Acta Pharmacologica Sinica

www.nature.com/aps

®

ARTICLE

ML365 inhibits TWIK?2 channel to block ATP-induced
NLRP3 inflammasome

Xiao-yan Wu', Jin-yan Lv', Shi-ging Zhang?, Xin Yi', Zi-wei Xu', Yuan-xing Zhi', Bo-xin Zhao?, Jian-xin Pang’, Ken Kin Lam Yung?,
Shu-wen Liu' and Ping-zheng Zhou'

Dysregulation of NLRP3 inflammasome results in uncontrolled inflammation, which participates in various chronic diseases. TWIK2
potassium channel mediates potassium efflux that has been reported to be an essential upstream mechanism for ATP-induced

NLRP3 inflammasome activation. Thus, TWIK2 potassium channel could be a potential drug target for NLRP3-related inflammatory
diseases. In the present study we investigated the effects of known K2P channel modulators on TWIK2 channel expressed in a

heterologous system. In order to increase plasma membrane expression and thus TWIK2 currents, a mutant channel with three

mutations (TWIK2'289A/L290AY308A) i the C-terminus was expressed in COS-7 cells. TWIK2 currents were assessed using whole-cell
voltage-clamp recording. Among 6 known K2P channel modulators tested (DCPIB, quinine, fluoxetine, ML365, ML335, and TKDC),
ML365 was the most potent TWIK2 channel blocker with an ICsq value of 4.07 + 1.5 uM. Furthermore, ML365 selectively inhibited
TWIK2 without affecting TWIK1 or THIK1 channels. We showed that ML365 (1, 5 uM) concentration-dependently inhibited ATP-

induced NLRP3 inflammasome activation in LPS-primed murine BMDMs, whereas it did not affect nigericin-induced NLRP3, or non-
canonical, AIM2 and NLRC4 inflammasomes activation. Knockdown of TWIK2 significantly impaired the inhibitory effect of ML365
on ATP-induced NLRP3 inflammasome activation. Moreover, we demonstrated that pre-administration of ML365 (1, 10, 25 mg/kg,
ip) dose-dependently ameliorated LPS-induced endotoxic shock in mice. In a preliminary pharmacokinetic study conducted in rats,
ML365 showed good absolute oral bioavailability with F value of 22.49%. In conclusion, ML365 provides a structural reference for

future design of selective TWIK2 channel inhibitors in treating related inflammatory diseases.
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INTRODUCTION

Inflammasomes are cytosolic multiprotein complexes and core
components of innate immunity [1, 2]. The NLR family pyrin
domain containing 3 (NLRP3) inflammasome is composed by the
sensor protein NLRP3, the adaptor protein ASC (apoptosis-
associated speck-like protein containing a caspase recruitment
domain), and the effector protein caspase-1 [3-5]. Assembly of the
NLRP3 inflammasome triggers caspase-1 activation to result in the
secretion of IL-13 and IL-18, as well as pyroptosis [6, 7]. NLRP3
inflammasome responds to a surprisingly diverse set of stimuli,
including extracellular ATP, pore-forming toxins (nigericin and
maitotoxin, etc.), crystalline, particulate matter (such as uric acid
crystals, silica, asbestos, and alum), and misfolded proteins related
to neurodegenerative diseases [1, 3]. The dysregulation of NLRP3
inflammasome has been reported to participate in the develop-
ment of diverse autoimmune, metabolic and neurodegenerative
diseases, including gout, atherosclerosis, Alzheimer’s disease, type
Il diabetes, and others. Thus, NLRP3 inflammasome has been
suggested to be a potential drug target for the treatment of
related inflammatory diseases [8-11].

Potassium (K*) efflux has been reported to be an essential
upstream mechanism for NLRP3 inflammasome activation with
most NLRP3 agonists [12-14]. Various NLRP3 agonists induce
potassium efflux by mechanistically distinct pathways [14].
Extracellular ATP, which increases massively to several tens or
hundreds pmol/L within stressed or dying cells, activates NLRP3
inflammasome by ligating purinergic P2X7 receptor [15, 16].
Recently, TWIK2 channel, which belongs to TWIK subfamily of two-
pore domain potassium (K2P) channels, has been reported to
cooperate with P2X7 receptor to mediate potassium efflux and be
fundamental for ATP-induced NLRP3 inflammasome. Deletion of
TWIK2 prevented ATP-induced NLRP3 activation in vitro and
sepsis-induced lung inflammation in vivo [17, 18].

The above study pointed out that TWIK2 channel could be a
potential drug target for NLRP3 related inflammatory diseases.
However, TWIK2 channel has long been considered to mainly
locate on lysosome or endosome with little or no plasma
membrane expression, and there is a lack of pharmacological
study regarding TWIK2 channel till now [19, 20]. Thus, it is still
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puzzling whether it is feasible to target TWIK2 channel to identify
channel inhibitors to further modulate NLRP3 inflammasome.

