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SUMMARY

Potassium (K+) efflux across the plasma membrane
is thought to be an essential mechanism for ATP-
induced NLRP3 inflammasome activation, yet the
identity of the efflux channel has remained elusive.
Here we identified the two-pore domain K+ channel
(K2P) TWIK2 as the K+ efflux channel triggering
NLRP3 inflammasome activation. Deletion of Kcnk6
(encoding TWIK2) prevented NLRP3 activation in
macrophages and suppressed sepsis-induced lung
inflammation. Adoptive transfer of Kcnk6�/� macro-
phages into mouse airways after macrophage deple-
tion also prevented inflammatory lung injury. The K+

efflux channel TWIK2 in macrophages has a funda-
mental role in activating the NLRP3 inflammasome
and consequently mediates inflammation, pointing
to TWIK2 as a potential target for anti-inflammatory
therapies.

INTRODUCTION

Inflammasomes are key components of the host-defense system

andessential inflammatory signalingplatforms responsible for de-

tecting injury mediators released during infections and tissue

damage to activate the inflammatory response (Latz et al.,

2013). The inflammasome NLRP3 (nucleotide-binding oligomeri-

zation domain-like receptor containing pyrin domain 3) in macro-

phages plays a key role in the adaptive inflammatory response as

well as pathogenesis of diseases characterized by an excessive

maladaptive inflammatory activation such as acute lung injury

(dos Santos et al., 2012; Grailer et al., 2014; Wu et al., 2013).

NLRP3 inflammasome assembly forms amultimeric protein com-

plex that activates caspase-1 and thereby proteolytically cleaves

substratessuchas thepro-interleukin-1b (IL-1b) intoactivepro-in-

flammatorymediators in response to pathogens and endogenous

danger signals (Schroder and Tschopp, 2010). NLRP3 activation

is comprised of an initial priming phase involving NF-kB-depen-

dent transcription of NLRP3 and pro-interleukin-1b initiated by

pro-inflammatory cytokines or via stimulation of Toll-like receptor
56 Immunity 49, 56–65, July 17, 2018 ª 2018 Elsevier Inc.
(TLR) by agonists such as lipopolysaccharide (LPS) (Burns et al.,

2003). The second phase of NLRP3 activation is initiated by path-

ogen-associated molecular patterns (PAMPs) or danger-associ-

ated molecular patterns (DAMPs) such as ATP, which ligates the

purinergic receptor P2X7 (Surprenant et al., 1996). Although reac-

tive oxygen species (ROS),mitochondrial and lysosomal damage,

formation of large cell membrane pores, and increased cytosolic

Ca2+ can contribute toNLRP3activation (Latz et al., 2013), studies

have shown that the decrease in intracellular K+ is an essential

trigger for NLRP3 activation induced by ATP and other DAMPs

(Franchi et al., 2007; Pétrilli et al., 2007) and this has been subse-

quently confirmed by later studies (Muñoz-Planillo et al., 2013).

However, the identity of the K+ efflux channel that enables the

requisitedecrease in intracellularK+, themechanismsof its activa-

tion, and its significance in the pathogenesis of inflammation have

remained enigmatic.

The purinergic P2X7 receptor (Chessell et al., 1998; Rassen-

dren et al., 1997; Surprenant et al., 1996) is a non-selective cation

channel with a pore-forming motif resembling K+ channels

(Valera et al., 1994) and has thus been proposed as a putative

K+ efflux channel mediating activation of NLRP3 inflammasome

(Chen and Nuñez, 2010; Pelegrin and Surprenant, 2009). How-

ever, this would require that P2X7 receptor function both as a

DAMP sensor and a K+ efflux channel. Here, we demonstrate

that K+ efflux regulates ATP-induced NLRP3 activation inmacro-

phages through the K+ channel TWIK2 (two-pore domain weak

inwardly rectifying K+ channel 2) (Enyedi and Czirják, 2010).

Genetic deletion of Kcnk6 (encoding TWIK2) and pharmacologic

inhibition of TWIK2with quinine abrogated NLRP3 activation and

inflammatory lung injury inmicechallengedwith endotoxin or pol-

ymicrobial sepsis. Furthermore, adoptive transfer of Kcnk6�/�

macrophages into wild-typemice depleted of lungmacrophages

prevented sepsis-induced NLRP3 inflammasome activation and

inflammatory lung injury. Thus, K+ efflux throughTWIK2 inmacro-

phages is an essential mechanism of ATP-induced NLRP3 in-

flammasome activation and sepsis-induced lung injury.

RESULTS

TWIK2 Deficiency Inhibits NLRP3 Inflammasome
Activation in Macrophages
Since a decrease in cytosolic K+ is an important trigger for

NLRP3 activation (Franchi et al., 2007; Pétrilli et al., 2007), we
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Figure 1. TWIK2-Mediated Quinine-Sensitive NLRP3 Inflammasome Activation in Macrophages

(A–C) Quinine inhibits ATP-induced NLRP3 inflammasome activation. Mouse bone marrow-derived macrophages (BMDMs) were primed with LPS for 3 hr and

subsequently challenged with ATP for 30 min. Cell lysates were immunoblotted with caspase-1 p20 antibody (A) and results are summarized in (B) (*p < 0.05

compared with group treated with LPS and ATP but without quinine, n = 3). IL-1b release in supernatants was measured using ELISA method (C) (*p < 0.05

compared with group treated with LPS and ATP but without quinine, n = 3).

(D) mRNA of various two-pore domain K channel (K2P) in BMDMs were assessed by qRT-PCR for the following: Kcnk1 (encoding TWIK1), Kcnk6 (encoding

TWIK2), Kcnk7 (encoding TWIK3); TWIK1, TWIK2, TWIK3: 2 pore domain weak inwardly rectifying K+ channel 1, 2, and 3; Kcnk3 (encoding TASK1), Kcnk5

(encoding TASK2), Kcnk9 (encoding TASK3); TASK1, TASK2, TASK3: TWIK related acid-sensitive K+ channel 1, 2, and 3; Kcnk2 (encoding TREK1), Kcnk10

(encoding TREK2); TREK1, TREK2: TWIK related K+ channel 1 and 2;Kcnk12 (encoding THIK2: 2 pore domain halothane-inhibited K+ channel 2);Kcnk4 (encoding

TRAAK: TWIK related arachidonic acid-stimulated K+ channel). Kcnk6, Kcnk2, and Kcnk12 exhibited the highest expression (n = 3).

(E and F) TWIK2 silenced by siRNA inhibited ATP-induced NLRP3 inflammasome activation. Mouse J774A.1 (cell line) macrophages were treated with control

siRNA or siRNA targeting Kcnk6, Kcnk2, and Kcnk12. IL-1b release in supernatants was monitored with ELISAmethod (E, *p < 0.05 compared with siRNA control

group, n = 3) and cell lysates or pellets were immunoblotted with indicated antibodies (F) (representative of 3 independent experiments). NLRP3, nucleotide-

binding oligomerization domain-like receptor (NLR) containing pyrin domain 3; ASC, apoptosis-associated speck-like protein containing a carboxy-terminal

caspase recruitment domain (CARD).

