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Abstract  24 

Potassium efflux via the two-pore K+ channel TWIK2 is a requisite step for the activation of  NLRP3 25 

inflammasome, however, it remains unclear how K+ efflux is activated in response to select cues. 26 

Here we report that during homeostasis, TWIK2 resides in endosomal compartments. TWIK2 is 27 

transported by endosomal fusion to the plasmalemma in response to increased extracellular ATP 28 

resulting in the extrusion of K+.  We showed that ATP-induced endosomal TWIK2 plasmalemma 29 

translocation is regulated by Rab11a. Deleting Rab11a or ATP-ligated purinergic receptor P2X7 30 

each prevented endosomal fusion with the plasmalemma and K+ efflux as well as NLRP3 31 

inflammasome activation in macrophages.  Adoptive transfer of Rab11a-depleted macrophages into 32 

mouse lungs prevented NLRP3 inflammasome activation and inflammatory lung injury. We 33 

conclude that Rab11a-mediated endosomal trafficking in macrophages thus regulates TWIK2 34 

localization and activity at the cell surface and the downstream activation of the NLRP3 35 

inflammasome. Results show that endosomal trafficking of TWIK2 to the plasmalemma is a 36 

potential therapeutic target in acute or chronic inflammatory states.  37 



Introduction  38 

Inflammasomes are key components of the immune system and inflammatory signaling 39 

platforms responsible for detecting injury mediators released during infection and tissue damage 40 

and that thereby initiate the inflammatory response 1-4. NLRP3 (Nucleotide-binding oligomerization 41 

domain-Like Receptor containing Pyrin domain 3) inflammasome expressed in immune cells such 42 

as macrophages is a key determinant of acute immune responses such as acute lung injury and 43 

COVID-19 4-6 as well as chronic inflammatory diseases such as atherosclerosis, cancer or metabolic 44 

syndrome 3,7. Activation of the NLRP3 inflammasome complex is a multi-step process involving the 45 

assembly of essential proteins, and activation of caspase-1 which cleaves pro-Interleukin-1β to 46 

release the active form of this inflammatory cytokine 5,8.  NLRP3 inflammasome consists of a sensor 47 

(NLRP3), an adaptor (apoptosis-associated speck-like protein containing a caspase recruitment 48 

domain - ASC), and an effector (caspase 1) 1-4. Oligomerized NLRP3 recruits ASC which in turn 49 

recruits caspase 1 and enables proximity-induced caspase 1 self-cleavage and activation 1-4. 50 

Several studies have elucidated the structure and assembly of the NLRP3 complex. The inactive 51 

NLRP3 form (double-ring cages of NLRP3) is membrane-associated organelles (such as 52 

endoplasmic reticulum -ER, mitochondria, and Golgi Apparatus) and is recruited, assembled, and 53 

activated at the centrosome 9-17. However, little is known about the initiating triggers of the assembly 54 

and activation of NLRP3 complex.   55 

We showed that essential mechanism of NLRP3 assembly involves the efflux of potassium (K+) 56 

at the plasmalemma 18-20 through the potassium channel TWIK2 (the Two-pore domain Weak 57 

Inwardly rectifying K+ channel 2), a member of the two-pore domain K+ channel (K2P) family (K2P 58 

6.1, encoded by Kcnk6) 21,22. Efflux of potassium generates regions of low intracellular K+ which 59 

promote  conformational change of the inactive NLRP3 to facilitate NLRP3 assembly and 60 

activation23. Based on our model, TWIK2 mediated plasmalemmal potassium efflux thus serves as 61 

a checkpoint for the initiation of adaptive host defense signaling as well as maladaptive 62 

inflammatory signaling mediated by NLRP3 22. This essential function of TWIK2 raises the question 63 



how TWIK2 activity is fine-tuned to avoid premature or intracellular triggering of NLRP3 during 64 

homeostasis while at the same time providing  a rapid TWIK2 activation mechanism in response to 65 

extracellular tissue damage.  Due to the high gradient of K+ across the plasmalemma, the presence 66 

of TWIK2 at the plasma membrane results in basal K+  efflux and thus may lead to inappropriate 67 

inflammasome activation.  Therefore, the question of fine control of  TWIK2 mediated K+ efflux 68 

becomes prescient.    69 

The activity of several ion channels such as the G protein-activated inwardly rectifying K+ (GIRK) 70 

channels24-26 and cardiac pacemaker channels - hyperpolarization-activated cyclic nucleotide-gated 71 