In the present study, we examined known K2P channels
modulators for their effects on TWIK2 using a mutant channel with
three mutations (TWIK2'289AL290AN308A) i tha C-terminus to increase
plasma membrane expression and thus currents in heterologous
system [21]. Among K2P modulators tested, including quinine,
fluoxetine, DCPIB, ML365, ML335, and TKDC, only ML365 showed
potent inhibitory effect on TWIK2 with an ICs, of 4.07 uM. The data
showed that ML365 specifically inhibited ATP-induced NLRP3
inflammasome in macrophages, while silencing TWIK2 channel
dramatically impaired the inhibition of ML365 on NLRP3 inflamma-
some. Furthermore, pretreatment with ML365 significantly reduced
IL-1B level in the serum and inflammatory lung injury induced by
LPS endotoxic shock in vivo. Collectively, our data demonstrate that
ML365 provides a potential lead compound for future TWIK2
channel inhibitors design, which can be an important drug target for
future ATP/NLRP3 inflammasome-related inflammatory diseases.

MATERIALS AND METHODS

Animals

C57BL/6 mice (7-8 weeks old weighing 20 + 2 g) and SD rats (200
+20g) were purchased from the Laboratory Animal Centre of
Southern Medical University (Guangzhou, China). Animals were
housed in a standard feeding environment (50%-70% humidity,
23-25°C, 12-12h light/dark cycle) and had free access to water
and standard chow. All the procedures conducted on animals
were complied with the ARRIVE guidelines and approved by the
Ethics Committee of Southern Medical University.

Reagents and antibodies

LPS (Cat# L2630), ATP (Cat# A2383), and PMA (Cat# P8139) were
purchased from Sigma (Burlington, MI, USA). Nigericin (Cat# tirl-
nig), poly(dA:dT) (Cat# tlrl-patn), LPS-EB Ultrapure (Cat# tlrl-
3pelps), Pam3CSK4(Cat# tlrl-pms) and flagellin (Cat# tlrl-pafla)
were purchased from Invivogen (Vista Sorrento Pkwy San Diego,
CA, USA). ML365 (Cat#HY-12345), MCC950 (Cat# HY-12815), and
M-CSF (Cat# HY-P7085) were purchased from MCE (Monmouth
Junction, NJ, USA). Quinine (Cat# Q105031) was purchased from
Aladdin (Shanghai, China). Fluoxetine (Cat# T0450) was purchased
from Targetmol (Shanghai, China). DCPIB (Cat# B6780) was
purchased from Apexbio (Houston, TX, USA) and TKDC was kindly
provided by Prof Huai-yu Yang (East China Normal University,
Shanghai, China). The primary antibodies used in this study were
as followed: anti-IL-1 (Cat# AF401-NA; R&D System, Minneapolis,
MN, USA; 1:2500), anti-CASP1 (Cat# A28881708; Adipogen, San
Diego, CA, USA; 1:1000) and anti-B-actin (Cat# abs830031; Absin,
Shanghai, China; 1:2500). The secondary antibodies were as
followed: goat anti-mouse-HRP (Cat# FDMO0O07; Fudebio-tech,
Hangzhou, China; 1:2000) and rabbit anti-goat-HRP (Cat# KGAA38;
Keygen, Nanjing, China; 1:2000).

Cell culture

COS-7 cells (ATCC: CRL-1651), RAW264.7 cells (ATCC: SC-6003), and
BV-2 cells (ATCC: CRL-2468) were cultured in DMEM (Gibco, Grand
Island, NY, USA) with 10% FBS (Gibco) and 1% penicillin and
streptomycin. THP-1 cells (ATCC: TIB-202) were cultured in RPMI-
1640 medium (Gibco) with 10% FBS and 1% penicillin and
streptomycin. Primary murine BMDMs were isolated from bone
marrow of 7-8 weeks old C57BL/6 mice and differentiated in
DMEM with 10% FBS and recombinant M-CSF (20 ng/mL) and
used between 7 and 10 days after isolation. All cells were cultured
at 37°C and 5% CO.,.

Plasmids and transfection

Plasmids expressing wild type and mutant mouse TWIK1
(NM_008430.2) and TWIK2 (NM_001033525.3) channels in pIRES-
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EGFP vector were kindly provided from Prof. Florian Lesage
(Institute of Molecular and Cellular Pharmacology, Paris, France).
Plasmids expressing mouse THIK1 (NM_001164426.1) were sub-
cloned into pcDNA3.1 vector and further confirmed by sequen-
cing the whole open reading frame.