Please also see Figures S1–S4.
sought to identify the K+ efflux channel responsible for ATP-

induced NLRP3 activation using various pharmacologic K+

channel inhibitors. We activated the NLRP3 inflammasome

with extracellular ATP in mouse bone marrow-derived macro-

phages (BMDMs) primedwith LPS (Burns et al., 2003). NLRP3 in-

flammasome activation was evaluated by measuring caspase 1

activation (p20 subunit of caspase 1) by immunoblotting and

IL-1b release by ELISA. Concentrations of ATP were chosen

based on establishing dose- and time-dependent responses of

ATP-induced IL-1b release and caspase 1 activation in BMDMs

(Figures S1A–S1C). We first studied known pharmacologic K+

channel inhibitors: Ba2+ (inhibitor of inward rectifier K+ channels),

tetraethylammonium (TEA, inhibitor of voltage gated K+ chan-

nels), Iberiotoxin (IbTX, inhibitor of large-conductance calcium-
activated K+ channels, BK), and quinine (inhibitor of two-pore

domain K+ channels, K2P) (Figure S2A; Shieh et al., 2000). We

found that only quinine prevented caspase 1 activation in

BMDMs in a concentration-dependent manner (Figures 1A and

1B) and that it also suppressed the ATP-induced IL-1b release

(Figures 1C and S2A). In addition, quinine inhibited the outward

current in BMDMs induced by ATP (Figure S2B), whereas chlo-

roquine, a related quinoline compound (Leed et al., 2002), had

no inhibitory effect on the ATP-induced current (Figure S2B),

and minimally affected IL-1b maturation and caspase 1 activa-

tion (Figure S3). Quinine also suppressed ATP-induced cytotox-

icity as evaluated by the release of tumor necrosis factor alpha

(TNFa) and release of lactate dehydrogenase (LDH) (Figure S4;

Chan et al., 2013).
Immunity 49, 56–65, July 17, 2018 57



We next focused on K+ channels of the K2P family since it is

known that members of this family are quinine sensitive (Shieh

et al., 2000). The K2P family is divided into six subfamilies

(TWIK, TREK, TASK, TALK, THIK, and TRESK) with each having

different members (Enyedi and Czirják, 2010). Quantitative

expression analysis of K2P channels in BMDMs demonstrated

that mRNA levels of Kcnk6 (encoding TWIK2), Kcnk2 (encoding

TREK1), and Kcnk12 (encoding THIK2) were the highest as

compared to the others (Figure 1D). We then depleted each

of these channels by siRNA in J774A.1 mouse macrophages

and assessed effects of gene depletion on inflammatory activa-

tion. Only Kcnk6 depletion reduced IL-1b maturation and

release (Figures 1E and 1F). Kcnk6 depletion also decreased

caspase 1 activation (Figure 1F) in response to ATP, indicating

the importance of TWIK2 (encoded by Kcnk6) for NLRP3 in-

flammasome activation. Furthermore, inhibition of NLRP3 acti-

vation by Kcnk6 depletion in siRNA-treated BMDMs also

reduced oligomerization of apoptosis-associated speck-form-

ing protein containing caspase-recruiting domain (ASC), the

adaptor protein bridging NLRP3, and caspase 1 to form inflam-

masome complexes (Figure 1F; Lu et al., 2014; Srinivasula

et al., 2002).

TWIK2 Activates P2X7-Independent K+ Efflux in
Macrophages
We next determined the electrophysiological mechanism by

which TWIK2 deficiency suppressed NLRP3 activation and as-

sessed the ATP-induced whole-cell current using a patch

clamp approach. Since the P2X7 receptor is an ATP-gated

non-selective cation channel with a pore-forming motif resem-

bling K+ channels (Valera et al., 1994), we examined whether

the P2X7 receptor could itself mediate K+ efflux and therefore

contribute to ATP-induced NLRP3 inflammasome activation.

Voltage clamping was performed in BMDMs obtained from

wild-type (WT), P2X7 receptor-deleted (P2rx7�/�), and TWIK2-

deleted (Kcnk6�/�) mice, with K+ as the major outward current

carrier and Na+ and Ca2+ as the major inward current carriers.

Representative time courses of current and voltage (I-V) plot

with a ramp protocol are shown in Figures 2A–2F and I–V plots

of the peak currents are shown in Figures 2G and 2H, showing

results of adding quinine in the recording solution (bath solu-

tion). The amplitudes of both peak inward currents and outward

currents are summarized in Figure 2I. ATP (5 mM) rapidly

induced whole-cell currents (patch clamp recordings of unsti-

mulated cells are shown in Figures S5A–S5C), with both inward

and outward currents reaching their peaks within 20 s in wild-

type (WT) BMDMs (Figure 2A) and then declining to the basal

state in �60 s (Figures 2A and 2B). Quinine inhibited only the

outward currents induced by ATP (Figure 2H). As expected,

the inward current was inhibited in macrophages from

P2rx7�/� mice when compared to those from WT mice (Figures

2C, 2D, and 2G). The outward currents observed in WT BMDMs

persisted in P2rx7�/� BMDMs but with a slower developing rate

(reaching its peak in 80 s, Figure 2C). This outward K+ current

was quinine sensitive (Figure 2H). In Kcnk6�/� BMDMs, how-

ever, the ATP-induced inward currents were intact but had a

slower developing rate (in �90 s) as compared to BMDMs

from WT mice (Figures 2E–2G) and the current was insensitive

to quinine (Figure 2H). The outward currents in Kcnk6�/�
58 Immunity 49, 56–65, July 17, 2018
BMDMs were reduced (Figures 2E–2G) when compared to

both WT and P2rx7�/� BMDMs. These results demonstrate

the requisite role of TWIK2 in mediating the ATP-induced K+

efflux current in BMDMs.

