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Inflammasomes are macromolecular complexes involved in
the host response to external and endogenous danger signals.
Inflammasome-mediated sterile inflammation plays a central
role in several human conditions such as autoimmune diseases,
type-2 diabetes, and neurodegenerative disorders, indicating
inflammasomes could be appealing therapeutic targets. Previ-
ous work has demonstrated that inhibiting the ATPase activity
of the nucleotide-binding oligomerization domain, leucine-rich
repeat and pyrin domain–containing protein 3 (NLRP3), dis-
rupts inflammasome assembly and function. However, there is
a necessity to find new potent compounds with therapeutic
potential. Here we combine computational modeling of the
target and virtual screening to discover a group of novel
compounds predicted to inhibit NLRP3. We characterized the
best compounds and determined their potency, specificity, and
ability to inhibit processes downstream from NLRP3 activation.
Moreover, we analyzed in mice the competence of a lead
candidate to reduce lipopolysaccharide-induced inflammation.
We also validated the active pharmacophore shared among all
the NLRP3 inhibitors, and through computational docking, we
clarify key structural features for compound positioning within
the inflammasome ATP-binding site. Our study sets the basis
for rational design and optimization of inflammasome-
targeting probes and drugs.

The nucleotide-binding domain leucine-rich repeat (LRR)–
containing receptors (NLRs) are a group of cytoplasmic
pattern-recognition receptors that mediate the initial innate
immune response to microbial infections, stress, and host-
derived factors (1, 2). Upon activation, some NLRs form
inflammasomes, which through recruitment and activation of
caspase-1, promote the proteolytic cleavage, maturation, and
secretion of the proinflammatory cytokines interleukin 1β (IL-
1β) and interleukin 18 (IL-18) as schematized in Figures 1 and
S1. In addition, activated caspase-1 cleaves Gasdermin-D,
triggering a nonapoptotic type of cell death called pyroptosis,
which mediates the secretion of the mature cytokines to the
cytoplasm (3–5).
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Among the NLRs, the nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain–containing
protein 3 (NLRP3) is so far the best studied and character-
ized one (6–8). In addition, another inflammasome, the NLR
family CARD domain–containing 4 (NLRC4), is progressively
collecting more attention (9–11). As displayed in Figures 1 and
S1, structurally, both inflammasomes present an LRR domain
and a nucleotide-binding and oligomerization (NACHT)
domain (12). Also, NLRP3 has a pyrin domain that interacts
with the apoptosis-associated speck-like protein containing a
CARD (ASC) adaptor protein, which recruits caspase-1 (13).
By its part, NLRC4 directly interacts with caspase-1 through a
CARD domain (14). However, upon NLRP3 and NLRC4
activation, ASC homo-oligomerizes forming large specks that
propagate inflammation (15–17). Thus, ASC oligomerization
constitutes a readout for inflammasome activation. Interest-
ingly, the NACHT domain of both proteins holds an ATPase
activity that is essential for inflammasome activation (6), which
makes this domain an appealing therapeutic target for the
treatment of inflammatory conditions where either of the
inflammasomes are involved. Indeed, it has been previously
probed that the blockade of the ATPase activity with small-
molecule inhibitors blockades the activation and assembly of
the NLRP3 inflammasome (18, 19).

NLRP3 and NLRC4 have a primary role in mediating the
host defense against microbial pathogens (20, 21), but their
prolonged activation leads to a broad spectrum of diverse
diseases. For instance, gain of function mutations in the
NLRP3 NACHT domain cause different forms of cryopyrin-
associated autoinflammatory syndromes (CAPSs) (22–24),
whereas genetic alterations in the NLRC4 gene produce
autoinflammatory syndromes (25). Moreover, NLRP3 and
NLRC4 are indirectly involved in several conditions, where the
prolonged activation of these inflammasomes have deleterious
effects on disease progression (9, 26). Under these situations,
danger-associated molecular patterns (DAMPs)—such as the
alarmin high mobility group box 1 (HMGB1) or reactive ox-
ygen species—trigger, respectively, inflammasome priming and
activation, leading to a process known as sterile inflammation
(27, 28). Sterile inflammation has an especially negative impact
in a batch of neurological disorders such as Alzheimer’s dis-
ease (AD), Parkinson’s disease, amyotrophic lateral sclerosis,
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Identification & characterization of inflammasome inhibitors
or multiple sclerosis (9, 26, 29–31), where inflammatory cy-
tokines produced by microglia and astrocytes (32) establish a
feedback loop that recruits more inflammatory cells,
enhancing the inflammation process (33). Moreover, in AD,
the role of the ASC adaptor protein deserves special mention.
Inflammasome activation triggers the aggregation of the ASC
into large fibrils forming specks, which are released to the
extracellular medium, where they recruit more inflammatory
cells, amplifying inflammation (16). Also, ASC specks recruit
amyloid-β, promoting its oligomerization and aggregation,
acting as an inflammation-driven cross-seed for amyloid-β
pathology, and worsen the pathology of AD (16, 34). Thus, the
optimization of inflammasome-targeting drugs would provide
novel therapeutic in multiple immune-inflammatory disorders.

Currently, most of the therapeutic efforts to treat
inflammasome-related pathologies focus on the specific inhi-
bition of NLRP3. Among others, glyburide presents in vitro
anti-NLRP3 activity, but a limited effect in vivo (35); β-
hydroxybutyrate inhibits NLRP3 activation by disrupting
NLRP3–ASC oligomerization (36); while MCC950 and CY-09
are very potent and specific NLRP3 inhibitors (37, 38). Both of
these promising compounds directly bind to the ATP-binding
site of the NLRP3 NACHT domain, inhibiting its ATPase
activity and blocking the activation and assembly of the
inflammasome (18, 19, 38). Using mouse models, MCC950 has
been demonstrated to be effective in a broad spectrum of
diseases, such as spontaneous colitis (39), diabetic nephropa-
thy (40), and traumatic brain injury (41), among others.
However, the drug was tested for rheumatoid arthritis, but the
clinical trials were interrupted in phase II after it showed liver
toxicity (42).

Although the selective inhibition of NLRP3 has been
demonstrated as an effective treatment for inflammatory
syndromes in a CAPS murine model (37), for the treatment of
neurological disorders in which both NLRP3 and NLRC4
inflammasomes are involved—such as AD (9, 26, 43, 44),
Parkinson’s disease (31, 44–46), or multiple sclerosis (29)—a
less specific strategy appears as a better tactic. Following this
latter approach, a few antagonists of the IL-1β receptor have
been successfully used in patients with CAPS and rheumatoid
arthritis (47, 48). Still, these drugs fail to block IL-18-mediated
inflammation or ASC oligomerization. Consequently, there is a
compelling need to develop new NLRP3 and NLRC4 inflam-
masome inhibitors.