To record currents of TWIK1 and TWIK2 channels, COS-7 cells
were plated in 12-well plates. At 60%-70% confluence, 1500 ng
plasmids expressing TWIK1 or TWIK2 were transfected into COS-7
cells using 1.8 pL Lipofectamine 3000 (Cat# L3000015; Invitrogen)
according to the manufacturer’s instructions. For THIK1 channel,
plasmids expressing EGFP as a marker were cotransfected with
cDNA expressing THIK1 into the COS-7 cells with a ratio of 1:10
using 1.8 pL Lipofectamine 3000. Then, 24 h after transfection, the
cells were split by trypsin-EDTA and replated onto coverslips
coated with 0.1 mg/mL poly-L-lysine (Sigma) for subsequent
electrophysiology experiments.

Electrophysiological recording

Currents of TWIK or THIK1 channels were recorded in the whole-
cell configuration as described earlier [22]. The extracellular
solution was comprised of 145 mM NaCl, 2.5 mM KCl, 1 mM CadCl,,
3 mM MgCl,, and 10 mM HEPES (pH adjusted to 7.4 with NaOH).
The intracellular solution was comprised of 140 mM KCl, 1 mM
MgCl,, 10 mM HEPES, and 5 mM EGTA (pH adjusted to 7.4 with
KOH). All electrophysiological experiments were performed at
room temperature (25+2°C) using a MultiClamp 700B patch-
clamp amplifier/Digidata 1550B digitizer and the pClamp 10 soft-
ware (Molecular Devices, Sunnyvale, CA, USA). All data were
digitized at 20kHz and filtered at 2 kHz. Series resistance was
compensated to 60%-80%.

Inflammasomes activation

Inflammasome activation and analysis were performed as
described earlier [23]. For NLRP3 inflammasome activation, 5 X
10°> BMDM cells were plated in six-well plates and the medium
was changed to pre-warmed opti-MEM, then the cells were
primed with LPS (1 pg/mL) overnight. Next morning, ML365 was
added into the culture for another 2 h followed by stimulating
with ATP (5mM) or nigericin (10puM) for 1h. Cell culture
supernatants were further analyzed by ELISA. Cell extracts and
precipitated supernatants were analyzed by immunoblotting.

For other inflammasomes activation, 2.5x 10° BMDMs were
plated in 12-well plates and the medium was changed to opti-
MEM. BMDMs were primed with LPS (1 pg/mL) for 12 h and the
cells were pretreated with ML365 for 2h. Then BMDMs were
transfected with poly(dA:dT) (2.5 ug) using 2.5 pL Lipofectamine
3000 for 4h to activate AIM2 inflammasome. To activate non-
canonical NLRP3 inflammasome and NLRC4 inflammasome, the
cells were primed with Pam3CSK4 (2 ug/mL) for 6 h. Subsequently,
BMDMs were pretreated with ML365 for 2 h and then stimulated
for 16 h with ultrapure LPS (2.5 pg/mL) with 7.5 uyL DOTPA (Cat#
38254100; Roche, Basel, Switzerland). For bacterial protein flagellin
transfection, ultrapure flagellin from P. aeruginosa (1 ug/mL)
was mixed with 40 uyL DOTAP for each reaction. The reaction
mixture was incubated for 45-60 min then added to BMDMs
for 16 h.

To differentiate THP-1 cells into macrophages, 5x 10° THP-1
cells were cultured with PMA (100 ng/mL) for 12h in six-well
plates, then cells were washed in PBS and cultured for 36 h in
RPMI-1640 medium. After that, LPS (1 ug/mL) was added into the
culture for another 12 h, and then, the cells were pretreated with
ML365 for 2h and then stimulated with ATP (5mM) for 6 h or
nigericin (10 uM) for 1 h to activate NLRP3 inflammasome.

Immunoblotting

All immunoblotting procedures and analysis were complied with
APS guidelines [24]. Cell lysates were homogenized in ice-cold
lysis RIPA buffer (Cat# KGP702; KeyGen, Nanjing, China) containing
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0.1% protease inhibitors (Cat# KGP602; KeyGen) and 1%
phosphatase inhibitors (Cat# KGP602; KeyGen) and centrifuged
at 15000xg for 15min at 4°C. Protein concentration was
quantified using a BCA protein assay kit (Cat# 23227; Thermo
Fisher, Waltham, MA, USA). Equal amounts of protein were
separated by electrophoresis in SDS-PAGEs and then transferred
onto PVDF membranes (Cat# 3010040001; Roche). The membranes
were blocked with 5% non-fat milk (w/v) in 0.05% Tris-buffered
saline with Tween-20 for 1h at room temperature and then
incubated with respective primary antibodies overnight at 4°C.
Afterwards, the membranes were incubated with respective
secondary antibodies for 1h at room temperature. Then, the
membranes were visualized by ECL Luminous solution (Cat# G3308;
Gbcbio, Guangzhou, China).

The supernatant proteins were extracted as described earlier
[25]. After inflammasomes activation, supernatants were collected
into 1.5 mL tubes, centrifuged for 5 min at maximum speed, and
then transferred into fresh 1.5 mL tubes. Subsequently, chloroform
and methanol were added into the tube with a ratio of 3:10:10.
After being vortexed, the mixture was spun down in a
microcentrifuge at maximum speed for 10 min at room tempera-
ture. Then, 800 uL of methanol was added and spun again after
discarding the aqueous phase (at the top). The supernatants were
removed and the pellets were dried for 10 min at 37 °C. After that,
25-50 uL of SDS sample buffer was added, mixed, and incubated
for 5 min at 95 °C for immunoblotting.