(HCN) ion channels HCN2 and HCN4 is regulated by endosomal trafficking from the cytosol to the 72 

plasmalemma 27.  Here we investigated whether TWIK2 can be sequestered in the steady-state in 73 

cytosolic endosomal compartments to shield cells from pathogenic inflammasome activation 74 

through the efflux of K+  and that TWIK2 is only trafficked to the plasmalemma on a need basis in 75 

response to cues elicited by tissue injury that trigger potassium efflux and activate NLRP3.  76 

Using confocal and electron microscopy and electrophysiological studies, we found that  TWIK2 77 

K+ channel in macrophages was expressed in endosomes at rest but translocated to the 78 

plasmalemma upon extracellular ATP challenge or release, an indicator of tissue damage. We 79 

demonstrated that the Ca2+ sensitive GTP binding-protein Rab11a was responsible for endosomal 80 

TWIK2 translocation to the plasmalemma. Furthermore, Inhibition of endosomal fusion with the 81 

plasma membrane prevented NLRP3 inflammasome activation.  Adoptive transfer of Rab11-82 

depleted macrophages into mouse lungs prevented NLRP3 inflammasome activation and 83 

inflammatory lung injury.  The studies thus demonstrate a mechanism by which endosomal 84 

trafficking of TWIK2 and K+ efflux trigger NLRP3 inflammasome activation without self-harm to the 85 

cell.  Further the results point to inhibition of endosomal plasmalemma fusion as a potential anti-86 

inflammatory therapy target.  87 

RESULTS 88 



Endosomal TWIK2 plasmalemmal translocation induced by ATP in macrophages.  TWIK2 89 

belongs to the constitutively active K2P background potassium channel family 21; however, TWIK2 90 

plasmalemmal currents in macrophages are only observed following challenge with  extracellular 91 

ATP 22. A explanation for this funding is that TWIK2 is not present at the plasmalemma during the 92 

basal state and can only trafficked to the plasmalemma in response to environmental cues, similar to 93 

reports for activation of other ion channels 24-27.  To address this question, we imaged intracellular 94 

TWIK2 plasmalemma translocation upon ATP challenge by expressing TWIK2-GFP in 95 

macrophages. TWIK2-GFP plasmids were transfected into RAW 264.7 macrophages for 48h after 96 

which the cells were imaged with confocal microscopy after challenge with extracellular ATP to 97 

mimic tissue injury. TWIK2 translocated towards the plasmalemma within 2 min of extracellular ATP 98 

addition compared with the cells without the addition of extracellular ATP (Figure 1A, Video 1, 99 

Video2). To assess TWIK2 plasmalemma insertion after ATP challenge, we examined the 100 

distribution of TWIK2 in cells before and after ATP challenge using confocal microscopy and 101 

immunogold labelled electron microscopy in RAW 264.7 macrophages transfected with TWIK2-GFP 102 

plasmids (for confocal microscopy) or TWIK2 plasmids (for immunogold labelled electron 103 

microscopy). Confocal imaging showed TWIK2 intracellular distribution before the ATP challenge, 104 

and clear evidence of TWIK2 plasmalemmal translocation after ATP challenge as evident using the 105 

plasma membrane marker  (Figure 1B) and by immunogold-labeled electron microscopy (Figure 106 

1C, Figure 1 - figure supplemental 1).  Intracellular TWIK2 plasmalemmal translocation was also 107 

shown to be ATP concentration-dependent (Figure 1D).  108 

To identify the location of intracellular TWIK2, we labeled TWIK2 with fluorescent anti-TWIK2 109 

antibody combined with fluorescence labeled markers for early endosomes (EE) with EEA1 (Early 110 

Endosome Antigen-1) antibody, recycling endosomes (RE) with Rab11a antibody, lysosomes with 111 

LAMP1 (Lysosomal-Associated Membrane Protein 1) antibody, and endoplasmic reticulum (ER) with 112 

PDI (Protein Disulfide Isomerase) antibody in RAW 264.7 macrophages transfected with TWIK2-113 

plasmids.  We observed that TWIK2 was present primarily in endosomes (both EE and RE) and 114 



much less was seen in lysosomes or ER (Figure 2). Thus, TWIK2 distributed in endosomes during 115 

homeostasis and only translocated to the plasmalemmal upon ATP challenge. The weak staining of 116 

TWIK2 in lysosomes may be the result of background endosomal fusion with lysosomes 28.  The 117 

defective staining of TWIK2  seen in the ER reflects the role of ER in protein biosynthesis and the 118 

ER membrane as the site of production of transmembrane proteins 29.  119 

ATP-induced exocytosis promotes plasmalemma potassium efflux and NLRP3 120 

inflammasome activation in P2X7- and Ca2+- dependent manner. Endosomal distribution of 121 