Here we show a new therapeutic approach to treat inflam-
matory disorders, consisting of targeting the ATPase activity of
the NACHT domain of NLR proteins. We develop a meth-
odology to find inflammasome inhibitors, starting from the
most fundamental computational level, and continuing with
the in vitro validation and characterization of the hits. We
apply this methodology to identify a family of compounds with
anti-inflammasome properties, and we select and characterize
a lead compound, that in addition to inhibiting the activation
of the NLRP3 and NLRC4 inflammasomes in vitro, also pre-
sent in vivo promising effects. Thus, the main scientific con-
tributions of this work are (i) the identification and
characterization of a new family of chemical analogs with
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proven anti-inflammatory properties and (ii) the detection of
the structural features driving the allocation of the compounds
within the ATP-binding pocket. Taken together, these findings
pave the way for the future development of improved
inflammasome inhibitors.

Results

A virtual screening targeting the ATP-binding site of the
NLRP3 model allows the identification of 100 potential
inhibitors

To find ATP-competitive inhibitors of the NLRP3 inflam-
masome, we targeted the ATPase activity of its NACHT
domain (Fig. 1, A and B), which is essential for the activation
and the activity of the inflammasome (49). Although a cryo-
EM structure for human NLRP3 (hNLRP3) is currently
available, it was not at the beginning of this project; thus, we
modeled it. We built a homology model based on the crystal
structure of nucleotide-binding oligomerization domain–
containing protein 2 (NOD2) (50) (PDB entry: 5IRM).
Despite the relatively low sequence homology between both
proteins (28%), residues conforming the active site are highly
conserved among NLR proteins (Fig. 1C), especially the
Walker A and B motives, which increases the probability of
getting an accurate model for the ATP-binding site. Starting
from a virtual library of more than 17 million compounds, we
identified 100 potential inhibitors, which we then screened
and characterized in vitro, until selecting a lead candidate
(Fig. 2A).

Two sequential in vitro screenings progressively reduced the
number of compounds

To identify the compounds from the virtual screening that
have an inhibitory effect on the NLRP3 inflammasome, we
carried out two different in vitro screenings. Owing to the
complexity of using primary cultures to screen such a high
volume of molecules, we conducted a first in vitro screening
using human immortalized THP1 monocytes. We found that
20 compounds among the 100 initial hits reduced NLRP3-
mediated IL-1β production with statistical significance
(Fig. 2B, Tables S1, S2, and S3). We then validated the 20
identified hits in a secondary screening, using primary murine
microglia cultures, which is our cell target. To continue the
study, we selected the most potent compounds. We estab-
lished a threshold of 20% of residual activity, and we choose to
characterize further the compounds C56, C61, C75, C78, C87,
and C97, which we showed to inhibit IL-1β production below
this threshold (Fig. 2B, Table 1, Fig. S2). The NLRP3 inhibitor
MCC950 was also used as a positive control for inflammasome
inhibition (37).

In addition, we analyzed the cytotoxicity of the 20 positive
hits to eliminate toxic compounds from further studies. At
100 μM, only C33 and C97 exert some toxicity (Fig. 2C).
However, because C97 at this concentration completely
inhibited IL-1β concentration in culture supernatants, we did
not eliminate it, and we continued to explore the cytotoxicity
in a dose-dependent manner.



Figure 1. The NLRP3 inflammasome. A, the NLRP3 inflammasome activation pathway. Generally, the NLRP3 inflammasome might be activated by a two-
signal mechanism; the first signal (not shown in this scheme) increases the expression of the different components of the inflammasome. The second signal
might trigger the activation and the assembly of the inflammasome. First, ATP binds to the nucleotide-binding and oligomerization (NACHT) domain, being
subsequently hydrolyzed. Activated NLRP3 oligomerizes and recruits the apoptosis-associated speck-like protein containing a CARD (ASC). ASC is a
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In NLRP3 target engagement studies, we treated primary
microglia isolated from NLRP3 KO mice. We found that IL-1β
concentration in supernatants from microglial cultures treated
with LPS and ATP was not significantly higher than what was
found in control cultures (vehicle-treated microglia) or than in
microglia treated only with LPS (Fig. S3). This evidence sug-
gests that challenging microglia with LPS + ATP specifically
promotes the activation of the NLRP3 inflammasome, and not
of other IL-1β-producing inflammasomes, revealing the spec-
ificity of the assay for NLRP3 activation. Consequently, the
mitigation of the IL-1β release mediated by the compounds
during the in vitro screenings was derived from NLRP3
inhibition.

The selected compounds inhibit NLRP3 in a dose-dependent
manner, with three compounds possessing IC50 values in the
low μM range

We next studied the dose-dependent inhibitory effect of the
selected compounds to identify the most potent NLRP3 in-
hibitors. The six hits reduced the IL-1β concentration in the
supernatant of activated microglia cultures in a dose-
dependent manner (Figs. 2D, and S4A). The pretreatment
with 100 μM of C61, C75, C78, and C97 completely prevented
IL-1β secretion, whereas the concentration required to reach
the 100% of inhibition was lower than 25 μM for C75, C78, and
C97 (Table 1). Furthermore, the nonlinear fit of the data
allowed the calculation of the IC50 for the studied molecules
(Fig. S4B). According to these data, C75, C78, and C97
(Fig. 3A) were the most potent NLRP3 inhibitors, with IC50

values around 10 μM (Table 1, Fig. 3B). Then, we analyzed the
toxicity of these three compounds (at concentrations ranging
from 0.01 to 50 μM) on microglia cultures, finding that at
50 μM, none of the compounds were toxic (Fig. S5). Based on
these results, we continued to study the specificity of the three
compounds for NLRP3.

C97 is specific for NLRP3, while C75 and C78 also inhibit the
NLRC4 activity

To determine whether the three selected compounds are
specific for NLRP3, or if they also inhibit other IL-1β-pro-
ducing inflammasomes, we studied the effect of each com-
pound on the IL-1β released upon activation of the absent in
melanoma 2 (AIM-2) and the NLRC4 inflammasomes. We
first primed murine microglia cultures with LPS, followed by
the use of specific activators (double-stranded DNA and
flagellin for AIM-2 and NLRC4, respectively) to activate the
corresponding inflammasomes. As shown in Figure 3, C and
scaffolding protein and recruits procaspase-1, allowing its autoproteolytic ac
secreted and exerts inflammatory effects. Active caspase-1 also recruits and i
brane, leading to the release of the cellular content and, subsequently, pyropto
properties and contribute to inflammation propagation. Processes representin
organized in three different domains; a C-terminal leucine-rich repeat (LRR), a ce
shown in the cartoon, with the bound ATP as green sticks. The model was bu
nucleotide-binding oligomerization domain-containing protein 2 (NOD2). C, t
conserved Walker A and Walker B motifs. NLRP3 numeration is used. Bottom, de
ATP (shown as sticks) are highlighted in sticks and colored in CPK code with ca
groups are displayed as black dots. NLRP3, nucleotide-binding oligomerization
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D, C97 was specific for NLRP3, while C75 and C78 exhibited
inhibitory activities against the NLRC4 inflammasome at
10 μM. As expected, none of the three compounds inhibited
the activity of the AIM-2 inflammasome because the AIM-2
inflammasome lacks the NACHT domain the compounds
are designed to target.

