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ABSTRACT: The NLRP3 inflammasome is a multiprotein \*/
complex that facilitates activation and release of the proinflamma- HN—( Optimization NN
——

tory cytokines interleukin-1f (IL-1f) and IL-18 in response to /N‘\:/N /"J‘\\’<N
infection or endogenous stimuli. It can be inappropriately activated N o NN s
by a range of danger signals resulting in chronic, low-grade
inflammation underlying a multitude of diseases, such as _ ! NDT-30805 (50)

0 5 g g 5 g .. Hit from pharmacophore model PBMC IL-1B ICs = 13 M
Alzheimer’s disease, Parkinson’s disease, osteoarthritis, and gout. pgmc IL-18 ICs, = 70 % at 40 uM Good solubllity
The discovery of potent and specific NLRP3 inhibitors could High selectivity

reduce the burden of several common morbidities. In this study, we

identified a weakly potent triazolopyrimidone hit (1) following an in silico modeling exercise. This was optimized to furnish potent
and selective small molecule NLRP3 inflammasome inhibitors. Compounds such as NDT-30805 could be useful tool molecules for
a scaffold-hopping or pharmacophore generation project or used as leads toward the development of clinical candidates.
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An inflammasome is a multiprotein complex of the innate proinflammatory cytokines IL-1/ and IL-18 into extracellular
immune system that functions to activate caspase-1 in space.

response to the detection of infection and danger signals." Active The discovery of a wide range of danger signals that can
caspase-1 catalyzes the conversion of inactive pro-IL-1f and pro- activate the NLRP3 inflammasome infers a link to a multitude of
IL-18 into active inflammatory cytokines IL-1f and IL-18. human diseases. PAMPs include peptidoglycan and both viral
Furthermore, caspase-1 is responsible for the proteolysis and and bacterial DNA and RNA. Some examples of DAMPs are
activation of gasdermin D (GSDMD), a process that results in the adenosine triphosphate (ATP),” amyloid-g,* tau,”® a-synu-
formation of pores in the cell membrane and a form of lytic cell clein,” cholesterol crystals,® monosodium urate (MSU) crystals,”

death known as pyroptosis.

The NLRP3 (NOD-like receptor, Leucine-rich Repeat, and
Pyrin-domain-containing protein 3) inflammasome is unique
among inflammasomes in that it is assembled in response to a
diverse range of endogenous and exogenous danger signals,
termed DAMPs (danger-associated molecular patterns) and
PAMPs (pathogen-associated molecular patterns). The activa-
tion of the NLRP3 inflammasome is a two-step process. The first
step (priming) occurs in response to the binding of endogenous
cytokines or microbial-derived molecules (e.g., lipopolysacchar-
ide (LPS)) to extracellular receptors such as toll-like receptors

calcium pyrophosphate crystals,” hydroxyapatite,'* fatty acids,"
ceramides,'” asbestos, and silica.'> Further evidence of the
impact of inappropriate NLRP3 activation in humans comes
from the study of several gain-of-function mutations causing
conditions collectively known as cryopyrin-associated periodic
syndromes (CAPS).'* In these autoinflammatory diseases, the
NLRP3 inflammasome exists in an activated state, which leads to
dysregulated inflammation. Symptoms vary in severity but may
include urticaria on the skin (particularly when exposed to cold),
episodic fevers and chills, joint pain or destruction, arthritis, or

(TLRs), IL-1 receptors, and tumor necrosis factor (TNF) chronic meningitis leading to neurological damage.
receptors.” Priming upregulates the transcription and production

of NLRP3, pro-IL-1f, and pro-IL-18 through the activation of Received: May 20, 2022 e ters
transcription factor NF-kB. The second step (activation) occurs Accepted: July 27, 2022 e
following the detection of a second stimulus such as a DAMP or Published: August 1, 2022

PAMP. Activation results in the assembly of the NLRP3

inflammasome and the cleavage of procaspase-1 into the

bioactive form of caspase-1, ultimately leading to the release of
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Figure 1. Structures of small molecule NLRP3 inflammasome inhibitors.