TWIK2 and plasmalemmal translocation suggest a mechanism of plasmalemma insertion of TWIK2 122 

upon ATP challenge. To address TWIK2 localization, we monitored exocytosis (the fusion event of 123 

intracellular vesicles with plasmalemma) using membrane capacitance measurements that reflect 124 

increased membrane surface area due to vesicle-plasmalemma fusion 30,31. We observed ATP 125 

induced exocytosis as reflected by increased plasmalemma capacitance measurements in 126 

monocyte-derived macrophages (MDMs) (Figure 3A). ATP-induced exocytosis determined by 127 

capacitance increases was inhibited by either deletion of P2X7 (P2x7-/-), removal of extracellular 128 

Ca2+, or using the vesicle plasma fusion inhibitor (Vacuolin) 32,33 in MDMs (Figure 3A).  129 

We next investigated whether inhibiting ATP-induced vesicle-plasmalemma fusion or the 130 

reduction in extracellular Ca2+ altered ATP-induced potassium current and NLRP3 inflammasome 131 

activation in MDMs. First, we assessed the role of the vesicle-plasmalemma fusion in ATP-induced 132 

current and NLRP3 inflammasome activation.  MDMs pretreated with Vacuolin showed significantly 133 

reduced ATP-induced current (Figure 3B) and NLRP3 inflammasome activation (Figure 3C-H).   134 

NLRP3 inflammasome activation was evaluated by measuring caspase 1 activation (indicated by 135 

expression of p20 derived from pro-caspase 1), IL-1β maturation (indicated by p17 derived from 136 

pro-IL-1β), and the release of IL-1β and IL-18.  We observed that caspase 1 activation, IL-1β 137 

maturation and the release of both IL-1β and IL-18, but not TNF-α, were significantly reduced in 138 

MDM treated with Vacuolin (Figure 3C-I).  These results demonstrated the requisite role for 139 



plasmalemma-endosome fusion in mediating ATP-induced current and NLRP3 inflammasome 140 

activation. 141 

 Second, we determined the role of Ca2+ in mediating ATP-induced current and NLRP3  142 

activation in MDMs. Cells pretreated with BAPTA-AM (1,2-Bis [2-aminophenoxy] ethane-N,N,N′,N′-143 

tetraacetic acid tetrakis [acetoxymethyl ester]) significantly reduced  ATP-induced current (Figure 144 

4A-B). Cells subjected reduced extracellular Ca2+ or pretreated with BAPTA-AM showed significant 145 

reduction in NLRP3 inflammasome activation (Figure 4C-L) as reflected by the significantly reduced  146 

caspase 1 activation and IL-1β maturation (Figure 4C-L) and also significantly reduced releases of 147 

IL-1β and IL-18 (Figure 4I-J), but not TNF-α (Figure 4K), induced with ATP (5 mM). These results 148 

demonstrate the requisite role for Ca2+ in ATP-induced current and NLRP3 inflammasome 149 

activation. Thus together they showed the key role of P2X7-mediated Ca2+ influx during ATP-150 

depended exocytosis linked to plasmalemma potassium efflux and NLRP3 inflammasome 151 

activation.   152 

 153 

Rab11a in recycling endosomes is required for endosomal TWIK2 plasmalemmal 154 

translocation, sepsis-induced NLRP3 inflammasome activation, and lung inflammation. Since 155 

plasmalemmal translocation of endosomal TWIK2 involves endosomal fusion with the plasmalemma 156 

as described above, we focused on identifying the Ca2+ sensitive GTP-binding  protein translocation 157 

and fusion machinery (Rab family) 34,35,36 , Synaptotagmin family (Syt) 37, and Vesicle associated 158 

membrane proteins (Vamp, a.k.a. Synaptobrevin) 38-40.   Quantitative assessment of expression  159 

showed that mRNA expression of Rab11a was the maximal as compared to other genes involved in  160 

translocation and fusion of endosomes (Figure 5 - figure supplemental 1).  Since Rab11a is 161 

generally thought to regulate the function of specific endosomal subpopulation, recycling 162 

endosomes 41,42, we next examined the role of Rab11a in mediating endosomal TWIK2 163 

plasmalemma translocation. Here we first determined the cellular distribution of Rab11a before and 164 



after ATP challenge using fluorescence immunostaining confocal microscopy.  The images showed 165 

Rab11a plasmalemmal translocation after ATP challenge in MDMs (Figure 5A-B).  166 

To assess the role of Rab11a along with P2X7 and Ca2+ in ATP-induced  TWIK2 167 

plasmalemma insertion, we examined the cellular distribution of TWIK2 before and after ATP 168 

challenge using confocal microscopy in RAW 264.7 macrophages transfected with TWIK2-GFP 169 

plasmid. Cells in which Rab11a was depleted (with siRab11a) or cells in which P2x7 depleted  (with 170 

siP2X7) or cells pretreated with BAPTA-AM, all showed significantly reduced TWIK2 (Figure 5C-F).   171 