C75, C78, and C97 inhibit downstream processes of NLRP3
activation

We next evaluated whether C75, C78, and C97 block
downstream processes of NLRP3 activation, such as ASC
oligomerization or pyroptosis. As indicated in Figure 1A, ASC
oligomerization is necessary for the assembly of the NLRP3
inflammasome, propagates inflammation, and has prionoid
properties (16). Therefore, monitoring ASC oligomerization
can be used as an endpoint to determine NLRP3 inflamma-
some activation (15). To evaluate the concentration-dependent
ability of each compound to reduce the ratio of ASC-speck
positive cells, we used murine macrophages that express the
ASC protein with a fluorescent tag. Pretreatment with 10 μM
of C75, C78, or C97 significantly reduced the rate of speck-
positive cells compared with dimethylsulfoxide (DMSO)-
treated cells. Furthermore, the inhibition of the ASC speck
formation proportionally depended on the compound con-
centration (Fig. 3E). We also examined whether the three
compounds inhibit pyroptosis, an inflammatory type of pro-
grammed cell death. Pyroptosis occurs downstream of NLRP3
activation and requires the action of caspase-1. C75 and C78
dose-dependently inhibited pyroptosis at concentrations
starting from 1 μM, while higher concentrations of C97 were
necessary to observe a similar effect (Fig. 3F). We used
MCC950 as a positive control for pyroptosis and ASC oligo-
merization inhibition (37) (Fig. 3G).

The identification of the active pharmacophore allows the
selection of chemical analogs with NLRP3-inhibitory activity

C75 and C78 possess a benzoxazolone acetamide pharma-
cophore (Fig. 3A), which could be crucial for their binding at
the ATP pocket of the NLRP3 protein. After identifying the
potential pharmacophore, we performed a homology search to
find structurally related analogs of C75 and C78. Thus, using
the MolPort web server, we found commercially available
compounds with the same benzoxazolone acetamide scaffold
and different R substituents (Fig. 4A).

Next, we assayed the ability of the analogs to inhibit IL-1β
release, in primary microglia cultures, upon NLRP3 activation
with LPS and ATP. Six of the analogs, C77, C103, C104, C105,
tivation. Finally, activated caspase-1 cleaves pro-IL-1β into IL-1β, which is
nduces the activation of Gasdermin-D, which forms pores in the cell mem-
sis. In addition, activated ASC nucleates into large specks that have prionoid
g readouts for inflammasome activation are showed in italics. B, NLRP3 is
ntral NACHT, and N-terminal pyrin domain (PYD). The 3D model for NLRP3 is
ilt by homology modeling, using as a template the crystal structure of the
op, the sequence logo for the multiple sequence alignment of the highly
tail of the nucleotide-binding cavity. Residues from Walker A motive close to
rbons in yellow. Electrostatic interactions between K232 and ATP phosphate
domain, leucine-rich repeat and pyrin domain–containing protein 3.



Figure 2. In vitro screening. A, the diagram for the drug development process. The funnel represents the reduction in the number of compounds, starting
from 17 million molecules in the virtual screening and finishing with a single compound to be tested in vivo. B, in vitro screenings for the 100 compounds
from the in silico screening. The first screening tested the ability of the 100 molecules to inhibit NLRP3-mediated production of IL-1β by THP1 macrophages,
primed, and activated with LPS and ATP, respectively. The compounds that inhibit IL-1β production with any level of statistical significance were tested in a
secondary screening using murine primary microglia, primed, and activated with LPS (400 ng/ml, 3 h) and ATP (4.5 mM, 45 min). The compounds that
inhibit IL-1β release below a 20% threshold were selected for further characterization. C, cytotoxicity exerted by compounds originating from the first
screening, as measured by the lactate dehydrogenase released in cell supernatants, after treatment with 50 μM of the compounds. D, the dose-dependent
inhibitory effect of one of the three compounds (C78), chosen according to potency criteria, to be deeper characterized. The data shown correspond to
average values of biological triplicates (n = 3), ran in technical duplicates ± SEM. Statistical significances are referred to control samples; LPS + ATP in panels
B and D and untreated cells in panel C. Samples and controls contained the same DMSO%. Positive controls for NLRP3 inhibition with the NLRP3 inhibitor
MCC950 are included in panel B. Significance levels, as calculated by one-way ANOVA, are indicated as white (p ≤ 0.05), light gray (p ≤ 0.01), and dark gray (p
≤ 0.001) bars in panels B and C and as *p ≤ 0.05, ¥p ≤ 0.01, and ¶p ≤ 0.0001 in panel D. IL-1β, interleukin 1β; NLRP3, nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain–containing protein 3.
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C106, and C108, inhibited NLRP3 with statistical significance
(Fig. 4B), which validates the nature of the benzoxazolone
acetamide core as the active pharmacophore. We then selected
those compounds that inhibited the IL-1β production below a
30% arbitrary threshold, and we performed dose–response
curves to determine their potency (Fig. 4C). Through
nonlinear regression, we obtained IC50 values of 87.2 ± 2.0,
45.4 ± 9.1, 35.7 ± 5, and 4.10 ± 2.1 μM for C103, C105, C108,
J. Biol. Chem. (2021) 296 100597 5



Table 1
Inhibitory parameters obtained for the six compounds selected during the secondary in vitro screening and C77

Compound number % Residual activitya [Cx] to reach 100% of inhibition (μM) IC50 (μM)

C56 1.4 >100 40.0 ± 2.4
C61 0 ≤50 15.4 ± 1.18
C75 0 ≈25 9.24 ± 1.06
C77 0 <25 4.10 ± 2.10
C78 0 ≤25 8.26 ± 1.16
C87 14.3 >100 57.8 ± 50
C97 0 ≈25 11.27 ± 1.09

IL-1β, interleukin 1β; NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain–containing protein 3.
Compounds selected for further characterization are highlighted in bold.

Identification & characterization of inflammasome inhibitors
and C77, respectively. Among the evaluated compounds, C77
completely inhibited NLRP3-mediated IL-1β production at
concentrations lower than 25 μM, and it also presented the
lowest IC50 value among all the evaluated compounds.

C77 potently inhibits NLRP3 and NLRC4 inflammasomes but
does not affect AIM-2, IL-6, and TNF-α production, or the
transcriptional priming of the inflammasome

As mentioned previously, we found that C77 was the most
promising compound, and we thus characterized it further.
C77 contains the benzoxazolone acetamide pharmacophore
attached to a thiophenyl-pyridinyl substituent through a
methylene linker (Fig. 4D). We first evaluated the toxicity of
C77 using murine microglia cultures (Fig. 4E). The compound
did not show significant toxicity levels at concentrations lower
than 50 μM, although at this concentration, C77 significantly
reduced the viability of the cultures. However, C77 inhibited
NLRP3 activation at doses starting from 100 nM, while at
10 μM, the released IL-1β was reduced to less than 10%.
Hence, from this point forward, and to avoid the toxicity of
higher doses, we used C77 concentrations lower than 25 μM.