TWIK2-Mediated K+ Efflux Is Required for ATP-Induced
NLRP3 Inflammasome Activation
We next investigated whether TWIK2 also regulates NLRP3 in-

flammasome activation by other PAMPs such as imiquimod,

which activates NLRP3 inflammasome independent of K+ efflux

(Groß et al., 2016), and nigericin, a bacterial pore-forming toxin

(a K+ ionophore), which induces NLRP3 activation via enhancing

K+ efflux independent of P2X7 (Katsnelson et al., 2015). We

demonstrated the requisite role for TWIK2 in ATP-induced

NLRP3 inflammasome activation as caspase 1 activation and

IL-1b and IL-18 release were inhibited in TWIK2-deficient

BMDMs (obtained from Kcnk6�/� mice) whereas neither nigeri-

cin- (which induced a small outward current, Figures S5D and

S5E) nor imiquimod-induced NLRP3 inflammasome activation

was affected in WT BMDMs when compared to the activation

seen in Kcnk6�/� BMDMs (Figures 3A–3C). Kcnk6�/� BMDMs

also demonstrated reduced ATP-induced cytotoxicity as evalu-

ated by release of LDH and TNFa, whereas nigericin- and imiqui-

mod-induced cytotoxicity were unaffected by TWIK2 deletion

(Figures S6A and S6B). We next determined whether Kcnk6�/�

BMDMs responded to triggers for other inflammasomes such

as AIM2 (absent in melanoma 2), NLRC4 (nucleotide-binding

oligomerization domain-like receptor family caspase-recruiting

domain containing 4), and pyrin inflammasomes (Broz and Dixit,

2016). We found that the responses of Kcnk6�/� BMDMs to Sal-

monella, Poly (dAdT), and TcdB toxin, which respectively

activate NLRC4, AIM2, and pyrin inflammasomes, remained

intact (Figures 3D and 3E). Release of TNFa in response to these

non-NLRP3 inflammasome triggers was also preserved in

Kcnk6�/� BMDMs (Figure 3F).

We also addressed the K+ efflux mechanism in TWIK2-medi-

ated NLRP3 inflammasome activation by determining the

intracellular K+ concentration in cells challenged with ATP. ATP

challenge induced a marked drop in intracellular K+ concentra-

tion in WT mice consistent with ATP-induced K+ efflux but this

decrease was absent in Kcnk6�/� BMDMs (Figure 3G). These

results thus demonstrate a specific role for TWIK2 in mediating

ATP-induced NLRP3 inflammasome activation by enabling

K+ efflux.

Macrophage TWIK2 Is Required for Sepsis-Induced
NLRP3 Inflammasome Activation and Inflammation
To next address the role of TWIK2-mediated inflammasome acti-

vation in inducing inflammation, we used two complementary

models of lung inflammation and injury in mice, cecal ligation

puncture (CLP), which causes polymicrobial sepsis (Cuenca

et al., 2010), as well as endotoxemia induced by systemic injec-

tion of bacterial lipopolysaccharide (LPS) (Bachmaier et al.,

2007). Lungs from Kcnk6�/� mice challenged with CLP showed

inhibition of NLRP3 inflammasome activation as evaluated by

caspase 1 activation and IL-1b maturation (Figures 4A–4C). We

also observed a marked decrease in endotoxemic inflammatory

lung injury in Kcnk6�/� mice as evaluated by the histopathology

of lungs, quantification of neutrophil and macrophage infiltration
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Figure 2. TWIK2-Mediated and P2X7-Independent K+ Efflux in Macrophages

(A–F) Representative current traces at ramp voltages of whole-cell patch clamp recordings with time in BMDMs fromwild-type (WT) (A and B, seven independent

experiments), P2rx7�/� (C and D, five independent experiments), and Kcnk6�/� (E and F, six independent experiments) mice. Cells were bathed in solutions with

K+ as the major outward current and Na+ and Ca2+ as the major inward current. Whole-cell current was elicited with ramp voltages running from �110 mV

to +50mVwithin 200ms applied to cells with an interval of 1 s. The direction of currents was indicated by straight black arrows. The ‘‘increased phase’’ means the

currents increase with time from basal level to the peak of positive (outward) current or to the peak of negative (inward) current (indicated by color arrows). The

‘‘decreased phase’’ means the currents decrease with time from the peak of the outward currents or from the peak of inward) current to the basal level (indicated

by color arrows).

(G andH) Comparison of basal and ATP-induced peak current in the absence of quinine (G) as described in (A) and of ATP-induced peak current in the presence of

quinine (H) (representative of three independent experiments) in the different cells as indicated.

(I) Summary of amplitudes of the outward peak currents (under 50 mV) and inward peak current (under �100 mV) from experiments described in (A)–(F) and (H)

(*p < 0.05 compared with WT group in each condition).

Please also see Figures S2–S5.
in the alveoli (Figures 4D and 4E), and myeloperoxidase (MPO)

activity of lung tissue (Figure 4F).

To identify the in vivo role of macrophage TWIK2 in the regula-

tion of NLRP3 inflammasome activation and inflammation, we

first depleted endogenous mouse lung macrophages with lipo-

somal clodronate (Figure S6C; Weisser et al., 2012) and subse-

quently performed an adoptive transfer (i.t.) of BMDMs from

either wild-type TWIK2 (Kcnk6+/+) or Kcnk6�/� mice (Figure 4G).

We then induced endotoxemia in recipient mice. The mice

receiving Kcnk6�/� macrophages showed significantly reduced

NLRP3 inflammasome activation (Figures 4H–4J) and MPO

activity (Figure 4K) as compared to mice receiving Kcnk6+/+

macrophages.

Cooperation of P2X7 Receptor and TWIK2 in NLRP3
Inflammasome Activation
Since P2X7 receptor deficiency has been shown to abolish IL-1b

maturation (de Torre-Minguela et al., 2016; Muñoz-Planillo et al.,

2013; Solle et al., 2001), we next addressed the possibility that

P2X7 receptor and TWIK2 can independently regulate NLRP3 in-
flammasome activation and inflammation. Thus, we performed

experiments using Kcnk6�/�, P2rx7�/�, and Nlrp3�/� mice and

determined NLRP3 inflammasome activation. We observed a

marked decrease in endotoxemic inflammatory lung injury in

both Kcnk6�/� mice and P2rx7�/� mice, comparable to what

was observed in Nlrp3�/� mice as assessed by neutrophil and

macrophage infiltration in the alveoli (Figures 5A and 5B) as

well as by quantification of myeloperoxidase (MPO) activity in

the lungs (Figure 5C). The inflammatory cytokines IL-1b, IL-18,

and TNFa in serum were also significantly reduced in Kcnk6�/�,
P2rx7�/�, and Nlrp3�/� mice (Figures 5D–5F). Caspase 1 activa-

tion, an indicator of NLRP3 activation, and the generation of

mature IL-1b were completely inhibited in Kcnk6�/�, P2rx7�/�,
and Nlrp3�/� mice upon LPS challenge (Figure 6A). We also

observed that ATP-induced IL-1b release was significantly

decreased in macrophages from either P2rx7�/� or Kcnk6�/�

mice (Figure 6B). These results thus demonstrated that the

phenotype observed with TWIK2 deletion was similar to that

seen with P2X7 receptor deletion in mediating NLRP3 inflamma-

some activation and inflammation.
Immunity 49, 56–65, July 17, 2018 59
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Figure 3. TWIK2-Mediated K+ Efflux Is Required for NLRP3 Inflammasome Activation

(A–C) TWIK2 deletion (Kcnk6�/�) prevented ATP-induced NLRP3 inflammasome activation in BMDMs but had no effect on either imiquimod- or nigericin-

activated responses. Cells were primed with LPS (3 hr) and subsequently challenged with ATP (5 mM) or imiquimod (10 mg/mL) or nigericin (10 mg/mL) for 30 min.