Quantitative real-time PCR

Total RNA was extracted using TRIZOL (TaKaRa, Kyoto, Japan). RNA
concentrations were measured using NanoDrop 2000c (Thermo
Fisher) and normalized among the experimental sample set. cDNA
was reverse transcribed using the PrimeScript™ RT reagent Kit
with gDNA Eraser (TaKaRa) according to the manufacturer's
instructions. Quantitative PCR was performed with SYBR® Green
PCR Master Mix Kit (Thermo Fisher) on the LightCycler 480 System
(Roche). The primers used in quantitative PCR were listed in
Table 1. The levels of target genes were normalized to the levels of
B-actin mRNA and relative expression was determined according
to the AACt method [26].

Small-interfering RNA transfection

BMDM cells were plated in six-well plates (2.5 x 10° cells per well)
and then transfected with 50 nM siRNA using 7.5 pL Lipofectamine
RNAIMAX (Thermo Fisher) for 48 h according to the manufacturer’s
instructions. The siRNA sequence for mouse TWIK2 (5-
TCACAGAACTCATCTTGCT-3') and scrambled siRNA were chemi-
cally synthesized by RiboBio Co. (Guangzhou, China).

LPS-induced endotoxic shock

C57BL/6 mice (aged 8-12 weeks) were injected intraperitoneally
(i.p.) with ML365 (1, 10, 25 mg/kg) or MCC950 (50 mg/kg) at 1 h prior
to stimulation with 10 mg/kg LPS (Escherichia coli O111:B4; Sigma).
After 7 h, mice were sacrificed and serum levels of IL-18 and TNF-a
were measured by ELISA. Lung tissues were harvested for H&E
staining.

Pharmacokinetic study of ML365

SD rats were dosed i.v. (7 mg/kg) or p.o. (17.5 mg/kg) and blood
samples were taken via obital vein at the following time points
post dosing: 0.03 (i.v. only), 0.083, 0.25, 0.5, 0.75 (only p.o.), 1, 1.5
(only p.o.), 2, 4, 6, 8, 12, 24 and 36 h. Plasma was separated from
whole blood by centrifugation and stored at —20 °C until analysis.
Compound concentrations were determined using an Agilent
1260 + 6460 LC/MS/MS system. The Cihaxs Tmaxe t1/2, and AUC were
evaluated using WinNonlin 4.0.

ELISA analysis

The amounts of IL-18 and TNF-a in cell culture supernatants and
serum were measured using ELISA kits (Cat# 88-7013-88 for mouse
IL-13 and Cat# 88-7324-88 for mouse TNF-q; Invitrogen) according
to the manufacturer’s instructions.

Data analysis and statistics

The data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology [27].
Electrophysiological data were processed using Clampfit 10.6
(Molecular Devices, USA). Dose-response curves were fitted to the
Hill equation, f=1/[1 + (C/ICs50)"], where f=I/lcontronr 1Cs0 cOrre-
sponds to drug concentration producing half of the maximum
response, [C] corresponds to the drug concentration, and n is the
Hill coefficient. Each experiment in this study was at least
performed five times. Statistical analyses were performed by a t-
test using GraphPad Prism 6 and data were reported as the means
+ SEM (standard error of the mean). A P value<0.05 was
considered as statistically significant.

RESULTS

Identification of ML365 as a potent TWIK2 channel inhibitor

Wild type TWIK2 channel has been reported to produce no or little
current in heterologous systems [21, 28]. A mutant TWIK2
(MuTWIK2) with three mutations introduced in the C-terminus
(1289A/L290A/Y308A) has been reported to increase the plasma
membrane expression and thus produce detectable currents in
transfected cells [21]. Similar to earlier studies, introducing the
three mutations into wtTWIK2 led to a ~14 fold current increase
(24.3+0.74 nA for muTWIK2 vs. 1.72+0.36 nA for wtTWIK2) in
transfected COS-7 cells (Supplementary Figure S1), which makes
further TWIK2 modulators screening feasible.

We then explored several known K2P modulators (chemical
structures in Fig. 1a) for their effects on muTWIK2 channel. Among
all compounds tested, only ML365 showed potent inhibition on
muTWIK2, with an I/l of 0.35+0.02 with 10uM (Fig. 1b-d). To
further examine the electrophysiological characteristics of ML365
inhibition on muTWIK2, we tested the effects of ML365 on TWIK2
currents under different voltages. TWIK2 channel was slightly
inactivated at positive potentials and the inhibitory effects of
ML365 on TWIK2 had no voltage dependence, namely, ML365
inhibited TWIK2 channel to similar extent at different voltages
(Fig. 2a, b). Furthermore, the concentration-response curve showed
that the 1Cso of ML365 on muTWIK2 was 4.07 £ 1.5 uM (Fig. 2c).