Then, we studied the effect of C77 on the IL-1β-producing
inflammasomes, NLRC4 and NLR family pyrin domain con-
taining 7 (NLRP7) (both of them presenting NACHT domains)
and AIM-2 (which lacks this domain), and on the production
of interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-
α). C77 potently inhibited NLRC4, presenting an IC50 value
similar to that for NLRP3 (Fig. 5A). This observation suggests
the potential development of our novel compound to treat
inflammasome-mediated immune-inflammatory responses,
where both NLRP3 and NLRC4 inflammasomes are involved.
We also assayed the ability of C77 to inhibit NLRP3 activation
in response to the antibiotic nigericin. The treatment of LPS-
primed microglia promoted the release of IL-1β, which was
significantly reduced by treatment with C77 (Fig. 5B). In
addition, 10-μM C77 also reduced NLRP7-mediated IL-1β
production (Figs. 5B, S6). It is worthy to notice that C77 did
not inhibit IL-6, TNF-α production, or AIM-2-mediated IL-1β
release (Fig. 5B). As expected, these results suggest that C77
carries out its inhibitory activity by competitively binding to
the NACHT domain and presumably to the ATP pocket, of
NLRP3, NLRC4, and NLRP7 because AIM-2 does not present
this NACHT domain. We also investigated the effect of 10-μM
C77 on the expression level of the different components of the
6 J. Biol. Chem. (2021) 296 100597
NLRP3 inflammasome and other inflammatory cytokines. C77
did not modify the mRNA levels of IL-6, L-8, or TNF-α and
did not affect the transcriptional priming of NLRP3 or IL-1β,
although it slightly reduced the expression of caspase-1
(Fig. 5C).

C77 dose-dependently inhibits NLRP3 ATPase activity and
downstream processes

We analyzed the ability of C77 to reduce the NLRP3 activity
at the protein level as described previously (49, 51). We
incubated the NLRP3 protein with C77 concentrations ranging
from 0.01 to 25 μM before ATP addition. C77 dose-
dependently reduced the NLRP3 ATPase activity, showing
statistically significant inhibition at concentrations as low as
10 nM (Fig. 5D). The nonlinear fit of the data allowed the
estimation of an IC50 value for the ATPase activity of 40 nM. It
is worth noticing that the IC50 value at the protein level is
considerably lower than the IC50 value obtained when
measuring the activation of NLRP3 in microglial cell cultures.
This fact is not odd if we consider that the compound’s actual
intracellular concentration is lower than the concentration in
the culture media because the concentration of C77 inside the
cell depends on the cell membrane permeability to this
compound.

Based on our demonstration that C77 directly inhibited the
NLRP3 ATPase activity, we next analyzed the impact of the
compound on ASC speck formation. In this case, we studied
the response of ASC m-cerulean murine macrophages to two
different activation stimuli. We induced NLRP3 activation
with LPS and ATP, as well as with HMGB1 and ATP. HMGB1
is an alarmin released under stress situations, and it acts as a
DAMP (52, 53), which promotes the priming of different in-
flammatory pathways (such as the NLRP3 inflammasome).
Therefore, we demonstrated that C77 inhibited NLRP3 acti-
vation after inflammasome priming by a pathogen-associated
molecular pattern and a DAMP (Fig. 5E). The reduction of the
speck-positive cells depended on the compound concentra-
tion, with the inhibitory effect being observable at concentra-
tions starting from 10 nM (Fig. 5F).

C77 reduces IL-1β in brains of LPS-treated mice, but it does
not act on the inflammasome priming stage

Finally, we evaluated the performance of C77 in vivo. We
intraperitoneally administered mice with 50 mg/kg of C77 or



Figure 3. Functional characterization of C75, C78, and C97. A, the structure of the three most potent compounds from the in vitro screening, C75, C78,
and C97. The benzoxazolone acetamidyl group shared by C75 and C78 is squared. B, dose–response curves for the three compounds. C, the inhibitory effect
of the three compounds on NLRC4-mediated IL-1β production. NLRC4 was primed and specifically activated in microglia from NLRP3 KO mice, using LPS
(150 ng/ml, 2 h) and flagellin transfected with Lipofectamine (1 μg, 2 h). D, the effect of C75, C78, and C97 on the activity of the AIM-2 inflammasome.
Microglia cultures from NLRP3 KO mice were primed with LPS (100 ng/ml, 2 h), and AIM-2 activation was induced by transfection of poly(dA:dT) (1 μg, 2 h).
E, inhibition of ASC specks formation by different concentrations of the three compounds. Murine macrophages expressing m-cerulean-tagged ASC were
primed and activated with LPS (250 ng/ml, 2.5 h) and ATP (4.5 mM, 45 min). F, the antipyroptotic effect of C75, C78, and C97. Primary microglia cultures
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vehicle (DMSO) followed by intraperitoneal injection of
15 mg/kg LPS. We quantified IL-1β in various brain regions
and IL-18 in frontal cortex (FC) (Fig. 6A). LPS administration
significantly increased IL-18 in the FC, while C77 reduced this
effect (Fig. 6B). As shown in Figure 6C, LPS increased IL-1β in
all brain regions, while pretreatment with C77 significantly
reduced the IL-1β protein levels in the FC, hippocampus, and
cerebellum of LPS-treated mice. In addition, we confirmed by
Western blot that C77 reduced the cleaved form of IL-β and
not pro IL-1β (Fig. S7). Next, we examined whether C77 might
act on the inflammasome priming step. For that purpose, we
analyzed the mRNA levels of inflammasome-related genes,
such as NLRP3, caspase-1, IL-1β, and TNF-α, using the FC of
the left hemisphere of each mouse, which was the region that
presented the most significant differences at the protein level.
In addition, we examined the C77 effect on IL-6 and NLRC4
expression. LPS treatment significantly increased the NLRP3,
IL-1β, TNF-α, and IL-6 mRNA levels in mouse brains. Pre-
treatment with C77 for 2 h before LPS administration did not
reduce the overexpression of these genes (Fig. 6C), indicating
that C77 inhibits in vivo the inflammasome activation and not
the priming stage.

Discussion

NLRP3 is currently the best-studied member of the NLR
family because of its direct implication in different CAPSs
(22, 54) and to its involvement in the neuroinflammation
associated with the onset and progression of several neuro-
degenerative conditions (31, 55–60), where processes
downstream of NLRP3 activation, such as ASC oligomeri-
zation or IL-1β secretion, play a detrimental effect. There-
fore, therapeutic strategies targeting IL-1β-producing
inflammasomes and downstream processes of the innate
immunity are receiving major attention for the mitigation of
chronic, progressive, and irreversible degenerative condi-
tions in the brain and peripheral organs. Based on this, the
overarching goal of this study is to elaborate new strategies
for the discovery of novel inflammasome inhibitors by
developing a 3D in silico model of the protein, a virtual
screening, the subsequent in vitro characterization of the
hits, and eventually, the in vivo assessment of the most
promising lead compounds.