Cell lysates or pellets were immunoblotted with indicated antibodies (A, representative results of three independent experiments). IL-1b and IL-18 release in

supernatants was measured using ELISA method (B and C, *p < 0.05 compared with Kcnk6+/+ plus LPS and ATP group, n = 3).

(D–F) Kcnk6 deletion prevented NLLRP3 (not NLRC4, AIM2, or pyrin) inflammasome activation in BMDMs. BMDMs from Kcnk6+/+ and Kcnk6�/�mice were either

used in an unprimed state or primed with LPS and then challenged with ATP (5 mM) for 30 min or Salmonella (5 moi, to activate NLRC4) for 2 hr or poly (dAdT)

(to activate AIM2) (2 mg/mL) for 2 hr or TcdB toxin (0.5 mg/mL, to activate pyrin) for 3 hr. IL-1b (D), IL-18 (E), and TNF-a (F) concentrations in cell-free supernatants

were quantified by ELISA. Abbreviations: NLRC4, NLR family, CARD domain containing 4; AIM2, absent in melanoma 2. *p < 0.05 compared with Kcnk6+/+ plus

LPS and ATP group, n = 3.

(G) TWIK2 deletion prevented ATP-induced decrease in intracellular potassium (K+) concentration. BMDMswere primedwith LPS (3 hr) and then treatedwith ATP

(30 min). Intracellular K+ was examined by FluxOR II green potassium ion channel assay. *p < 0.05 compared with Kcnk6+/+ plus LPS and ATP group, n = 6.

Please also see Figures S5D, S5E, S6A, and S6B.
Thus, we hypothesized that P2X7 receptor-mediated

influx of cations facilitates K+ efflux through TWIK2 by

changing the membrane potential (David and Aidley, 1996).

We validated this hypothesis by varying ion concentrations

and measuring IL-1b release in macrophages. We observed

that higher extracellular concentrations of K+ prevented

IL-1b release (Figure 6C). However, IL-1b release was

only partially blocked in cells bathed in a nominally Ca2+-

free or nominally Na+-free solution and was fully inhibited

in cells bathed in a solution in which both Ca2+ and Na+

are nominally free (Figure 6C). These findings suggest a

cooperative role for both P2X7 and TWIK2 in which the

former enables Ca2+ and Na+ influx to change the membrane

potential and the latter enables K+ efflux to activate NLRP3

inflammasome.
60 Immunity 49, 56–65, July 17, 2018
DISCUSSION

The activation of NLRP3 inflammasome in response to microbial

infection contributes to host defense by activating an immune

response and thereby serves to limit microbial invasion. How-

ever, excessive or dysregulated activation of the inflammasome

pathway can also result in tissue injury and autoimmune disor-

ders (Franchi et al., 2012). Activation of NLRP3 induces caspase

1-mediated secretion of the pro-inflammatory cytokine IL-1b and

pyroptosis (Latz et al., 2013) and has a critical role in mediating

tissue damage such as acute lung injury during systemic infec-

tions (Howrylak and Nakahira, 2017). Extracellular ATP acts as

a danger signal because it indicates the release of intracellular

ATP into tissue as a consequence of cell death. ATP triggers

the efflux of K+ from macrophages resulting in NLRP3-mediated
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Figure 4. TWIK2 Deficiency Prevents Sepsis-Induced NLRP3 Inflammasome Activation and Inflammatory Lung Injury in Mice

(A–F) Deletion of Kcnk6 (encoding TWIK2) prevents sepsis-induced NLRP3 inflammasome activation and inflammatory lung injury in mice. Murine lung in-

flammatory injury resulting from polymicrobial sepsis was induced through cecal ligation puncture (CLP) in both Kcnk6+/+ and Kcnk6�/� mice. NLRP3 in-

flammasome activation (indicated by caspase 1 activation and IL-1bmaturation) in the murine lung was assessed by immunoblotting (A) and quantified in (B) and

(C) (*p < 0.05 comparedwithKcnk6+/+CLP group, n = 3). Representative H&E images of lung sections from three independent experiments are shown in (D). Scale

bars: 200 mm. Lung injury shown in (D) was evaluated by quantification of inflammatory cells in alveoli (per 4 mm2 using the Fiji image analysis software) in (E) and

MPO measurements of lung tissue are shown in (F) (*p < 0.05 compared with Kcnk6+/+ CLP group, n = 3).

(G–K) Kcnk6 deletion in macrophages prevents sepsis-induced NLRP3 inflammasome activation and inflammatory lung injury in mice. Lung macrophages (Mac)

were depleted with clodronate liposomes and then reconstituted intratracheally with BMDMs either fromKcnk6+/+ or Kcnk6�/�mice as illustrated in (G). Themice

were injected with LPS (intra-peritoneal injection, i.p.) after 24 hr of macrophage reconstitution. Lungs were harvested for evaluation of NLRP3 inflammasome

activation (H–J) and neutrophil infiltration by checking MPO concentration (K), *p < 0.05 compared with Kcnk6+/+ LPS group, n = 3.

Please also see Figure S6C.
activation of caspase 1 and production of IL-1b, which in turn can

activate adaptive and maladaptive inflammatory responses

(Howrylak and Nakahira, 2017). Although it has been proposed

that P2X7 receptor itself may serve as a channel mediating K+

efflux in ATP-induced inflammasome activation (Chen and Nu-

ñez, 2010; Franchi et al., 2007; Kahlenberg and Dubyak, 2004;

Pelegrin and Surprenant, 2006, 2009), this notion has mostly

been based on the role of P2X7 as an ATP receptor and external

application of ATP rendering the cell membrane permeable to

several cations K+, Ca2+, Na+ (Buell et al., 1996; Chessell et al.,

1998; Hume and Thomas, 1988; Rassendren et al., 1997) and

even to anions (Thomas and Hume, 1990). However, few studies

have directly assessed the role of P2X7 receptor in regulating
ATP-induced K+ efflux across the plasma membrane. Here, us-

ing patch clamp analysis to monitor ATP-induced current as

well as directly measuring intracellular K+ concentration in cells

from both wild-type and Kcnk6�/� mice as well as P2rx7�/�

mice, we identified TWIK2 as an ATP-responsive K+ efflux chan-

nel. Using a screen for candidate K+ channels, gene expression

analysis, and targeted gene depletion of TWIK2 in mice, we

established the requisite role of TWIK2 in regulating ATP-

induced NLRP3 inflammasome activation and sepsis-induced

inflammatory lung injury. Further, we observed that depletion

of lung macrophages with clodronate (Weisser et al., 2012) in

mice and subsequent adoptive transfer of Kcnk6�/� macro-

phages into lungs significantly reduced NLRP3 activation and
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Figure 5. Prevention of LPS-Induced

Inflammation by TWIK2 Deletion Is

Mimicked by Deleting P2X7 or NLRP3

in Mice

(A–C) Prevention of LPS-induced lung inflamma-

tion by TWIK2 deficiency renders similar re-

sponses to LPS in P2X7 or NLRP3 deletion mice.