Table 1. Primer that has been used for quantitative PCR.

Gene (mouse)

Forward primer (5'—3’)

Reverse primer (5'—3)

TWIK1 AGCAACGCCTCGGGAAAT GAGGAGGGTGAACGGGAT
TWIK2 CTGGTCCTATGGTGATGC GTCCCAAAGGTAGAGTGA
THIK1 GGGAAGGTGAGACGCGAAG CAGTGCGAAGAGGCAGATCA
THIK2 GGGACTTCCCTGGAGCCTTC GTCATGCCGAAACCTATGGTCG
B-actin AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC
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Fig. 1 Effect of known K2P modulators on TWIK2 channel. a Chemical structures of six K2P channel modulators used in this study.
b Example traces of muTWIK2 currents in the absence or presence of 10 pM ML365. To record K2P currents, a “step-ramp” voltage protocol was
used as described earlier. For the “step” component, cells were hyperpolarized from a holding potential of —60 mV to —80 mV for 100 ms and
then stepped to —40 mV for 500 ms. For the “ramp’ cells were then stepped to —100 mV for 100 ms, followed by a 500 ms voltage ramp to
+20mV, and then stepped back to —80 mV for 100 ms prior to hold at —60 mV. The protocol was applied every 15 s until reaching stable
modulation by ML365. Left: representative time course of currents with the application of ML365 as indicated. Currents were measured at
—40 mV in the step component. I/l means currents in the step component before and after the application of ML365. Right: exemplar current
traces in the absence (black) or presence (red) of ML365, respectively. ¢ Summary of effects of K2P modulators on muTWIK2 channel. The
concentrations for each compound were as followed: DCPIB:10 uM; Quinine: 100 pM; Fluoxetine: 10 uM; ML365: 10 pM; ML335: 10 pM; TKDC:
10 pM. The concentrations were chosen depending on their reported 1C5o/ECso on related subtypes of K2P channels. The number of cells

recorded for each experiment is indicated in the parentheses at the top of the graphs. Data are represented as mean + SEM.

ML365 selectively inhibits TWIK2, but not TWIK1 or THIK1 channels
TWIK2 belongs to TWIK subfamily of K2P channels, with two
members, TWIK1 and TWIK2 [29]. We next examined the effect of
these compounds on TWIK1 channel. Similar to TWIK2, wild-type
TWIK1 channel gave no current in transfected cells. Similarly,
introducing a mutant channel (muTWIK1) with three mutations
(1293A/1294A/K274€E) significantly increased TWIK1 currents (20.4
+ 1.06 nA for muTWIK1 vs. 6.4 + 1.02 nA for wtTWIK1, respectively)
(Supplementary Fig. S2). ML365 (10 pM) showed no inhibitory
effect on muTWIK1 channel (Fig. 3), even at higher dosage (20 uM)
(Supplementary Fig. S3a, c). Besides, quinine and fluoxetine
demonstrated modest inhibition on muTWIK1 (Fig. 3).

Recently, another member of K2P channels, THIK1, has been
reported to play an essential role in microglia (the macrophage
resides in the central nervous system) [30, 31]. THIK1 is responsible
for the maintenance of the microglial resting membrane potential
and thus is essential for microglial ramification, surveillance, and
IL-1B release. Thus, we examined the expression level of THIK
(THIK1 and THIK2) and TWIK (TWIK1 and TWIK2) subfamilies
channels by quantitative real-time PCR in different types of
macrophages, including mouse BMDMs, RAW264.7, and microglia
BV-2 cell lines. The results showed mRNA levels of TWIK2 and
THIK1 were both significant high in all three macrophages tested,
while little or no mRNA level was examined for TWIK1 or THIK2
(Fig. 4a). Therefore, we tested K2P modulators for their effects on
THIK1 channel. As shown in Fig. 4, ML365, DCPIB, fluoxetine,
ML335 and TKDC had no effect on THIK1, while quinine
demonstrated a modest inhibitory effect. Besides, high concen-
tration of ML365 (20 uM) also showed no obvious modulation on
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THIK1 (Supplementary Fig. S4). Collectively, the above results
showed that quinine and fluoxetine were non-selective and weak
blockers for TWIK1, TWIK2 and THIK1 channels among all K2P
modulators examined. Most interestingly, the data demonstrated
that ML365 was a potent inhibitor of TWIK2 channel with no
obvious modulation on TWIK1 or THIK1 channel.