We started this project by building a homology model of
NLRP3 based on the crystal structure of NOD2 (50). The
alignment between our model and the later published
NLRP3 cryo-EM structure (PDB entry: 6NPY (61)) exposes
its accuracy to describe the NLRP3 active site. We find that
critical residues of the catalytic pocket displayed resembling
pretreated with DMSO or different concentrations of the compounds were
pyroptosis, or remained untreated. Pyroptosis was determined by measuring c
C97 are displayed as black, gray, and white bars, respectively. G, control expe
shown as crosswise bars. Data shown in panels B, C, D, and F correspond to aver
Experiments displayed in panel E were performed by biological quadruplicates
treated with the same DMSO% and the same LPS and ATP concentrations as th
ANOVA, are indicated as: n.s. p > 0.05, *p ≤ 0.05, ¥p ≤ 0.01, §p ≤ 0.001, and ¶p
NLRP3, NLRC4, and AIM-2 inflammasome activation, as indicated in panels
associated speck-like protein containing a CARD; NLRC4, NLR family CARD
leucine-rich repeat and pyrin domain–containing protein 3.
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relative positions in both models, including G226, A227,
A228, G229, and K232 from the Walker A motif (Figs. 1C
and 7A). Interestingly, in both structures, K232 similarly
interacts with the ATP γ-phosphate. This residue, together
with T233, and G231, has already been described as crucial
for ATP binding in a mutagenic study (6). The alignment
between our NLRP3 model and NLRC4 reveals higher dis-
crepancies between residues of the ATP pocket; however, the
interaction between the lysine residue, K175 in the case of
NLRC4, and the ATP γ-phosphate is conserved (Fig. 7B).
Together, these structural insights with the fact that C75,
C77, and C78 inhibit both NLRP3 and NLRC4 inflamma-
somes demonstrate the ability of our model to describe the
ATP cavities of both proteins.

In the next stage of the present work, we further screened,
selected, and characterized the hits from the virtual screening.
That way, we identified the compounds C75, C78, and C97,
which dose-dependently inhibit NLRP3 activation, as well as
downstream processes. Revealingly, C75 and C78 share the
same chemical scaffold, which suggests that this structure
might be particularly useful for the competent allocation of the
compounds within the ATP-binding site, pointing to the
benzoxazolone acetamidyl group as the potential key phar-
macophore. To explore this hypothesis, we searched for
structurally related analogs of the pharmacophore and checked
their ability to inhibit NLRP3. Around 67% of the assayed
compounds significantly reduced the inflammasome activity,
which further supports the validity of the proposed
pharmacophore.

To elucidate the structural basis behind the differences in
the performance of the analogs, we carried out computational
dockings to identify critical elements for NLRP3 compound
interactions (Figs. 7C and S8). Our docking studies show that
the benzoxazolone acetamidyl core interacts with the same
residues that stabilize the ATP adenine ring (I18 and I234),
suggesting that this group anchors the molecule in a beneficial
position within the binding site. Interestingly, although all
analogs maintain these interactions (Figs. 7C and S8), only
those that also interact with K232 and T233 (residues that
have been described to be critical for the ATPase activity (6))
exhibit in vitro activities (Figs. 7C and S8), especially the an-
alogs that have an aromatic heterocycle with an electronega-
tive heteroatom at an adequate distance from the
pharmacophore; C75, C77, and C78. The positively charged
lysine residue K232 may therefore interact with either the
heteroatom or the heterocycle carbon atoms (which present
negative partial charges established through resonance) to
stabilize the compound in the ATP pocket. Thus, we can
activated with LPS (400 ng/ml, 3 h) and ATP (4.5 mM, 45 min) to induce
ell death using an lactate dehydrogenase assay. In all panels, C75, C78, and
riments with the NLRP3-specific inhibitor MCC950. Reference controls are
age values of biological triplicates (n = 3), ran in technical duplicates ± SEM.
. Statistical significances are referred to control samples and consist of cells
e compound-treated samples. Significance levels, as calculated by one-way
≤ 0.0001. *Inflamm. activator refers to the specific combination of stimuli for
B, C, and D, and in the Experimental procedures section. ASC, apoptosis-
domain–containing 4; NLRP3, nucleotide-binding oligomerization domain,



Figure 4. Benzoxazolone acetamide analogs searching and assessment. A, the structure of the common core identified as the pharmacophore
(squared). Chemical structure for the substituents of the selected benzoxazolone acetamide analogs. B, the inhibitory effect of 100 μM of each analog in
NLRP3-mediated IL-1β production by primary murine microglia activated with LPS (400 ng/ml, 3 h) and ATP (4.5 mM, 45 min). The dashed line indicates 30%
of activity regarding to controls. C, inhibition of NLRP3 activation by different concentrations of the selected analogs, as determined by measuring the IL-1β
produced by microglia cultures. D, the structure and molecular formula of C77. E, cytotoxicity exerted by different concentrations of C77 in microglial
murine cultures. The data shown correspond to average values of biological triplicates (n = 3), ran in technical duplicates ± SEM. Statistical significances are
referred to control samples; LPS + ATP in panels B, C, and D and untreated cells in E. Samples and controls contained the same DMSO%. Significance levels,
as calculated by one-way ANOVA, are indicated as *p ≤ 0.05, ¥p ≤ 0.01, §p ≤ 0.001, and ¶p ≤ 0.0001. IL-1β, interleukin 1β; NLRP3, nucleotide-binding
oligomerization domain, leucine-rich repeat and pyrin domain–containing protein 3.
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Figure 5. Functional characterization of C77. A, dose–response inhibition of NLRP3 and NLRC4 by C77 and IC50 values for both inflammasomes in
microglia cultures. NLRP3 activation was induced by treatment with LPS (400 ng/ml, 3 h) followed by ATP addition (4.5 mM, 45 min). For NLRC4-specific
activation, primary microglia from NLRP3 KO mice were primed with LPS (150 ng/ml, 2 h) followed by transfection with flagellin (1 μg, 2 h). The dashed line
indicates the 50% of inhibition, regarding the control average. For IC50 calculations, three independent experiments were conducted. A representative
dose–response curve for NLRP3 and NLRC4 is displayed, while the IC50 values showed correspond to the average ± SEM of the IC50 obtained in the three
independent experiments. B, the effect of 10-μM C77 on different inflammasomes and on IL-6 and TNF-α secretion, in primary microglia cultures. NLRP3 was
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conclude that (i) the benzoxazolone acetamidyl is key for
anchoring the compound within the ATP pocket and (ii) the
length of the linker is crucial to allow the interaction of the
pendant heterocycle with K232 and T233, with nine bonds
being the optimal distance between the scaffold and the elec-
tronegative heteroatom.

Among the tested compounds, C77 was the most prom-
ising. C77 inhibits NLRP3, NLRC4, and NLRP7 but does not
affect AIM-2, TNF-α, or IL-6 pathways (Fig. 5B). From a
structural perspective, the three former inflammasomes
present NACHT domains, while AIM-2 does not, and this
motif is neither involved in IL-6 synthesis nor TNF-α
secretion. Therefore, our data suggest that C77 exerts its
inhibitory function by interacting with the inflammasome
NACHT domain. We further demonstrate this concept by
showing the concentration-dependent inhibition of the
NLRP3 ATPase activity at the protein level (Fig. 5D). In
addition, the mRNA levels of the different inflammasome
components remain unaltered upon C77 treatment, both in
the FC of LPS-administrated mice and activated THP1 cells,
which reinforces the NACHT-C77 direct interaction.
Considering the impact that ASC specks have on different
neuroinflammatory disorders (9, 16, 34, 55, 56), our in vitro
data suggest that C77 might have therapeutic effects against
these conditions. Finally, the ability of C77 to reduce the IL-
1β concentration in vivo reveals its therapeutic potential,
suggesting that this compound can cross the blood–brain
barrier.