Many small molecules have been reported to inhibit cytokine
release via disruption of the NLRP3 inflammasome pathway, the
structures of some of which are shown in Figure 1. Glyburide
(glibenclamide) is a widely prescribed sulfonylurea antidiabetic
drug, which was shown to inhibit the conversion of pro-IL-1
into its active form."® Further studies revealed that glyburide
disrupted the formation of the NLRP3 inflammasome. 5 CY-09,
a rhodanine-based molecule, blocks NLRP3 inflammasome
activation by directly binding to the NLRP3 NACHT domain."”
A molecule with some identical structural features to glyburide,
JC-124, was identified as an NLRP3 inhibitor, which showed an
effect in a mouse model of Alzheimer’s disease.'”'? OLT-1177
(dapansutrile) is a low-molecular-weight f-sulfonylnitrile
compound that has been tested in a phase Ila clinical trial for
acute gout flares.” It is reported to be a selective NLRP3
inhibitor and exhibited an anti-inflammatory effect in mouse in
vivo studies.”’ Ester 44 was recently disclosed among a series of
selective NLRP3 inflammasome inhibitors, displaying excellent
potency in a whole blood assay and high permeability.”* Other
molecules with reported inhibition of the NLRP3 inflammasome
include the natural product tranilast,”” the oxazaborine complex
BC23,** and the benzimidazole Fcl1la-2.>° Several reviews have
been published detailing these and further NLRP3 inflamma-
some-disrupting molecules.”* ™

The most widely studied NLRP3 inhibitor is CP-456,773
(CRID3/MCC950). It was designed to be an IL-1 inhibitor in
the late 1990s, prior to the discovery of the inflammasome, using
glyburide as the starting point.”* Subsequent studies by Coll and
co-workers showed this to be a specific NLRP3 inhibitor.**
Recently, two groups have published crystal structures
illustrating that CP-456,773 and related sulfonylurea inhibitor
NP3—-146 bind close to the NACHT domain of the NLRP3
complex, stabilizing its inactive conformation.***°

CP-456,773 has been tested in numerous in vitro and in vivo
models that have revealed disease-relevant effects in multiple
conditions such as Alzheimer’s disease,”” Parkinson’s disease,*®
chronic kidney disease,” gout,34 inflammatory bowel disease,*
rheumatoid arthritis,* and asthma.** These discoveries serve to
validate NLRP3 inflammasome inhibition as a promising strategy
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for the treatment of wide-ranging diseases related to inflamma-
tion.

Although several clinical trials for small molecule inhibitors of
the NLRP3 inflammasome have been reported, none have
reached market approval. Since the MCC950 disclosure by Coll
and co-workers, there has been great interest in the search for
novel NLRP3 inflammasome inhibitors. Several drug discovery
programs have used CP-456,773 as the chemical starting point,
yet owing to the acidic center and high polar surface area, the
physicochemical properties of this molecule and related
sulfonylureas (such as the acidic center and high polar surface
area) are suboptimal for facile membrane permeability and CNS
penetration. Accordingly, there remains a need for selective
NLRP3 inflammasome inhibitors that are structurally distinct
from the sulfonylureas, as these could possess different properties
and therefore have potentially different applications. Further-
more, the discovery of more diverse compounds could contribute
to a greater understanding of the pharmacophoric requirements
for NLRP3 inflammasome inhibitors.

We began our search for novel NLRP3 inflammasome
inhibitors by building a pharmacophore model based on
proprietary molecules. We used a range of structurally diverse,
selective NLRP3 inflammasome inhibitors and refined the model
with data from our in-house “active” and “inactive” molecules to
improve the outcome. An in silico screening of various molecules
identified a low-molecular-weight (321 Da) triazolopyrimidi-
none hit (1). This was screened in our primary assay, a peripheral
blood mononuclear cell (PBMC) assay that measured IL-1/3
release following stimulation with lipopolysaccharide (LPS) and
adenosine triphosphate (ATP) and showed a consistent
inhibition of IL-1f release of 70% at 40 uM. Following the
discovery of this weak hit, a structure—activity relationship
investigation was undertaken to improve upon the potency of 1,
the results of which are shown in Table 1.

Initially, some fundamental changes to the bicyclic core were
explored. Methylation of the 4-nitrogen (2) and removal of the
carbonyl (3) resulted in a complete loss of inhibition (defined as
having an IC,, greater than 40 M in the PBMC assay), as did the
change to a structurally isomeric triazolopyrimidinone core (4).

https://doi.org/10.1021/acsmedchemlett.2c00242
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Table 1. Initial Screening Hit and SAR
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Replacement of the 3-nitrogen with carbon to give § resulted in a
small reduction in activity. We chose to retain the 4H,7H-
[1,2,4]triazolo[1,5-a]pyrimidin-7-one core and probed the SAR
by introducing various substituents. At the 6-position, the
addition of a methyl group either with the S-methyl removed (6),
or retained (7), ablated activity. Similarly, substitution with 6-
benzyl (8), 6-methoxy (9), or 6-cyano (10) gave inactive
compounds.