ML365 suppresses ATP-induced NLRP3 activation

Given the critical role of TWIK2 channel in NLRP3 inflammation
activation [17], we next examined the effect of ML365 on NLRP3
inflammasome. As shown in Fig. 5a-c, ML365 concentration-
dependently inhibited ATP-induced NLRP3 inflammasome in
BMDMs, demonstrated by reduced mature IL-13 and the
generation of the p20 subunit of active caspase-1 level in the
cell supernatants by Western blotting (Fig. 5a) and reduced IL-13
release examined using ELISA (Fig. 5b). In the same supernatants,
the level of TNF-q, an inflammasome unrelated cytokine, was
preserved with ML365 (Fig. 5¢). Furthermore, ML365 had no effect
on nigericin-induced NLRP3 inflammasome activation (Fig. 5d-f).
The distinct effects of ML365 on ATP or nigericin-induced NLRP3
inflammasome were also confirmed in THP-1 differentiated
macrophages (Supplementary Fig. S4).

We next investigated the effects of ML365 on other inflamma-
somes such as AIM2, NLRC4 or noncanonical inflammasomes.
Given that NLRP3 inflammasome can also be activated by LPS
through caspase-11 activation independently of TLR4 [32, 33], we
evaluated the effect of ML365 on non-canonical inflammasome.
The data showed that ML365 did not inhibit IL-13 release followed
by non-canonical inflammasome activation (Fig. 5g). Besides,
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or presence of 10 uM ML365. b Summary of the inhibitory effect of ML365 (10 uM) on muTWIK2 at voltages ranging from —60 to +80 mV.
c Dose-response curve of the inhibition of muTWIK2 by ML365.
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Fig. 3 Effect of known K2P modulators on TWIK1 channel. a Example traces of muTWIK1 in the absence or presence of 10 uM ML365. Left:
Representative time course of currents with the application of ML365 as indicated. Currents were measured at —40 mV in the step component.
Right: exemplar current traces in the absence (black) or presence (red) of ML365, respectively. The protocol to record muTWIK1 was similar to
that described in Fig. 1 with slight change shown at the right bottom. b Summary of the modulatory effect of tested K2P modulators on
muTWIK1 channel. The concentrations applied for each compound were the same as in Fig. 1.

BMDM cells were transfected with poly(dA:dT) to activate the
AIM2 inflammasome or flagellin to activate NLRC4 inflammasome.
ML365 did not inhibit either AIM2 or NLRC4 inflammasome-
induced IL-1 production (Fig. 5h, i). These results suggested that
ML365 specifically impaired ATP-induced NLRP3 inflammasome,
which was consistent with the critical role of TWIK2 channel for
NLRP3 inflammasome.

TWIK2 deficiency impairs the inhibition of ATP-induced NLRP3
inflammasome by ML365

To examine whether the impairment of ML365 on NLRP3
inflammasome targeting TWIK2 channel, we knocked down TWIK2
channel using small interfering RNAs (siRNA) (Fig. 6a). Silencing
TWIK2 significantly reduced IL-1f production in response to ATP-
activated BMDMs (Fig. 6b, c). Furthermore, we found that the
inhibition by ML365 on ATP-induced NLRP3 inflammasome was
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significantly weakened by TWIK2 knockdown (Fig. 6b, c). This
result further strengthened that ML365 blocked ATP-induced
NLRP3 inflammasome by targeting TWIK2 channel.

ML365 ameliorates LPS-induced endotoxic shock in vivo

Dysregulation of NLRP3 inflammasome and overload of IL-1(3 have
been shown to play critical roles in the pathogenesis of endotoxic
shock [34]. To assess the role of ML365 in vivo, we investigated a
LPS-induced endotoxic shock model in mice with ML365 and the
reported NLRP3 inhibitor, MCC950 [35] (Fig. 7a). After 7 h injection
of LPS, serum concentrations of IL-13 and TNF-a increased
dramatically compared to the control group (Fig. 7b, ¢).
Pretreatment with ML365 reduced serum concentrations of IL-13
but did not considerably decrease the amount of TNF-a (Fig. 7b, c).
We also observed a marked decrease in endotoxemic inflamma-
tory lung injury in ML365 pretreated mice as evaluated by the
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Fig. 4 Effect of known K2P modulators on THIK1 channel. a RT-gPCR analysis of TWIK and THIK subfamilies in BMDMs, RAW264.7 and BV-2
cells. b Example traces of THIK1 in the absence or presence of 10 pM ML365. Left: Representative time course of currents with the application
of ML365 as indicated. Currents were measured at —40 mV in the step component. Right: exemplar current traces in the absence (black) or
presence (red) of ML365, respectively. The protocol to record THIK1 was inserted at the top of the panel with slight modification from that
described in Fig. 1. ¢ Summary of the modulatory effect of tested K2P modulators on muTWIK1 channel. The concentrations applied for each

compound were the same as in Fig. 1.

histopathological examination of lungs (Fig. 7d). Taken together,
our finding indicated the therapeutic potential of ML365 in septic
shock and other NLRP3 inflammasome-driven diseases.