In summary, starting from the most fundamental
computational level, we identify and characterize small-
molecule inhibitors of the NLRP3 and NLRC4 inflamma-
somes, and downstream processes, by using in silico, in vitro,
and in vivo approaches. We start with a virtual screening to
find NLRP3 inhibitors and use cell-free and cell-based assays
to validate the hits, demonstrate the target engagement, and
investigate their mechanism. We then prove in vivo the anti-
inflammatory properties of the most promising candidate. In
addition, we identify and validate the common benzox-
azolone acetamidyl pharmacophore, as well as the critical
residues involved in the stabilization of both the ATP sub-
strate and the inhibitors within the protein active site. This
study sheds light on the structural features for ligand’s
allocation within the catalytic pocket of NLRs and paves the
primed and activated with LPS (400 ng/ml, 3 h) and nigericin (2 μM, 1 h). Activ
and transfection of p(dA:dT) (1 μg, 2 h). NLRP7 activation was induced with LP
assessment, microglia cultures were treated with LPS (350 ng/ml, 6 h). The d
periments, normalized to the average value of controls for each independe
components of the NLRP3 inflammasome and other proinflammatory cytokin
treatment with LPS (400 ng/ml, 3 h). D, inhibition of the ATPase activity of NLR
was measured by following ATP transformation into ADP, at different C77 conc
DAMPs and pathogen-associated molecular patterns. E, fluorescence microsco
NLRP3 inflammasome of murine macrophages, expressing m-cerulean-tagged
(4.5 mM, 45 min) (upper panels) or HMGB1 (1 μg/ml, 3 h) and ATP (4.5 mM, 45 m
cells in the right panels were incubated with 1-μM C77 1 h before NLRP3 act
centrations of C77. NLRP3 priming was induced by treatment with LPS (upper p
correspond to average values of biological triplicates (n = 3), ran in technical du
treatment group is displayed. Statistical significances are referred to control sam
*p ≤ 0.05, ¥p ≤ 0.01, §p ≤ 0.001, and ¶p ≤ 0.0001. ASC, apoptosis-associated
patterns; IL-6, interleukin 6; NLRC4, NLR family CARD domain–containing 4; N
pyrin domain–containing protein 3.
way for the future development of improved chemical ana-
logs through medicinal chemistry structure–activity rela-
tionship studies.

Experimental procedures

NLRP3 modeling, structure refinement, and virtual screening

Sequence searches and alignment

The amino acid sequence of hNLRP3 (Q96P20
(NLRP3_HUMAN)) was obtained from the UniProtKB data-
base. A SIB-BLAST search for the complete NLRP3 amino
acid sequence (including NACHT, LRR, and PYRIN domains)
against the mammalian taxonomic subset of the UniProtKB/
SwissProt database was carried out at https://web.expasy.org/
blast/. Multiple sequence alignment was produced using the
multiple sequence alignment tool of EMBL-EBI, at https://
www.ebi.ac.uk/Tools/msa/, with default parameters. Graph-
ical representation of highly conserved motifs was produced
with the WebLogo server http://weblogo.berkeley.edu/.

3D model for the NLRP3 protein

The structural model for hNLRP3 protein was built based
on the crystal structure of NOD2 in the ADP-bound state (50)
(PDB entry: 5IRM). The model was carried out via compara-
tive modeling using the program MODELLER 9.15 (62). The
model was further refined by using the loop modeling routine
in MODELLER to rebuild the alignment insertions that are
closer to the binding site. The model was then prepared for
docking using the Protein Preparation Wizard in Maestro
(Schrödinger) to define ionization states, optimize hydrogen
bonds, and minimize the structure (heavy atom convergence
to an RMSD of 0.3 Å).

Virtual screening

A virtual screening was carried out using the Glide pro-
gram of the Schrödinger Small-Molecule Drug Discovery
Suite (63–65). A library of more than 17 million commer-
cially available drug-like compounds from the eMolecules
collection was screened using the high-throughput virtual
screening precision in Glide. In a second step, the top
100,000 hits from the high-throughput virtual screening
screen were reranked using the standard precision, and
finally the 10,000 hits from the standard precision screening
ation of the AIM-2 inflammasome was promoted with LPS (100 ng/ml, 2 h)
S (150 ng/ml, 1 h) and fsl1 transfection (400 ng/ml, 7 h). For IL-6 and TNF-α
ata shown correspond to average values ± SEM of three independent ex-
nt experiment. C, the effect of C77 on the RNA expression levels of the
es. THP1 human monocytes were incubated with 10-μM C77 (1 h) before
P3 at the protein level by C77. The ATPase activity of purified NLRP3 protein
entrations. E and F, inhibition of ASC oligomerization by C77 in response to
pe images for ASC speck formation after NLRP3 activation. Activation of the
ASC, was induced through treatment with LPS (250 ng/ml, 2.5 h) and ATP
in) (lower panels). In the left panels, cells were pretreated with DMSO, while
ivation. F, the percentage of cells presenting ASC specks, at different con-
anel) or HMGB1 (lower panel) (same conditions as in panel E). The data shown
plicates ± SEM (panels C, D, and F). In panel E, a representative image of each
ples. Significance levels, as calculated by one-way ANOVA, are indicated as

speck-like protein containing a CARD; DAMPs, danger-associated molecular
LRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and
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Figure 6. In vivo effect of C77. A, the scheme of the experimental procedure. B, IL-18 concentration in the frontal cortex of mice intraperitoneally
administrated 50 mg/kg of C77 or vehicle (DMSO) 2 h before IP administration of 15 mg/kg of LPS or vehicle (PBS). C, IL-1β quantification in different brain
regions of mice treated with vehicle, LPS, or C77+LPS. (Animals per group: vehicle, n = 5; LPS, n = 5; C77-LPS n = 4). D, RNA expression levels of inflammatory
genes in the brain of mice treated with vehicle (DMSO), or C77 before PBS, or LPS IP injection. All treatment groups, n = 5. The data shown correspond to
average values of biological replicates (ran in technical duplicates) ± SEM. Statistical significances are referred to control samples. Significance levels, as
calculated by one-way ANOVA, are indicated as *p ≤ 0.05, ¥p ≤ 0.01, §p ≤ 0.001, and ¶p ≤ 0.0001. IP, intraperitoneal.
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Figure 7. Structural insights for the allocation of the adenine nucleotide ligands or the inhibitors within the ATP-binding site of the NACHT
domain. A, structural alignment for the ATP-binding pockets of the NLRP3 model used for the virtual screening (green) and of the cryo-EM structure
(magenta). B, structural alignment for the ATP-binding pockets of the NLRP3 model used for the virtual screening (green) and of the NLRC4 crystal structure.
The ATP ligand is displayed in the CPK code with carbons in yellow. The lateral chains of the residues from the Walker A motif predicted to be involved in
the ATP stabilization are highlighted in sticks and colored in CPK colors. Stabilizing interactions between residues from the NLRP3 cryo-EM structure (A) or
NLRC4 (B) and ATP are shown as the dashed line. C, structural models for the allocation of C77 (light purple), C78 (pale yellow), C103 (cyan), and C101 (pink)
within the ATP pocket of our NLRP3 model. Residues stabilizing the inhibitors are shown as sticks and colored in the CPK code. Interactions between side
chains of these residues and the compounds are displayed as dotted lines. NACHT, nucleotide-binding and oligomerization; NLRC4, NLR family CARD
domain–containing 4; NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain–containing protein 3.
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were docked using XP precision. An additional simulation of
membrane permeability was generated on the top 10,000
compounds from the virtual screening as an additional filter.
Compounds with potential for chemical reactivity or insta-
bility were also excluded. Finally, candidate hits were further
filtered to eliminate compounds containing assay interfering
chemical groups and promiscuous scaffolds (66) and were
visually inspected in the context of the binding site. Based on
these structural and medicinal chemistry criteria, a final list
of 100 compounds were selected for acquisition and exper-
imental validation.
Benzoxazolone acetamide analog searching