We next tested the role of Rab11a in ATP-induced current and NLRP3 inflammasome 172 

activation. Here we first measured the ATP-induced K+  current in RAW 264 macrophages 173 

expressing dominant-negative Rab11a construct (Rab11a S25N). Cells treated with Rab11a S25N 174 

showed significantly reduced ATP-induced K+  current (Figure 5G-H), indicating the requisite role 175 

for Rab11a in inducing K+  current. Depletion of Rab11a with siRNA (Figure 5I and M) in MDMs 176 

followed by assessment of NLRP3 inflammasome activation by ATP (5 mM) showed reductions in 177 

caspase 1 activation and IL-1β maturation (Figure 5I-K) and in the release of IL-1β and IL-18 178 

(Figure 5N-O), whereas NLRP3 expression was not affected (Figure 5I and L). 179 

To identify the in vivo role of macrophage-expressed Rab11a in regulating NLRP3 180 

inflammasome activation and inflammation, we first depleted endogenous mouse lung 181 

macrophages with liposomal clodronate 43, and  carried out adoptive transfer (via i.t. route) of 182 

monocyte-derived macrophages with and without siRNA-mediated Rab11a depletion (Figure 6A). 183 

We then induced endotoxemia in recipient mice. Mice transplanted with Rab11a-depleted 184 

macrophages showed significantly reduced NLRP3 inflammasome activation (Figure 6B-F) 185 

reflected by reduced  caspase 1 activation and IL-1β maturation (Figure 6B-D)  as well as the 186 

release of IL-1β and IL-18 (Figure 6E-F). Severity of inflammatory lung injury in mice with Rab11a-187 

depleted macrophages was significantly reduced as assessed by neutrophil and macrophage 188 



infiltration in lungs (Figure 6G-H) and quantification of myeloperoxidase (MPO) activity in lungs 189 

(Figure 6I). 190 

 191 
DISCUSSION 192 
 193 

    The inflammasomes as the innate immune signaling receptors monitor the extracellular space 194 

and subcellular compartments for signs of infection, damage, and other cellular stressors44.  NLRP3 195 

inflammasome is a protein complex consisting of the inflammasome sensor molecule NLRP3, the 196 

adaptor protein ASC, and caspase 1 42,43.  NLRP3 formation is triggered by a range of substances 197 

generated during infection, tissue damage and metabolic imbalances44,45; however details of  198 

NLRP3 activation by events at the plasma membrane remain unclear. NLRP3 activation is 199 

comprised of an initial priming phase involving NF-κB-dependent transcription of NLRP3 and pro-200 

interleukin-1β release initiated by pro-inflammatory cytokines or stimulation of Toll-like receptor 201 

(TLR) by agonists such as lipopolysaccharide (LPS) 46. The second phase of NLRP3 activation is 202 

initiated by Pathogen-Associated Molecular Patterns (PAMPs) or Danger-Associated Molecular 203 

Patterns (DAMPs) such as ATP, which ligates the purinergic receptor P2X7 47. Based on studies on 204 

the structure and assembly mechanisms of NLRP3 complex, an endogenous, stimulus-responsive 205 

form of full-length mouse NLRP3 is a 12- to 16-mer double-ring cage held together by  leucine-rich-206 

repeat (LRR)-LRR interactions with the pyrin domains shielded within the assembly to avoid 207 

premature activation9.  NLRP3 (consisting of double-ring cages of NLRP3) is predominantly 208 

membrane associated, such as in endoplasmic reticulum -ER, mitochondria，Golgi apparatus10-12, 209 

and  trans-Golgi network dispersed vesicles (dTGNvs), an early event observed in response to 210 

NLRP3-activating stimuli9.  Double-ring caged NLRP3 is recruited to the dispersed TGN (dTGN) 211 

through ionic bonding between its conserved polybasic region and negatively charged 212 

phosphatidylinositol-4-phosphate (PtdIns4P) on the dTGN.  dTGNvs serves as a scaffold for NLRP3 213 

aggregation into multiple puncta, leading to polymerization of the adaptor protein ASC, and thereby 214 

activates the downstream signaling cascade 13.   NLRP3 oligomer on the membrane is poised to 215 



sense diverse signals and induce inflammasome activation 9.   NLRP3 inflammasome is also 216 

assembled and activated at the centrosome14-17, the microtubule organizing center in mammalian 217 

cells, accounting for the singularity, size, and perinuclear location of activated inflammasomes 14. 218 