Mouse lung inflammation was induced by intra-

peritoneal injection (i.p.) of LPS and histological

sections of lungs from wild-type (WT), TWIK2-

deficient (Kcnk6�/�), P2X7-deficient (P2rx7�/�),
and NLRP3-deficient (Nlrp3�/�) mice were stained

with hematoxylin and eosin (HE) 24 hr after

LPS injection to assess immune cell infiltration

(A, representative results of three independent

experiments; scale bars = 100 mm). Lung injury

was evaluated by inflammatory cell quantification

in alveoli per 4 mm2 using the Fiji image analysis

software (B) and lung myeloperoxidase (MPO)

activity (C). *p < 0.05 compared with WT LPS

group, n = 3.

(D–F) TWIK2 deficiency prevented LPS-induced

cytokine increases in serum which was phe-

nocopied in P2rx7�/� or Nlrp3�/� mice. Concen-

trations of IL-1b, IL-18, and TNF-a in the mice

mentioned in (A)–(C) were evaluated with ELISA

methods. *p < 0.05 compared with WT LPS

group, n = 3.
inflammatory lung injury induced by sepsis. These results sup-

port an exclusive role of TWIK2 in macrophages as the efflux

K+ channel mediating NLRP3 inflammasome activation and

sepsis-induced inflammation.

Our data suggest that TWIK2 and P2X7 receptor function in

cooperation to regulate NLRP3 inflammasome activation. Coop-

eration between P2X7-mediated influx of Ca2+ and Na+ and

TWIK2-mediated K+ efflux was demonstrated by observing

the slow activation of the outward current in the absence of the

P2X7 receptor and slow activation of the inward current in the

absence of TWIK2 channel (Figures 2A–2F). The P2X7 receptor

senses tissue injury as an ATP receptor and acts as a non-selec-

tive ion channel that enables influx of cations. Cation influx in turn

modifies themembrane potential to generate the driving force fa-

voring efflux of K+. This model of regulation provides important

insights into how innate immune signaling receptors such as

pattern recognition receptors (PRRs) monitor signs of infection,

damage, and other forms of cellular stress to trigger inflamma-

some formation and activation and mount cellular immune re-

sponses (Latz et al., 2013). As a PRR, P2X7 receptor serves as

a sensor for DAMPs such as ATP but, as shown by our studies,

it requires TWIK2 as an executioner to initiate NLRP3 inflamma-

some activation. This cooperative function between the two pro-

vides the cell with an additional layer of control to regulate both

injury sensing and executioner responses.

TWIK2 (encoded by Kcnk6) is a member of the two-pore

domain K+ channel (K2P) family (K2P 6.1) that gives rise to back-

ground K+ currents responsible for stabilizing the negative

resting membrane potential and counterbalancing depolariza-

tion (Enyedi and Czirják, 2010). TWIK2 is highly expressed in

cells of the immune, vascular, and gastrointestinal systems
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(Patel et al., 2000). Although human and rat TWIK2 have been

cloned and electrophysiological properties have been studied

in heterologous expression systems (Chavez et al., 1999; Lloyd

et al., 2009; Patel et al., 2000), the physiological functions of

TWIK2 are poorly understood (Lloyd et al., 2011). Human

TWIK2 expressed heterologously in Xenopus oocytes is consti-

tutively active and insensitive to quinine (Chavez et al., 1999)

whereas rat TWIK2 heterologously expressed in COS cells is in-

hibited by quinine (Patel et al., 2000) and the channel activity is

enhanced by arachidonic acid (Lloyd et al., 2009). We did not

observe a TWIK2-mediated constitutively active background

K+ current in mouse BMDMs (or it was too small to be recorded)

whereas we observed that ATP-induced currents were in part

mediated by TWIK2, indicating that ATP is involved in the gating

of TWIK2 channel. HowATP regulates TWIK2 activity is not clear.

Recently, a TWIK2 study in the vasculature (Lloyd et al., 2011)

suggested that TWIK2 deficiency induces vascular dysfunction

and hypertension through a mechanism involving smooth mus-

cle cell depolarization and enhanced Rho kinase activity (Lloyd

et al., 2011; Pandit et al., 2014). These results suggest that

TWIK2 has a beneficial signaling role in vascular smooth muscle

cells. Our study demonstrates that the endogenous expressed

mouse TWIK2 in macrophages is activated by ATP and sensitive

to quinine. In our model, TWIK2 regulates cell immunity by

expression in the plasma membrane as a K+ efflux channel

responsible for the ATP-induced NLRP3 inflammasome activa-

tion and therefore participates in the regulation of inflammation

induced by PAMPs. Another recent study has shown that

TWIK2 generates background K+ currents in endolysosomes

and thus regulates the number and size of lysosomes (Bobak

et al., 2017). TWIK2 contains sequence signals responsible
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Figure 6. P2X7-Mediated Influx of Cations

Functions in Cooperation with K+ Efflux

through TWIK2 to Induce NLRP3 Inflamma-

some Activation in Macrophages

(A) TWIK2 deficiency prevents LPS-induced

NLRP3 inflammasome activation similar to what is

observed with P2X7 or NLRP3 deficiency in mice.

Mouse lung inflammasome activation was

induced by intra-peritoneal injection (i.p.) of LPS

for 1 day. NLRP3 inflammasome activation (as

indicated by caspase-1 activation and IL-1b

maturation) was assessed in murine lungs using

immunoblotting. Representative results from three

independent experiments are shown.

(B) TWIK2 deficiency (Kcnk6�/�) prevented LPS-

primed and ATP-induced NLRP3 inflammasome

activation,andthisresponsewassimilar towhatwas

seen in P2X7-deficient (P2rx7�/�) and caspase

1-deficient (Casp1�/�) cells (BMDMs). *p < 0.05

compared with WT plus LPS and ATP group, n = 3.