Next, we turned our attention to the S-position. Primary assay
data for the synthesized compounds are shown in Table 2.
Replacement of the S-methyl with hydrogen (11) had little effect
on IL-14 inhibition. Exchange of the methyl for various larger
substituents including ethyl (12), methoxyethyl (13), benzyl
(14), phenethyl (15) and 4-tetrahydropyranyl (16) all resulted
in compounds with single-digit micromolar ICg, values. The
tolerance for basic groups in the S-position was less encouraging,
with 4-piperidinyl (17), 1-methyl-4-piperidinyl (18), and 3-
piperidinyl (19) analogues not inhibiting at the top concen-
tration, although S-(1-methyl-3-piperidine) substitution (20)
did result in an improvement in potency compared to compound
1. Of the compounds profiled thus far, 14 displayed the best
potency. Encouraged by this, a more focused set of analogues
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containing a methylene-spaced cyclic group in the S-position (21
to 48) were investigated. The cyclohexyl analogue 21 was slightly
less potent than the benzyl equivalent, and a range of benzyl
analogues scanning ortho-, meta-, and para-substitution (22 to
30) did not identify any compounds more potent than the
unsubstituted matched pair. A scan of methylene-linked pyridyl
analogues (31 (NDT-30347) to 33) led to a further boost in
potency; the 2-pyridyl group was shown to be favored over the
other two isomers, with PBMC activity an order of magnitude
greater than that of the benzyl 14. The 2-pyrimidinyl 34 was
synthesized as a close analogue of the potent 2-pyridyl lead, but
the additional nitrogen was detrimental to potency. Profiling of
analogues bearing both basic and nonbasic saturated hetero-
cycles (35 to 43) brought mixed results. No potency improve-
ments over benzyl 14 were made, yet the equipotent 2-
tetrahydropyranyl compound, 36 (NDT-30408), offered
potential advantages owing to its greater sp> character, lower
lipophilicity, and reduced aromatic ring count. These parameters
are commonly associated with improved developability charac-
teristics such as solubility. Finally, an investigation of azoles (44
to 48) revealed that the 1-methyl-3-pyrazolyl was equipotent to
benzyl 14, but no superior compounds were identified.

In addition to the extensive SAR investigation into the 5-
position, we returned to hit 1 and synthesized the corresponding
thiocarbonyl analogue 49. To our surprise, this single atom
change greatly increased the potency. Gratifyingly, applying this
switch from carbonyl to thiocarbonyl on two additional
molecules (31 and 36, resulting in 50 (NDT-30805) and S1
(NDT-30744), respectively) had a similar potency boosting
effect. Both thiocarbonyl molecules were an order of magnitude
more potent than the carbonyl matched pairs in the PBMC assay.

With a structure—activity relationship now established and
several molecules identified as interesting leads, we selected the
two most potent thiocarbonyl compounds 50 (NDT-30805)
and 51 (NDT-30744) for further profiling, along with the
corresponding carbonyl matched pairs 31 (NDT-30347) and 36
(NDT-30408). The synthetic route to 31, 36, 50, and 51 is
shown in Scheme 1. The aminotriazole ring was formed in two
steps starting from the corresponding aniline. Reaction with
dimethyl cyanocarbonimidodithioate gave the thiourea deriva-
tive, which was subsequently cyclized with hydrazine hydrate.
The aminotriazole was condensed with a f-keto ester by refluxing
in acetic acid to give the triazolopyrimidone compounds 31 and
36. The corresponding thiocarbonyl derivatives were then
prepared using phosphorus pentasulfide.

Some calculated properties and additional in vitro data for the
four lead molecules are shown in Table 3. All four molecules are
classified as lipophilic, with log P values at the upper end or above
the desirable range for orally bioavailable drugs. The lipophilic
character of the compounds contributes to very high protein
binding, with free fractions in human plasma for 31, 36, and 51 at
or below 0.2%. Compound 50 has the largest free fraction, which
is 1.9% in human plasma. The thermodynamic solubility varies;
the carbonyl compounds 31 and 36 have low aqueous solubility,
while the corresponding thiocarbonyls 50 and 51 possess high
solubility. Compounds 31, 50, and 51 have very low membrane
permeability, and 36 has a permeability of 0.38 nm/s, as
measured in a PAMPA assay.