However, despite understanding these pathway, little is known about the triggers at the plasma 219 

membrane initiating the downstream assembly and activation of  NLRP3 complex.   220 

Although it is known that a key upstream  trigger of NLRP3 assembly and activation is 221 

potassium efflux18-20 via the potassium channel TWIK2 22 which creates regional pockets of low 222 

potassium , and thus facilitates NLRP3 assembly, the role of potassium efflux in the activation of the 223 

NLRP3 complex is unknown.  It was reported that cellular K+ efflux stabilized structural change in 224 

the inactive NLRP3, promoting an open conformation as a step preceding activation23. The 225 

conformational change appeared to facilitate the assembly of NLRP3 into a seed structure for ASC 226 

oligomerization, a key step for NLRP3 inflammasome activation23. In the present study, we 227 

examined how cells are able to control  and modulate activation of t NLRP3 inflammasome despite 228 

TWIK2 being a continuously active background K+ channel 21.  229 

Electrophysiological characterization and understanding of the functional significance of TWIK 230 

channel family (TWIK1, TWIK2, and TWIK7) is impeded by the low or absent functional expression 231 

in heterologous expression systems 21. TWIK1 was reported to be mainly located in intracellular 232 

compartments (such as pericentriolar recycling endosomes), and its transfer to the plasma 233 

membrane is tightly regulated21.  A study also showed that the TWIK2 generated background K+ 234 

currents in endolysosomes was crucial in regulating the number and size of lysosomes in MDCK 235 

cells 48.  TWIK2 contains sequence signals responsible for the expression of TWIK2 in the Lamp1-236 

positive lysosomal compartment 48, and sequential inactivation of these trafficking motifs prevented 237 

the targeting of TWIK2 to lysosomes, thus enabling plasmalemmal relocation of the functional 238 

channel 48.  Here we determined the mechanism of TWIK2 expression at the plasmalemma to 239 

address how the channel is functionalized in macrophages in the face of high intracellular K+ 240 

concentration.  We showed that TWIK2 in macrophages was primarily distributed in endosomes, but 241 



importantly it translocated on demand by ATP within 2 minutes to the plasmalemma by Rab11a 242 

dependent mechanism.   We showed that TWIK2 was primarily located in the endosomal 243 

compartment at rest, thus preventing TWIK2 mediated K+ efflux into the extracellular space to avoid 244 

unchecked NLRP3 activation. However, upon ligation of the purinergic P2X7 receptor by 245 

extracellular ATP, Ca2+ influx via P2X7 activated the Ca2+ sensitive endosomal GTPase Rab11a to 246 

induce endosomal TWIK2 translocation to the plasma membrane.  K+ efflux via plasma membrane 247 

translocated TWIK2 caused local K+ concentration ([K+]in) to decrease leading to NLRP3 248 

inflammasome activation and phenotype transition of macrophages (Figure 6 - figure 249 

supplemental 1). In the model, the endosomes served as reservoirs for the ion channel and thus 250 

enabling their transport to plasmalemma upon stimulation.  251 

There is precedence for this model.  An increase in plasmalemma surface expression of G 252 

protein-activated inwardly rectifying K+ (GIRK) channels from recycling endosome functioned to 253 

modulate neuronal activity 24-26. Recycling endosomes also served as intracellular storage 254 

compartments for the cardiac pacemaker channels - hyperpolarization-activated cyclic nucleotide-255 

gated (HCN) ion channels HCN2 and HCN4 for rapid adaptation of their surface expression in 256 

response to extracellular stimuli 27.  257 

Endosomal membrane trafficking requires the coordination of multiple signaling events to control 258 

cargo sorting and processing and endosome maturation 49. Several key regulators have been 259 

identified in endosome trafficking, such as small GTPases (which initiate signaling cascades to 260 

regulate the direction and specificity of endosomal trafficking), Ca2, and phosphoinositides 49. Here 261 

we found that the GTPase Rab11a showed the highest expression in macrophages. Rab11a is 262 

thought to regulate the function of a special endosomal subpopulation, the recycling endosomes 263 

41,42. This heterogeneous tubular-vesicular compartment engaged in membrane trafficking, connects 264 

the endo- and exocytotic pathways 41,42.   Although Rab11 is prominent in recycling endosomes, 265 

other studies have addressed its role in intracellular domains, trans-Golgi network (TGN) and post-266 