(C)Depletionof extracellular calcium (Ca2+) aloneor

sodium (Na+) alone only partly inhibited ATP-

inducedNLRP3 inflammasome activation. BMDMs

wereprimedwith LPSand then stimulatedwithATP

at different extracellular concentration of K+, Ca2+,

and Na+ as indicated. *p < 0.05 comparedwith LPS

plus ATP but without extracellular K+ ([K+]O = 0),

n = 3–12. IL-1b release inBMDMswas evaluated by

ELISA method.
for the expression of TWIK2 in the Lamp1-positive lysosomal

compartment (Bobak et al., 2017), and sequential inactivation

of these trafficking motifs abolishes the targeting of TWIK2 to ly-

sosomes, thus promoting functional relocation of the channel to

the plasmamembrane (Bobak et al., 2017). Since the K+ concen-

tration in lysosome is lower than in the cytosol (Wang et al.,

2017), lysosomal TWIK2 activation could be an alternative

pathway of NLRP3 inflammasome activation, which may

decrease cytosolic K+ concentrations through transferring K+

from the cytosol into lysosomal lumen following its concentration

gradient upon activation. This notion raises the intriguing ques-

tion of whether redistribution of K+ in intracellular compartments

may also activate the NLRP3 inflammasome similar to what is

seen with K+ efflux to the extracellular space.

The present study identifies TWIK2 as a key regulator of the in-

flammatory response in macrophages. It is also of interest that

TWIK2-induced responses in macrophages were inhibited by

quinine, which has been used as an antiarrhythmic drug (Shel-

don et al., 1995) but gained widespread historical usage in the

18th and 19th centuries as the anti-malaria drug that was also

used for other tropical fevers (Achan et al., 2011). Our findings

might provide some insights into its efficacy because we

observed that inhibition of TWIK2 suppressed NLRP3 inflamma-

some activation and release of the fever-inducing cytokine IL-1b.

This is not only of mere historical interest but points to a major

translational application of TWIK2. Targeted TWIK2 inhibitors

with minimal anti-arrhythmic side effects could be developed

as therapeutics for severe inflammatory injury or autoimmune

diseases involving NLRP3 activation. In summary, our results

define TWIK2 as an essential K+ efflux channel in macrophages

and provide mechanistic insights into ATP-induced NLRP3 in-

flammasome activation and lung inflammation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-TWIK-2 (H-6) Santa Cruz Biotech Cat# SC-376515; RRID: A2012

Mouse monoclonal anti-b-actin (C-4) Santa Cruz Biotech Cat# SC-47778; RRID: AB_626632

Mouse monoclonal anti-Caspase-1 (p20) Adipogen Cat# AG-20B-0042-C100; RRID: A27351509

Mouse monoclonal anti-NLRP3 (Cryo-2) Adipogen Cat# AG-20B-0014-C100; RRID: A27391510

Rabbit polyclonal anti-ASC (AL177) Adipogen Cat# AG-20B-0006-C100; RRID: A28751704

Polyclonal Goat anti-mIL-1b RD Systems Cat# AF-401-NA; RRID: NP2813051

Rabbit polyclonal anti-THIK-2 Alomone Labs Cat# APC-169; RRID: APC169AN0102

Rabbit polyclonal anti-TREK-1 Alomone Labs Cat# APC-047; RRID: APC047AN0505

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat#: 5174; RRID: AB_10622025

Bacterial and Virus Strains

Salmonella Typhimurium SL1344 This study N/A

Chemicals, Peptides, and Recombinant Proteins

LPS-EB Ultrapure InvivoGen Cat#:tlrl-3pelps

Imiquimod (R837) InvivoGen Cat#:tlrl-imq

Chloroquine InvivoGen Cat#:tlrl-chq

Poly(dA:dT) InvivoGen Cat#:tlrl-patn

LPS Sigma Cat#:L2630

ATP-Na+ Sigma Cat#:A2383

Nigericin Sigma Cat#:N7143

Quinine hydrochloride dihydrate Sigma Cat#:Q1125

BaCL2 Sigma Cat#:202738

Iberiotoxin Sigma Cat#:I5904

O-Dianisidine dyhydrochloride Sigma Cat#:D3252

Albumin Sigma Cat#:A7906

Tetraethylammonium chloride Sigma Cat#:T2265

Protease Inhibitor Cocktail Sigma Cat#:P8340

Gramicidin ThermoFisher Scientific Cat#:G6888

DSS ThermoFisher Scientific Cat#:21555

Recombinant C. difficile Toxin B R&D Systems Cat#:P18177

Critical Commercial Assays

CytoTox96Non-Radioactive Cytotoxicity Assay Promega Cat#:G1780

FluxOR II Green Potassium Ion Channel Assay ThermoFisher Scientific Cat#:F20015

Amaxa Mouse Macrophage Nucleofector Kit Longza Cat#:VPA-1009

Mouse TNF-a Quantikine ELISA Kit R&D Systems Cat#:SMTA00B

Mouse IL-1b/IL-1F2 Quantikine ELISA Kit R&D Systems Cat#:SMLB00C

Mouse IL-18 ELISA kit Medical Biological Lab Cat#:7625

KAPA Mouse Genotyping Kit KAPA Biosystems Cat#:KK7302

Experimental Models: Cell Lines

Mouse J774A.1 macrophage cell line ATCC Cat#: ATCCTIB-67

Experimental Models: Organisms/Strains

TWIK2-/- mice Dr. Bryan’s lab Pandit et al., 2014

NLRP3-/- mice The Jackson Laboratory Jax:21302

P2rx7–/– mice The Jackson Laboratory Jax:005576

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Caspase-1-/- mice The Jackson Laboratory Jax:016621

C57BL/6 mice Charles River Cat#:027

Oligonucleotides

siGENOME SMARTpool siRNA for mouse TWIK2 Dharmacon Cat#: L-058227

siGENOME SMARTpool siRNA for mouse THIK2 Dharmacon Cat#: L-062855

siGENOME SMARTpool siRNA for mouse TREK1 Dharmacon Cat#: L-047199

Scrambled siRNA Dharmacon Cat#: D-001810

Software and Algorithms

GraphPad Prism 6.0 GraphPad Software https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/download.html

IGOR WaveMetrics https://www.wavemetrics.com/

Other

PVDF membrane Millipore Cat#: IPVH00010

4%–20% Mini-Protean TGX Precast Ge Bio-Rad Cat#: 456-1096

ECL Western Blotting Detection Reagents GE Healthcare Cat#:RPN2209
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Asrar B. Malik (abmalik@uic.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
Mouse bone marrow derived macrophage (BMDMs) and mouse J774A.1 macrophage cell line (ATCC (TIB-67) were used.

Mice
C57 black 6 (C57BL/6) mice were obtained from Charles River Laboratory. Kcnk6�/� mice was a generous gift from Dr. Lavannya M.

Pandit (Baylor College of Medicine) (Lloyd et al., 2011; Pandit et al., 2014). P2rx7–/–,Nlrp3�/� andCaspase 1�/�mice were purchased

from Jackson Laboratory. All mice were housed in the University of Illinois Animal Care Facility in accordance with institutional and

NIH guidelines. Veterinary care and animal experiments were approved by the University of Illinois Animal Care & Use Committee.