In vivo pharmacokinetics of ML365

To assess the therapeutic potential of ML365, we examined the
pharmacokinetic profile of this compound in vivo. A single-dose
pharmacokinetic profile of ML365 in SD rats was determined via
intravenous (7 mg/kg) and oral (17.5mg/kg) administration of
ML365. The area under the curve was 1618.95 ng-h -mL™', with a
Cmax Of 200590 ng/mL and a half-life of 13.58 h. In addition,
ML365 showed fair absolute oral bioavailability in rat with F values
of 22.49% (Table 2). These data suggested that ML365 constitutes
a reasonable starting point for further drug development to treat
NLRP3-related diseases.

DISCUSSION

Potassium channels have been extensively proven to be attracting
drug targets for the treatment of cardiovascular and neurological
diseases [36-38]. Emerging evidence has demonstrated that intact
potassium transport is required for both innate and adaptive
immunity [17, 31, 39, 40]. Two-pore domain potassium (K2P)
channels comprise a major and structurally distinct subset of the
mammalian K™ channel superfamily, including 15 K2P subtypes
that form six subfamilies (TWIK, TASK, TRESK, TALK, THIK, and
TRESK) [18, 41, 42]. They are regulated by a wide variety of
physical, chemical, and biological stimuli and implicated in
multiple physiological processes [43]. In recent years, critical roles
of TWIK and THIK subfamily channels in innate immunity have
been gradually revealed [17, 31]. TWIK2 channel was demon-
strated to work together with P2X7 receptor to mediate potassium
efflux, which is essential for ATP-induced NLRP3 inflammasome
and the depletion of TWIK2 could prevent sepsis-induced lung
inflammation [17]. However, there is no pharmacological study
regarding TWIK channel given that this channel has long been
considered to locate on lysosome or endosome with low or no
plasma membrane expression [21, 44]. Thus, it is important to
identify TWIK2 channel modulators and further examine their
modulation on NLRP3 inflammasome.

We screened six known K2P channels modulators, including
quinine (a non-selective K2P inhibitor), fluoxetine (an inhibitor of
TREK1 channel), DCPIB (a non-selective K2P channels modulator),
ML365 (an inhibitor of TASK1 and TASK3), ML335 (an activator of
TREK1 and TREK2) and TKDC (an inhibitor of TREK1 and TREK2), for
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their modulation on TWIK2 channel [45-49]. Our study shows that
ML365 was a potent TWIK2 channel inhibitor with an ICs, of 4.07
pUM. Besides, ML365 had no effect on another TWIK subfamily
member TWIK1 or immune-related channel THIK1. It would be
valuable to study the molecular mechanism of ML365 inhibition
on TWIK2 but not TWIK1/THIK1 in the future.

It has been well accepted that potassium efflux is both
necessary and sufficient for NLRP3 inflammasome activation in
most cases [12, 50-52]. AIM2 and NLRC4 inflammasomes are not
affected by high concentrations of extracellular K™, indicating the
specific role of potassium in modulating NLRP3 inflammasome
[12, 52]. Structurally diverse DAMPs/PAMPs employ distinct
mechanisms to cause potassium efflux to activate NLRP3
inflammasome. Firstly, existing research mainly focuses on the
molecular mechanism of potassium efflux during ATP-induced
NLRP3 inflammasome activation. P2X7 receptor and TWIK2
channel have been reported to co-operate in the process above
[17]. Secondly, toxins such as nigericin directly promote potassium
efflux by forming pores on the plasma membrane. Besides, the
NLRP3 inflammasome can also be activated followed by the
noncanonical inflammasome, which also depends on potassium
efflux [53, 54]. GSDMD and pannexin-1 have been proposed to
mediate potassium efflux in the above process to activate NLRP3
inflammasome [6, 55]. In our study, we found ML365
concentration-dependently impaired ATP-induced NLRP3 inflam-
masome, while the compound had no effect on nigericin-induced
NLRP3 inflammasome, non-canonical, AIM2 or NLRC4 inflamma-
some activation. ML365 has been previously reported to block
TASK1 and TASK3 channels, however, no or little TASK1 and TASK3
expression was observed in macrophage or microglia by RT-PCR or
RNA sequencing [17, 56], which indicates the inhibition of NLRP3
inflammasome is not related to their inhibitory effects on TASK1 or
TASK3. Furthermore, silencing TWIK2 channel dramatically
impaired the inhibition by ML365 on ATP-induced NLRP3
inflammasome. Collectively, the results suggested
ML365 specifically blocked ATP-induced NLRP3 inflammasome
by inhibiting TWIK2 channel.