Golgi secretory vesicles 26,41,42.  Rab11a plays a key role in mouse embryonic development through 267 



regulating the secretion of soluble matrix metalloproteinases (MMPs) required for cell migration, 268 

embryonic implantation, tissue morphogenesis, and innate immune responses 41.  Rab11a-null 269 

embryos formed normal blastocysts but died at peri-implantation stages 41. We  have previously 270 

described the role for Rab11a in regulating efferocytosis via the modulation of disintegrin and 271 

metalloproteinase (ADAM)17-mediated CD36 cell surface expression as a promising strategy for 272 

activating the resolution of inflammatory lung injury 50.  The present results show an obligatory role 273 

of Rab11a in mediating cycling endosomal TWIK2 plasmalemma translocation. Importantly as a test 274 

of Rab11a relevance, adoptive transfer of Rab11a-deleted macrophages into mouse lungs after 275 

alveolar macrophage depletion prevented NLRP3 inflammasome activation and inflammatory lung 276 

injury. Thus,  Rab11a in macrophages has a fundamental check-point role in TWIK2 plasmalemmal 277 

translocation and regulating NLRP3 inflammasome activation and endotoxemia-induced 278 

inflammatory lung injury. 279 

 280 

  281 

282 



 MATERIALS AND METHODS 283 
 284 
Mice, cell cultures, and reagents.  C57 black 6 (C57BL/6) mice were obtained from Charles River 285 

Laboratory.  Twik2-/- mice was a generous gift from Dr. Lavannya M. Pandit (Baylor College of 286 

Medicine) 51,52.  P2x7–/– (B6.129P2-P2rx7tm1Gab/J ) mice were purchased from Jackson Laboratory 287 

(stock number: 005576).  All mice were housed in the University of Illinois Animal Care Facility in 288 

accordance with institutional and NIH guidelines.  Veterinary care and animal experiments were 289 

approved by the University of Illinois Animal Care & Use Committee (ACC protocol number: 21-290 

032).  For LPS-induced injury, mice received a single intraperitoneal dose (20 mg/kg) of LPS 291 

(Escherichia coli 0111:B4, L2630, Sigma).  Mouse bone marrow monocyte derived macrophage 292 

(MDMs) were induced and cultured as described 53.  The mouse RAW 264.7 macrophage cell line 293 

was obtained from ATCC (TIB-71™). RAW 264.7 is a macrophage cell line that was established 294 

from a tumor in a male mouse. The identity of this cell line was authenticated with the method of 295 

STR profiling by ATCC and was authenticated by ATCC, and was tested negative for mycoplasma 296 

contamination. These cells were cultured and propagated as instructed by the manufacturer's 297 

protocol.  Caspase-1 antibody (p20, AG-20B-0042-C100) was purchased from AdipoGen Life 298 

Sciences.  IL-1β antibody (AF-401-NA) was purchased form R&D systems.  TWIK2-EGFP plasmid 299 

(pLV[Exp]-Puro-CMV>mKcnk6[NM_001033525.3]/3xGS/EGFP) was designed by and purchased 300 

from VectorBbuilder (VB200618-1166ypg). TWIK2 antibody (LS-C110195-100) was purchased from 301 

Life Span Bioscience.  Antibody against Rab11a was purchased from Abcam (ab65200). Antibody 302 

against EEA1 (C45B10), LAMP1 (D2D11) and PDI (C81H6) were purchased from Cell Signaling 303 

Technology.  LPS (E. coli 0111:B4, Ultrapure, tlrl-3pelps, used to treat cells) were obtained from 304 

Invitrogen. ATP-Na+ (A2383), Vacuolin-1(673000) and other chemicals were purchased from 305 

Sigma.  306 

Dynamic observations of intracellular TWIK2 plasmalemma translocation in macrophages. 307 

Time-lapse video recording with confocal microscope was used to follow intracellular TWIK2 308 

plasmalemma translocation in macrophages challenged with ATP. TWIK2-GFP plasmid were 309 



transfected into RAW 264.7 cells for 48hrs and cells were imaged with confocal microscope in the 310 

presence or absence of extracellular ATP. Video recording was initiated once cells were exposed to 311 

ATP (5mM) using a Zeiss LSM 710 confocal microscope using 488 nm lasers and a 63× objective 312 

lens (NA 1.3) and an emission bandwidth of 500 nm. Dynamic analysis of intracellular TWIK2 313 

plasmalemma translocation was performed using Fiji software.  314 

TWIK2 immunostaining in macrophages.  RAW 264.7 macrophages transfected with TWIK2 315 

plasmids were plated at a density of 300,000 cells on 25 mm coverslips. Following a 24h incubation, 316 

cells were treated with different concentrations of ATP for 30min, followed by five washes with PBS, 317 

and fixation for 20 min in 3% paraformaldehyde–PBS. Cells were blocked and permeabilized in 318 

0.25% fish skin gelatin (Sigma), 0.01% saponin (Calbiochem, San Diego, CA) in PBS for 30min. 319 