METHOD DETAILS

Cell cultures
Mouse bone marrow derived macrophage (BMDMs) were induced and cultured as described (Zhang et al., 2008). The mouse

J774A.1 macrophage cell line was obtained from ATCC (TIB-67) and was cultured and propagated as described (Di et al., 2001).

Mouse endotoxemia and polymicrobial sepsis model
For LPS-induced endotoxemia, mice received a single intraperitoneal dose (20 mg/kg) of LPS (Escherichia coli 0111:B4, L2630,

Sigma). Polymicrobial sepsis was induced by cecal ligation puncture (CLP) as previously described (Cuenca et al., 2010) with 2 punc-

tures and 0.5 cm ligation length using a 16-gauge needle.

Whole cell recordings
Electrophysiological recordings were obtained using a voltage-clamp technique. All experiments were conducted at room temper-

ature (22 - 24�C) using an EPC-10 patch clamp amplifier (HEKA Electronik GmbH, Lambrecht, Germany) and using the Pulse V 8.8

acquisition program (HEKA Electronik GmbH, Lambrecht, Germany). Whole cell currents were elicited by using a ramp protocol with

test pulse range from �100 to + 50 mV (200 ms in duration). The holding potential was 0 mV. The pipette solution contained (in mM):

120 K-glutamic acid, 2 Ca-Acetate Hydrate, 2 Mg-SO4, 33 KOH, 11 EGTA and 10 HEPES, pH 7.2. The bath solution contained

(in mM): 140 Na-glutamic acid, 2 Ca-Acetate Hydrate, 1 Mg-SO4, 10 HEPES, pH 7.4. Whole cell currents were analyzed using

IGOR software (WaveMetrics, Lake Oswego, OR).
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Solutions used in ion-replacement experiments
Nominally K+ free solution contains (in mM): 150 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES; 5 mM K+ solution contains (in mM): 5 KCl,

145 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES; 50 mM K+ solution contains (in mM): 50 KCl, 100 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES;

150 mM K+ solution contains (in mM): 150 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES; Nominally K+, Na+ free solution contains (in mM):

150 NMDG - HCl, 2 CaCl2, 1 MgCl2, 10 HEPES; Nominally K+, Ca2+ free solution contains (in mM): 150NaCl, 1 MgCl2, 10 HEPES;

Nominally K+, Na+, Ca2+ free solution contains (in mM): 150 NMDG - HCl, 1 MgCl2, 10 HEPES.

Quantitative RT-PCR for K+ channel expression in BMDMs
Total RNA of cultured BMDMs was extracted using the RNeasy Micro Kit (QIAGEN) according to the manufacturer’s instructions.

RNA isolated from BMDMs was converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).

Real-time PCR was performed using SYBR Green Master Mix on ViiAZ (Applied Biosystems) according to the manufacturer’s

protocols. The following primers were used for PCR: TASK1 (KCNK3): forward, 50-CGGCTTCCGCAACGTCTAT-30, and reverse,

50-TTGTACCAGAGGCACGAGCA-30; TASK2 (KCNK5): forward, 50-CCGGGGTCCTTTACTCACCT-30, and reverse, 50-GTTCCAGTTG

TTGAAAGTCTGGT-30; TASK3 (KCNK9): forward, 50-GACGTGCTGAGGAACACCTACTT-30, and reverse, 50-GTGTGCATTCCAG

GAGGGA-30;TALK1 (KCNK16): forward, 50-CTTCTGGCCTATATCTGCTACC-30, and reverse, 50-GGAACTGGTCCCTGGATTGAG-30;
TWIK1(KCNK1): forward, 50-AGCAACGCCTCGGGAAAT-30, and reverse, 50- GAGGAGGGTGAACGGGAT-30; TWIK2 (KCNK6): for-

ward, 50- CTGGTCCTATGGTGATGC-30, and reverse, 50- GTCCCAAAGGTAGAGTGA-30; TWIK3 (KCNK7): forward, 50-TTGGGG

CTGTGGTGCTTC-30, and reverse, 50- GGCAGATCCCAGTTGCTTGT-30; TREK1 (KCNK2): forward, 50- CCACCATCATCTTCATC

CTG-30, and reverse, 50-CCAGCCTTCTATGTGCTTGA-30; TREK2 (KCNK10): forward, 50-GAAAGCAGGTGAACTGGGAT-30, and
reverse, 50- GAGTCGAGGAACAGGGTGAT-30; THIK2 (KCNK12): forward, 50-GGGACTTCCCTGGAGCCTTC-30, and reverse, 50-GT

CATGCCGAAACCTATGGTCG-30; TRAAK (KCNK4): forward, 50- ATGGAGAGCTGGAGCAAGTT-30, and reverse, 50-GCTGG

TAGGCTGGAGAGTTC-30; IRK1(KCNJ2): forward, 50- ATGGGCAGTGTGAGAACCAAC-30, and reverse, 50-TGGACTTTACTCTTGC

CATTCC-30; BK(KCNMA1): forward, 50-TCTCAGCATTGGTGCCCTCGTAAT-30, and reverse, 50- GTAGAGGAGGAAGAACACGTT

GAA-30; GAPDH: forward, 50-CATGGCCTTCCGTGTTC-30, and reverse, 50- CTGCTTCACCACCTTCTT-30. The data were analyzed

using the comparative cycle-threshold (CT) method, where the amount of target is normalized to an endogenous reference

gene, GAPDH.

Silencing of Kcnk6, Kcnk12 and Kcnk2
The siRNAs targeting mouse TWIK2 (Kcnk6 - L-058227-00-0005), THIK2 (Kcnk12 - L-062855-00-0005), TREK1 (Kcnk2 - L-047199-

00-0005) and a siRNA negative control (Non-targeting pool siRNA, D-001810-10-20) were obtained from Dharmacon. Transient

transfections of these siRNAs into mouse MFs (J774A.1 cell line) were performed with Amaxa mouse macrophage nucleofector

kit (VPA-1009, Lonza) and DharmaFECT 4 Transfection Reagent (T-2004-01, Dharmacon) according to the manufacturer’s protocol.

To evaluate the efficiency of channel silencing, channel expression was examined with western blot and inflammasome activation

was examined by measuring p20 intensity via western blot and IL-1b release through ELISA as mentioned above in cells 2-3 days

after transfection.

Evaluation of NLRP3 inflammasome activation in BMDMs and lungs
Prior to experimental treatments, BMDMs incubated with 1 mg/ml LPS as priming signal to induce NF-kB–dependent upregulation of

pro–IL-1b and NLRP3 expression (Katsnelson et al., 2015). The cells were primed with LPS for 3 h at 37�C and then priming medium

was replaced with either normal culture medium or different bath solutions with different combinations of cations and anions as used

and described in ‘whole cell recordings’’ section. To evaluate the NLRP3 inflammasome activation, BMDMs were stimulated with

either 5 mM ATP, 10 mg/ml Imiquimod or 10 mg/ml Nigericin for 30 min at 37�C and then IL-1 b (and/or IL-18) release in the medium

or bath solutionsweremeasured by ELISA andCaspase 1 activation was evaluated bywestern blot using p20 antibody of Caspase 1.