In conclusion, we firstly found a potent TWIK2 channel inhibitor
—ML365. Further experiments showed that ML365 could speci-
fically inhibit ATP-induced NLRP3 inflammation in a concentration-
dependent manner. Lastly, our study demonstrated that ML365
ameliorated LPS-induced endotoxic shock in vivo. Therefore,
ML365 not only can be a very powerful tool for further exploration
of the physiological and pathological functions of TWIK2 channel
but also provides a structural reference for future design of
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Fig. 5 ML365 specifically blocked ATP-induced NLRP3 activation. Western blots of cell lysates or supernatants from BMDMs primed with
LPS (1 pg/mL) for 12h and subsequently challenged with 5mM ATP (a) or 10 pM nigericin (d) for 1 h with the application of different
concentrations of ML365 as indicated. b, ¢, e, f Production of IL-1p and TNF-a in the supernatants from BMDMs stimulated with ATP or
nigericin in combination with ML365 measured using ELISA. g Production of IL-1p from BMDMs stimulated with Pam3CSK4 and ultrapure LPS
with the application of ML365 (5 pM) as indicated. h Production of IL-13 from BMDMs stimulated with LPS and transfected poly(dA:dT) in the
absence or presence of ML365 (5 pM). i Production of IL-1f from BMDMs primed with Pam3CSK4 and transfected ultrapure flagellin and in the
absence or presence of with ML365 (5 uM). All results are representative of five independent experiments. Data are demonstrated as mean +
SEM. *P < 0.05 and ***P < 0.001 vs. control group (LPS + ATP).

a b Control SIRNA TWIK2 SiRNA C
=l Control siRNA PS + + 4+ o+ 4 4 = LPS
AP -+ 4+ - 1 a = (PS+ATP

= TWIK2 SiRNA ML365 - e
& kDa 15000+ B | PS+ATP+ML365
X 15 caspase-1
= T .| N -~ o0,

wnl

510 - . 2 1 illn
2 45 |Q- P —| pro-caspase-1 o 500
(} 0.5 :’
o -
: |0 Seeeee
S 00 42 |-....-| B-actin 0
o Control SiRNA TWIK2 siRNA

Fig. 6 Silencing TWIK2 impaired the inhibition of ML365 on ATP-induced NLRP3 inflammasome. a RT-PCR demonstrated the expression
was significantly decreased by TWIK2 siRNA. b Western blots of cell lysates or supernatants from BMDMs transfected with TWIK2 siRNA or
scrambled siRNA further activated by ATP in combination with ML365 (5 pM) as indicated. ¢ ELISA analysis of the production of IL-1p in the
supernatants from BMDMs stimulated with ATP in combination of ML365 with transfected TWIK2 siRNA or scrambled siRNA. All results are
representative of five independent experiments. Data are demonstrated as mean £ SEM. ***P < 0.001 vs. control group (LPS + ATP).

SPRINGER NATURE Acta Pharmacologica Sinica (2022) 43:992 - 1000



DMSO/PBS

~8

Inhibition of NLRP3 inflammasome by ML365

XY Wu et al.
LPS-induced endotoxic shock
LPS ML365 MCC950
A0 ok (1/10/25 mg/kg) (50 mg/kg)
LPS LPS

800+

Serum levels of IL-1B and TNF-a were measured @ 7h
Lung tissues were harvested for H&E staining

d
2 600~
£ >~ » L o I, . 3.
g 'PBS Wk’ . Al X P )’.f}:’
@ 400- ewml O A v, L P\%
Y ~ $ 8" 4 N BN / -t a |
= ~') qk", 1 ’ i UV R
200- N, 2 S ol T\ ),
SO A N - W
'_ Ad e 'y > . -
~ | 1 ‘9 4 L
o ,l (N’ ¥ :'.," 7 e ;u. (
g ( AT Pae?s
»,‘ . .L’ A o =il ~ { o’ R
>y ;‘ £ = A P N "‘!’ -i.-.\"(
. v - % A (oe”
(e - - — S— «
300 LPS/ML365 (25 mgikg), %\  LPS/MCC50 (50 mglkg) s -yad
™~ e 4 QT WY A San O L
= A ‘-"~‘ /‘ 7’.! ~ e 7 -\v. L o \—i‘
E A ...1’1, o &7 - A o aud T~ N~
S 200+ Tt A €54 ) i B
& 3 Sim v 2 ¥ ®A I L - 0 i “$-
o PR R Ve, O B 9 < YR 5 X T
g L AR ey B ¢~y N\Kn ST S
Y 2 ;o PR P L “n A §I7
= 100+ e S g} "l W e o SO S
N . A S - . , i -~
2 e, S A 24 ¢ ““ ,\\‘\ ‘i 4 why .
2 L - be B2 { far®v)
o ﬂ,_‘ A ] \ ¢ .2 +0 ~_>'_. » W Y ,_,__LA.L
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Table 2. The main pharmacokinetic parameters of ML365 in SD rats.

Mean plasma concentrations of ML365 were determined by LC-MS/MS
after single dose intravenous (7 mg/kg) and oral (17.5 mg/kg) delivery (n =
6).

selective inhibitors of TWIK2 channel, which could be beneficial
for the treatment of sepsis-induced lung inflammation and other
NLRP3- related inflammatory diseases.
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