In addition to the cellular potency assay, the activity of each
lead compound was measured in human whole blood (WB),
following a similar protocol to the PBMC assay. The ICs; of a
compound in this assay is affected by protein binding. The highly
bound nature of 31, 36, 50, and 51 results in a large attenuation

https://doi.org/10.1021/acsmedchemlett.2c00242
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Table 2. 5-Position Modifications and SAR
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between PBMC and WB potency. NDT-30805 (50) is the most

active compound from this series and is approximately 2-fold

more potent than the widely studied NLRP3 inflammasome

inhibitor CP-456,773 in both PBMC and whole blood assays

(reported ICs, = 0.030 and 2.9 uM, respectively).22

The genesis of the above four compounds is from the original
triazolopyrimidone hit (1), itself derived from our pharmaco-
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Scheme 1. Synthesis of Compounds 31, 36, 50, and 51“

(e}
R,

NH,
NC ¢
C. _CH
3 S s 3
N-CN N NH
HN—<\\r
S—CHj, N-NH

HN{\\KWJ/\R—> Y \

S
50 R = 2-pyridyl
51 R = 2-tetrahydropyran

31 R = 2-pyridyl
36 R = 2-tetrahydropyran

“Reagents and conditions: (a) NaH, DMF, 70 °C; (b) hydrazine hydrate, EtOH, 110 °C; (c) potassium 3-methoxy-3-oxopropanoate, CDI, MgCl,,
MeCN, 0 °C; (d) AcOH, 110 °C; (e) phosphorus pentasulfide, dioxane, 70 °C.

Table 3. Profiling of Lead Molecules
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phore model. Figure 2 shows compound 50 docked into the
NLRP3 NACHT domain of the recently disclosed cocrystal
structure of the sulfonylurea NP3—146.’° The hexahydroinda-
cene moiety is buried in a lipophilic pocket coplanar with the
aromatic ring of NP3—146, with the anilinic NH also overlaid.
The 2-nitrogen of the triazolo ring may act as an H-bond acceptor
of Ala228; the thiocarbonyl is in the H-bonding range of several
residues as illustrated in the ligand interaction plot (Figure 2b).
The methylene-spaced 2-pyridyl substituent occupies similar
space to the tertiary alcohol of NP3—146 but projects further out
of the binding pocket and into solvent space. The favorable
docking pose of 50, which fits well into the ligand binding pocket
occupied by NP3—146, affords a rationale for the good cellular
potency.

Further mechanistic evidence of selective NLRP3 inflamma-
some inhibition was obtained from an ASC speck assay and IL-6/
TNFa selectivity assays. The ASC speck assay uses green
fluorescent protein (GFP)-tagged ASC, a component of the
NLRP3 inflammasome. The activation of the inflammasome
with LPS and nigericin results in fluorescence, the disruption of
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which is measured by confocal microscopy. The selectivity assays
look at downstream cytokines IL-6 and TNFa, neither of which
should be affected by a selective inhibitor during the time frame
of the assay. All four molecules 31, 36, 50, and 51 show a
mechanistic profile consistent with a selective disruptor of
NLRP3 inflammasome formation, as evidenced by the inhibition
of ASC speck formation and lack of effect on inflammatory
cytokines IL-6 and TNFa.

In summary, an in silico pharmacophore model was generated
by overlaying several structurally diverse NLRP3 inflammasome
inhibitors and subsequent refinement with proprietary screening
data. Using this model, we were able to discover a weakly potent
triazolopyrimidine hit, 1. Subsequent optimization led to the
identification of a novel chemotype of NLRP3 inflammasome
inhibitors, as exemplified by NDT-30805 (50). This is a potent,
selective, and highly soluble molecule. Its advantages over CP-
456,773 are superior potency and that it is uncharged at
physiological pH (compared with the acidic characteristic of the
sulfonylurea). Its disadvantages are high protein binding and low

permeability, which in part may derive from the high lipophilicity
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(a)

Leu
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Figure 2. (a) Docked pose of one tautomer of NDT-30805 (50) shown in blue in the NLRP3 NACHT domain structure 7ALV binding site. The 7ALV
ligand NP3—146 is shown in green for comparison. (b) Ligand interaction plot of the docked pose of NDT-30805 (50).

1326 https://doi.org/10.1021/acsmedchemlett.2c00242
ACS Med. Chem. Lett. 2022, 13, 13211328


https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00242?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00242?fig=fig2&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.2c00242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

(clog P=5.1) and aromatic character (four aromatic rings, fsp> =
0.30). The SAR around the hexahydroindacene moiety was not
explored during this work, so this would be a potentially fruitful
area for future exploration. The molecules described in this study
could further refine the NLRP3 inflammasome inhibitor
pharmacophore and provide potential starting points for further
optimization toward the discovery of clinical candidates for the
treatment of inflammatory diseases.
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