization of these molecules. We have recently
established ability of CSLP37 to block responses to MDP in vivo and this work is
currently under review for publication. Additionally, further optimization of these
molecules to achieve better accumulation in the central nervous system is currently
ongoing. Ultimately, we plan to test these inhibitors as a new approach to inhibition of

neuroinflammation in mouse models of multiple sclerosis.

Furthermore, RIPK family has several members. RIPK1 contains a C-terminal death
domain which was originally found to interact with FAS receptor. That’s why it is called

“receptor-interacting protein kinase”®. It can also bind other FAS family members such
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as TNF receptor 1, TNF-related apoptosis-inducing ligand receptors 1 and 2, and TNF-
receptor-related apoptosis-mediating protein'®18, RIPK3 is another important RIPK
family member. This protein forms a complex with RIPK1 through their RHIM domains,
which mediates both apoptosis and necroptosis depending on a cellular context.
Conversely, RIPK2 plays a critical role in NF-kappa-B pathway, which mediates
inhibition of cell death and pro-inflammatory gene expression®®. Thus, understanding
selectivity of the CSLP series is another important direction of our future work. Given
structural similarities between RIPKs, it will be very informative to further elucidate
molecular basis for selectivity is it is observed in further analyses of RIPK1/RIPKS.
Conversely, combined inhibition of multiple RIPK family members offer additional
benefits against inflammatory pathologies, involving a combination of cell death and

persistent inflammation.
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