Briefly, cell-free supernatants were collected and then assayed for murine IL-1b (MLB00C, R&D Systems) and IL-18 (7625, MBL) by

ELISA kit (R&D Systems) according to the manufacturer’s protocol and the adherent BMDMs were collected to generate whole-cell

lysate. Cell lysate samples and lung protein samples frommice were subjected to SDS-PAGE and transferred tomembrane for west-

ern blot analysis using various primary antibodies (Caspase 1 (p20), IL-1b and TWIK2).

Evaluation of cytotoxicity by LDH release
Bone marrow-derived macrophages (BMDMs) were treated with either quinine (100 mm) or choloroquine (100 mm) for 30 min prior to

LPS (1 mg/ml) priming for 3h. Cells were then stimulated with ATP (5 mM) for 30 min. The supernatants of the untreated and treated

cells were collected for analysis of LDH activity. 50 ml of supernatant samples were transferred to a 96-well plate. 50 ml of the CytoTox

96� reagent was added to each well and incubated for 30 min. The absorbance signal was measured at 490 nm in a plate reader.

Cytotoxicity was calculated according to the manufacturer’s instructions.

Measurement of intracellular potassium concentration
The intracellular K+ concentrations of BMDMs isolated from Kcnk6+/+ or Kcnk6�/� mice were measured by the FluxOR II green po-

tassium ion channel assay (Invitrogen) as previously described (Wegiel et al., 2014). Briefly, cells were primed with LPS (1 mg/ml) for
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3h, and treated with ATP (5 mM) for 30 min. A potassium channel stimulus buffer was added for the fluorescence measurements at

480 nm of excitation wavelength and 530 nm of emission wavelength.

ELISA analysis
IL-1b and TNF-a in mice serum and cell-free supernatants were measured by Quantikine� sandwich ELISA kits (R&D Systems) ac-

cording to themanufacturer’s instructions. IL-18 wasmeasured byMBL ELISA kit. The cytokine concentration of the properly diluted

or undiluted samples in 96-well plates wasmeasured at 450 nmwavelength of absorbance, and calculated byGraphPad Prism linear

regression analysis.

Assay of ASC oligomerization
Lung tissue or BMDMs lysates were separated into detergent-soluble and detergent-insoluble fractions by centrifugation at

13,000 rpmfor 10min at 4�C. The detergent-insoluble lysate pellet was washed twice with 600 mL ice-cold PBS containing proteinase

inhibitor and then suspended in 800 ml PBS containing 2 mM DSS (from a stock 20 mM DSS solution in DMSO). The resuspended

detergent-insoluble fractions were incubated with DSS for 30 min at room temperature, repelleted by centrifugation at 9000 rpm for

15min at room temperature, and the DSS supernatant solution was removed. The DSS-treated pellets were suspended in lysis buffer

with proteinase inhibitor. Protein concentration was determined by BCAmethod. Protein samples were added in SDS-PAGE sample

buffer and extracted at 90�C for 10 min. The DSS-treated fractions were resolved by SDS-PAGE, transferred to polyvinylidene fluo-

ride membrane, and analyzed by anti-ASC antibody by western blotting.

Myeloperoxidase (MPO assay)
The lungs were homogenized in 1 mL of PBS with 0.5% hexadecyltrimethylammonium bromide. The homogenates were sonicated,

centrifuged at 40,000 3 g for 20 min, and run through two freeze-thaw cycles. The samples were homogenized and centrifuged a

second time. The supernatant was then collected and mixed 1/30 (vol/vol) with assay buffer (0.2 mg/mL o-dianisidine hydrochloride

and 0.0005%H2O2). The change in absorbance wasmeasured at 460 nm for 3min, andMPO activity was calculated as the change in

absorbance over time.

Alveolar macrophage depletion and reconstitution
Commercially available clodronate liposomes (Clodrosome) were administered directly into lungs of 10-week-old mice using a mini-

mally invasive endotracheal instillation method. The mice were anesthetized by ketamine and xylazine (45 mg/kg and 8 mg/kg,

respectively) and were suspended on a flat board and placed in a semi-recumbent position with the ventral surface and rostrum fac-

ing upward. Using curved blade Kelly forceps, the tongue is gently and partially retracted rostrally and 50 ml of clodronate liposomes

is placed in the back of the oral cavity, which is then aspirated by the animal. Control liposomes (50ml) alone were similarly admin-

istered in the control group. After 2 days of clodronate treatment, mice were reconstituted by i.t. instillation in a similar manner with

differentiated bone marrow macrophages either from WT or TWIK2 KO at dose of 2x106 in a 50ml volume per mice. The mice were

injected with i.p. LPS (20mg/Kg) after 24 h of macrophage reconstitution. The lungs were flushed and harvested after 24 h of LPS

challenge. The efficiency of macrophage depletion was evaluated by sorting cells labeled with F4/80 and CD11b antibody via

flow cytometry (see Figure S7).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons were made using ordinary one-way ANOVA multiple comparisons with Prism 6 (GraphPad). Experimental

values were reported as the means ± SEM (standard error of the mean). Significance between groups was labeled with asterisks

indicating a statistically significant difference with the number of experiments indicated in parentheses.
Immunity 49, 56–65.e1–e4, July 17, 2018 e4


	The TWIK2 Potassium Efflux Channel in Macrophages Mediates NLRP3 Inflammasome-Induced Inflammation
	Introduction
	Results
	TWIK2 Deficiency Inhibits NLRP3 Inflammasome Activation in Macrophages
	TWIK2 Activates P2X7-Independent K+ Efflux in Macrophages
	TWIK2-Mediated K+ Efflux Is Required for ATP-Induced NLRP3 Inflammasome Activation
	Macrophage TWIK2 Is Required for Sepsis-Induced NLRP3 Inflammasome Activation and Inflammation
	Cooperation of P2X7 Receptor and TWIK2 in NLRP3 Inflammasome Activation

	Discussion
	Supplemental Information
	Acknowledgments
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Cells
	Mice

	Method Details
	Cell cultures
	Mouse endotoxemia and polymicrobial sepsis model
	Whole cell recordings
	Solutions used in ion-replacement experiments
	Quantitative RT-PCR for K+ channel expression in BMDMs
	Silencing of Kcnk6, Kcnk12 and Kcnk2
	Evaluation of NLRP3 inflammasome activation in BMDMs and lungs
	Evaluation of cytotoxicity by LDH release
	Measurement of intracellular potassium concentration
	ELISA analysis
	Assay of ASC oligomerization
	Myeloperoxidase (MPO assay)
	Alveolar macrophage depletion and reconstitution

	Quantification and Statistical Analysis