To identify C75 and C78 chemical analogs containing
benzoxazolone acetamide groups, the structure search tool
of the MolPort server was utilized (www.molport.com).
Compounds maintaining the benzoxazolone acetamide
pharmacophore, but including different functional groups at
the opposite part of the linker, were evaluated for acquisi-
tion. Pharmacokinetic properties and ADME parameters, as
well as the drug-like properties of the compounds, were
studied using the SwissADME server http://www.swissadme.
ch/. Those compounds that presented the best-predicted
J. Biol. Chem. (2021) 296 100597 13
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properties, prioritizing solubility, and the ability to cross cell
membranes, were acquired for their in vitro validation. In
addition, C77, a compound included in the 100 initial hits
from the virtual screening, was assessed at the same time as
the analogs.

Computational docking

Computational docking of the benzoxazolone acetamide
analogs was performed using the server SwissDock (http://
www.swissdock.ch/). The ATP-binding pocket of our NLRP3
3D model was used as a target (coordinates: x = 6.1486,
y = −7.406, z = 16.964, size: x = y = z = 20 Å). Dockings were
analyzed using UCSF Chimera (https://www.cgl.ucsf.edu/
chimera/), and the most favored poses for each molecule
were represented with PyMOL (https://pymol.org/2/).

Cell culture and treatment

THP1 human macrophages

THP1 human monocytes were purchased from the Amer-
ican Type Culture Collection (TIB-202) and maintained in
RPMI-1640 medium, supplemented with 10% fetal bovine
serum (FBS) and 2-mercaptoethanol at a final concentration of
0.05 mM. Monocyte differentiation into macrophages was
induced by treating with 100 ng/ml phorbol 12-myristate 13-
acetate for 48 h. Then, cells were washed three times with
culture medium without serum and let to rest for 24 h in the
complete culture medium.

THP1 macrophages were preincubated for 1 h with the 100
hits from the primary screening, at a concentration of 100 μM
—control samples were pretreated with the same DMSO
volume. NLRP3 priming was then induced by the addition of
400 ng/ml LPS. After 3 h of incubation with LPS, 4.5-mM ATP
was added for 45 min for inflammasome activation. Superna-
tants were collected for IL-1β determination and viability as-
says. 5 μM MCC950 was used as a positive control of NLRP3
inhibition. Experiments were run in biological triplicates.

Murine primary microglia

Mixed cortical cultures were prepared as described previ-
ously (67). Briefly, cortices from 2- to 3-day-old, WT, or
NLRP3 KO pups were isolated, digested, and seeded at a
density of eight cortices per 10-ml petri dish. Every 3 days, the
medium was replaced by a fresh culture medium (Dulbecco’s
modified Eagle’s medium [DMEM], 10% FBS, 1% penicillin–
streptomycin). After 3 weeks, mixed glial cultures had reached
confluence, and microglia cells were isolated by mild trypsi-
nization as described previously (68). In brief, cells were
washed with the culture medium without FBS and treated with
a mixture of trypsin 0.25% (without EDTA) and DMEM-F12
medium in a 1:3 proportion. After an incubation period of
approximately 40 min, an intact layer of mixed glial cells de-
tached, leaving microglia attached firmly to the bottom of the
petri dish. Pure microglia were then isolated by 15-min incu-
bation with trypsin (0.05%)-EDTA at 37 �C, followed by gentle
shaking. Cells were counted and seeded at the desired density,
typically 7.5 × 104 cells/well in 24 well-plates.
14 J. Biol. Chem. (2021) 296 100597
NLRP3 inflammasome activation assay

Primary microglia cultures were incubated with the positive
compounds from the primary in vitro screening (C9, C21,
C25, C29, C33, C50, C53, C54, C56, C61, C62, C73, C75, C77,
C78, C84, C87, C94, C95, and C97). Cells pretreated with
100 μM of the compounds (or with the same DMSO volume,
in the case of control samples) were primed with 400 ng/ml
LPS for 3 h and activated with 4.5-mM ATP for 45 min, or 2-
μM nigericin for 1 h. Dose–response curves were conducted
to determine the potency of the compounds that inhibit the
IL-1β concentration below a 20% threshold. For that,
microglia cultures were incubated with different concentra-
tions of the selected compounds, ranging from 0.001 to
100 μM, 1 h before NLRP3 activation with LPS and ATP.
Supernatants were collected for IL-1β and toxicity assess-
ments. 5 μM MCC950 was used as a positive control of
NLRP3 inhibition.

AIM-2, NLRP7, and NLRC4 inflammasome activation assays

Microglia from NLRP3 KO mice were pretreated with 100-
μM C75, C78, C97, or C77, for 1 h. AIM-2 inflammasome
activation was induced through the addition of 100 ng/ml LPS
for 2 h, followed by transfection of 1-μg poly(dA:dT) using
Lipofectamine 2000 during 2 h, following the manufacturer’s
recommendations. NLRC4 was activated by treatment with
150 ng/ml LPS for 2 h, before transfection of 1-μg flagellin
during 2 h, using Lipofectamine 2000 as a transfection reagent.
Negative and positive controls were pretreated with the same
DMSO percentage as cells treated with the inhibitors. Negative
controls for inflammasome activation were kept untreated
after DMSO addition, while LPS-poly(dA:dT) or LPS-flagellin
was added to positive controls for AIM-2, and NLRC4 acti-
vation, respectively. For activation of the NLRP7 inflamma-
some, different conditions were assessed: treatment of WT
microglia cultures with 400 ng/ml fsl-1 for 7 h, priming with
150 ng/ml LPS for 1 h and treatment with 400 ng/ml fsl-1 for
7 h, and priming with 150 ng/ml LPS and transfection of
400 ng/ml fsl-1 with Lipofectamine. Among the tried condi-
tions, only microglia primed with LPS and transfected with fsl-
1/Lipofectamine released IL-1β (Fig. S6B). In addition, the
specific NLRP3 inhibitor MCC950 was used as a negative
control for NLRC4 and AIM-2 inhibition. Cells were pre-
treated with 5-μMMCC950 before LPS addition, and 2 h later,
the NLRC4 and AIM-2 activation was induced through addi-
tion of their specific activators. Cell supernatants were
collected for IL-1β measurement. All conditions were assayed
in triplicate.