Cells were stained with TWIK2 antibody for 1h, coverslips were washed, then incubated with goat 320 

antirabbit-AlexaFluor488 (Molecular Probes) for 1h, washed again and mounted in 4% n-propyl 321 

gallate, 25 mM Tris at pH 8.5 and 75% glycerol. Related localizations of TWIK2 were imaged with a 322 

Zeiss LSM 710 confocal microscope using 488 and 561 nm lasers and a 63× objective lens (NA 323 

1.3) and an emission bandwidth of 500–535 nm. Images were acquired with LCS software and 324 

images were processed with Fiji software.  325 

TWIK2 localization by immunoelectron microscopy. RAW 264.7 macrophages transfected with 326 

TWIK2 plasmids were collected and fixed by 4% paraformaldehyde and 0.15% glutaraldehyde in 327 

0.1 M PB buffer for 1 h. Cells were subsequently washed with 0.1 M PB buffer, dehydrated with 328 

ethanol and embedded with L.R. White resin (Electron Microscopy Science, Hatfield, PA) in a 329 

vacuum oven at 45 °C for 48h. Sections (100 nm) were incubated with anti-TWIK2 primary antibody 330 

(LSBio, #LS-C110195-100) for 3 h and further incubated with 10-nm gold-conjugated secondary 331 

antibody, goat anti-rabbit IgG (H+L; Ted Pella Inc., Redding, CA) for 1 h. Cells were further stained 332 

with uranyl acetate and lead citrate and examined on a FEI Tecnai F30 at 300 KV. 333 



Whole cell recordings.  Electrophysiological recordings were obtained using a voltage-clamp 334 

technique. All experiments were conducted at room temperature (22 - 240 C) using an EPC-10 335 

patch clamp amplifier (HEKA Electronik GmbH, Lambrecht, Germany) and using the Pulse V 8.8 336 

acquisition program (HEKA Electronik GmbH, Lambrecht, Germany).  Whole cell currents were 337 

elicited by using a ramp protocol with test pulse range from -110 to + 110 mV (200 ms in duration).  338 

The holding potential was 0 mV. The pipette solution contained (in mM): 120 K-glutamic acid, 2 Ca-339 

Acetate Hydrate, 2 Mg-SO4, 33 KOH, 11 EGTA and 10 Hepes, pH 7.2.  The bath solution contained 340 

(in mM): 140 Na-glutamic acid, 2 Ca-Acetate Hydrate, 1 Mg-SO4, 10 HEPES, pH 7.4.  Whole cell 341 

capacitance was recorded as described 30.  Whole cell currents and capacitance were analyzed 342 

using IGOR software (WaveMetrics, Lake Oswego, OR). 343 

Quantitative RT-PCR for fusion protein expression.  Total RNA of cultured MDMs was extracted 344 

using the RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions.  RNA isolated 345 

from MDMs was converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit 346 

(Applied Biosystems).  Real-time PCR was performed using SYBR Green Master Mix on ViiAZ 347 

(Applied Biosystems) according to the manufacturer's protocols.  The following primers were used 348 

for PCR: Rab6a: forward, 5'-GATACTGCGGGTCAGGAACG-3', and reverse, 5'-349 

GCAGCAGAGTCACGGATGTAA-3'; Rab6b: forward, 5'-AACCCGCTGCGAAAATTCAAG-3', and 350 

reverse, 5'-CGGTCTTCCAAGTACATGGTTT-3'; Rab11a: forward, 5'- 351 

AGGAGCGGTACAGGGCTATAA-3', and reverse, 5'- ATGTGAGATGCTTAGCAATGTCA-3'; 352 

Rab11b: forward, 5'-GCTGCGGGATCATGCAGATAG-3', and reverse, 5'- 353 

CACGGTCAGCGATTTGCTTC-3'; Rab27a: forward, 5'-GGCAGGAGAGGTTTCGTAGC-3', and 354 

reverse, 5'-GCTCATTTGTCAGGTCGAACAG-3'; Rab27b: forward, 5'-355 

TGGCTGAAAAATATGGCATACCA-3', and reverse, 5'-CCAGAAGCGTTTCCACTGACT-3'; 356 

Synaptotagmin VII-1 (Syt7-1): forward, 5'-TTGGCTACAACTTCCAAGAGTCC-3', and reverse, 5'-357 