m-Cerulean–ASC–labeled macrophages

NLRP3 KO immortalized murine macrophages, stably
expressing m-Cerulean–ASC, and NLRP3–Flag were a kind
donation of Prof. Eicke Latz, (Institute of Innate Immunity,
University of Bonn, Germany). Murine macrophages were
maintained in high-glucose DMEM supplemented with 10%
FBS and 1% sodium pyruvate and passaged every 2 to 3 days,
before reaching confluence.
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For ASC speck formation evaluation, murine macrophages
were seeded in 96-well SCREENSTAR black microplates with
clear base, 24 h before stimulation. Then, cells were incubated
for 1 h with different concentrations of the inhibitors or with
the same DMSO volume for positive and negative controls for
NLRP3 activation (DMSO–LPS–ATP or only DMSO,
respectively). 0.5 μM MCC950 was used as a positive control
for inhibition of NLRP3-mediated ASC oligomerization.
NLRP3 activation was induced through treatment with 250 ng/
ml LPS for 2.5 h, or 1 μg/ml HMGB1 for 3 h, followed by
addition of 4.5-mM ATP for 45 min. Cells were then fixed and
counterstained in a single step, as described previously (15).
For that, a stock solution of deep red anthraquinone 5
(DRAQ5) in formaldehyde was used, the final concentrations
being 1% formaldehyde and 2.5-μM DRAQ5.

Cell viability assays

The cytotoxic effect of the compounds identified by in vitro
screening was assayed with the CytoTox 96 Non-Radioactive
Cytotoxicity Assay (Promega), following the recommenda-
tions of the manufacturer.

Pyroptosis measurement

The ability of C75, C78, and C97 to inhibit pyroptosis was
determined by measuring the lactate dehydrogenase released
by pyroptotic cells into the culture medium. 400 ng/ml LPS
was added to primary microglial cultures pretreated with
different concentrations of the inhibitors. After 3 h of treat-
ment, pyroptosis was induced through the addition of 4.5-mM
ATP, for 45 min. 5 μM MCC950 was used as a positive control
of pyroptosis inhibition. Cell supernatants were collected for
lactate dehydrogenase assessment, using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega), following the
manufacturer recommendations. Experiments were run in
triplicate.

ASC oligomerization determination

The inhibitory effect of the selected compounds on ASC
oligomerization was tested using m-Cerulean–ASC–labeled
macrophages. ASC specks in cells pretreated with C75, C77,
C78, and C97, before NLRP3 activation (as indicated above),
were visualized with a widefield Leica DMi8 fluorescence mi-
croscope, using the 20× objective. Cyanine5 (λexc 630 nm) and
4',6-diaminidino-2-phenylindole (λexc 405 nm) filters were
used for m-cerulean and DRAQ5 visualization, respectively.
Images were analyzed using ImageJ https://imagej.nih.gov/ij/
index.html.

Speck quantification was performed as described previ-
ously (15). Nuclei were quantified using the automatic par-
ticle counting tool from ImageJ. The same threshold was
applied to all samples. When required (overlapping nuclei),
the watershed separation algorithm was used to separate the
particles. All results were subject to manual validation. The
rate of speck positive cells was calculated by normalizing the
number of speck-positive cells to the number of nuclei.
Three biological replicates were taken for each treatment
group.

Cytokine quantification

IL-1β in cell culture supernatants and brain tissue samples
—after the different treatment groups—was quantified using
the mouse IL-1 beta/IL-1F2 DuoSet ELISA kit (R&D sys-
tems), IL-6 in the cell culture supernatant was measured
through the mouse IL-6 ELISA kit (Thermo Fisher), TNF-α in
the cell culture supernatants was determined using the mouse
TNF-alpha DuoSet ELISA (R&D systems), and IL-18 in brain
tissue was measured through the IL-18 mouse ELISA Kit
(Invitrogen) following the manufacturers’ recommended
protocol. The IL-1β precursor and cleaved IL-1β in the FC of
mice treated with vehicle, LPS, or C77-LPS were assessed by
Western blot. All samples were run in technical duplicates.

Inhibition of the NLRP3 ATPase activity

The efficacy of C77 to inhibit ATP hydrolysis by NLRP3 was
directly assayed using a cell-free assay. Human recombinant
NLRP3 protein (BPS Bioscience) was incubated at 37 �C with
different concentrations of C77 for 20 min, as described (49).
10 μM ultrapure ATP was then added, and reaction mixtures
were further incubated for 45 min. ATP conversion into ADP
was determined using the ADP-Glo Kinase Assay (Promega),
following the recommendations of the manufacturer, in a
SpectraMax i3x Multimode Detection Platform. Experiments
were conducted in triplicate.

Gene expression analysis

RNA was isolated from the FC from C57BL/6J mice or from
THP1 human cultures using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany), using the manufacturers’ recommended
protocol. The RNA concentration was determined, and cDNA
was synthesized using the High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor (applied biosystems).
The expression levels of inflammatory genes —NLRP3,
caspase-1, IL-1β, TNF-α, NLRC4, IL-8, and IL-6—were
determined in four replicates through PowerUp SYBR Green
Master Mix (Thermo Fisher) using an ABI PRISM 7900HT
Sequence Detection System. Hypoxanthine phosphoribosyl-
transferase was used as an internal control in samples from
mouse brains, and GAPDH in the case of THP1 lysates. Gene
expression levels were normalized to control samples (mice or
THP1 cells treated with PBS). Primer sequences are displayed
in Table S1.
In vivo assessments

Animals

WT C57BL/6J mice (stock #000664) were obtained from
The Jackson Laboratory. Mice were housed in groups of five
animals per cage on a 12:12 h light/dark cycle. Water and food
were provided ad libitum. Mice aged 8 to 10 weeks were used
for experiments. All procedures were approved by the
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Institutional Animal Care and Use Committee of the Icahn
School of Medicine at Mount Sinai.

In vivo assessment of C77

The ability of C77 to inhibit NLRP3 in vivo was evaluated
using WT C57BL/6J mice. C77 (50 mg/kg), or the same vol-
ume of DMSO vehicle, was intraperitoneally injected 2 h
before LPS (15 mg/kg) or vehicle (PBS) administration. 1.5 h
later, the animals were sacrificed, and their brain was isolated.
The cortex, FC, hippocampus, and cerebellum regions from
the right hemisphere were obtained for IL-1β analysis. The left
hemisphere was used for gene expression analysis.

Statistical analysis

Unless otherwise indicated, all the experiments included in
this article were performed in triplicate. Results are expressed
as the mean ± SD or as the mean ± standard error of the
regression. A one-way ANOVA followed by Tukey’s posttest
(confidence interval = 95%) was performed using GraphPad
Prism 8 software (GraphPad Software, San Diego, CA) to
determine statistical significance between treatment groups.
Unless otherwise indicated, significance intervals are expressed
as * p ≤ 0.05, ¥ p ≤ 0.01, § p ≤ 0.001, and ¶ p ≤ 0.0001.

Data availability

All data obtained during this study are contained within the
present article.
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