CGGGTTTAGATTCTTCCGCTTC-3'; Syt7-2: forward, 5'-CAGACGCCACACGATGAGTC-3', and 358 

reverse, 5'-CTGGTAAGGGAGTTGACGAGG-3'; Vapm2: forward, 5'-GCTGGATGACCGTGCAGAT-359 



3', and reverse, 5'-GATGGCGCAGATCACTCCC-3'; V amp3: forward, 5'-360 

CAGGTGCCTCGCAGTTTGAA-3', and reverse, 5'-CCTATCGCCCACATCTTGCAG-3'. The data 361 

were analyzed using the comparative cycle-threshold (CT) method, where the amount of target is 362 

normalized to an endogenous reference gene, GAPDH. 363 

Silencing Rab11a constructs.  Dominant-negative Rab11a (Rab11a S25N) was a gift from Dr. 364 

Guochang Hu (The University of Illinois at Chicago) 50. The siRNA targeting mouse Rab11a (L-365 

040863-01-0005) and a siRNA negative control  were obtained from Horizon Discovery Ltd.  366 

Transient transfections of these dominant-negative Rab11a and siRab11a into mouse MΦs (RAW 367 

264.7 cell line) were performed with Amaxa mouse macrophage nucleofector kit (VPA-1009, Lonza) 368 

and DharmaFECT 4 Transfection Reagent (T-2004-01, Dharmacon) according to the 369 

manufacturer's protocol.  To evaluate the efficiency of Rab11a silencing, Rab11a expression was 370 

examined with Western blot and inflammasome activation was examined by measuring p20 371 

intensity via Western blot and IL-1β release through ELISA as mentioned above in cells 2-3 days 372 

after transfection.  373 

NLRP3 inflammasome activation analysis.  Prior to experimental treatments, macrophages 374 

incubated with 1 µg/ml LPS (LPS-EB Ultrapure, tlrl-3pelps, InvivoGen) as priming signal to induce 375 

NF-κB–dependent upregulation of pro–IL-1β and NLRP3 expression 54.  The cells were primed with 376 

LPS for 3 h at 37°C and then priming medium was replaced with normal culture medium. To 377 

evaluate the NLRP3 inflammasome activation, macrophages were stimulated with 5 mM ATP for 30 378 

min at 37°C and then IL-1 β and IL-18 release in the medium or bath solutions were measured by 379 

ELISA and Caspase 1 activation and IL-1 β maturation were evaluated by Western blot using p20 380 

antibody of Caspase 1 or IL-1β antibody.  Briefly, cell-free supernatants were collected and then 381 

assayed for murine IL-1β (MLB00C, R&D Systems), IL-18 (7625, Medical Biological Lab), and TNF-382 

α (SMTA00B, R&D Systems) by ELISA kit according to the manufacturer’s protocol and the 383 

adherent macrophages were collected to generate whole-cell lysate.  The cytokine concentration of 384 

the properly diluted or undiluted samples in 96-well plates was measured at 450 nm wavelength of 385 



absorbance, and calculated by GraphPad Prism linear regression analysis. Cell lysate samples and 386 

lung protein samples from mice were subjected to SDS-PAGE and transferred to membrane for 387 

Western blot analysis using various primary antibodies (Caspase 1-p20 and IL-1β).  388 

  389 

Myeloperoxidase (MPO assay). The lungs were homogenized in 1 mL of PBS with 0.5% 390 

hexadecyltrimethylammonium bromide.  The homogenates were sonicated, centrifuged at 40,000 × 391 

g for 20 min, and run through two freeze-thaw cycles.  The samples were homogenized and 392 

centrifuged a second time.  The supernatant was then collected and mixed 1/30 (vol/vol) with assay 393 

buffer (0.2 mg/mL o-dianisidine hydrochloride and 0.0005% H2O2). The change in absorbance was 394 

measured at 460 nm for 3 min, and MPO activity was calculated as the change in absorbance over 395 

time. 396 

Alveolar macrophage depletion and reconstitution: Commercially available clodronate 397 

liposomes (Clodrosome) were administered directly into lungs of 10-week-old mice using a 398 

minimally invasive endotracheal instillation method.  The mice were anesthetized by ketamine and 399 

xylazine (45 mg/kg and 8 mg/kg, respectively) and were suspended on a flat board and placed in a 400 

semi-recumbent position with the ventral surface and rostrum facing upwards.  Using curved blade 401 

Kelly forceps, the tongue is gently and partially retracted rostrally and 50 µl of clodronate liposomes 402 

is placed in the back of the oral cavity, which is then aspirated by the animal.  Control liposomes 403 

(50µl) alone were similarly administered in the control group.  After 2 days of clodronate treatment, 404 

mice were reconstituted by i.t. instillation in a similar manner with differentiated MDMs ( these 405 

MDMs have been treated with siRab11a for 48h) at dose of 2x106 in a 50µl volume per mice.  The 406 

mice were injected with i.p. LPS (20mg/Kg) after 24 h of macrophage reconstitution.  The lungs 407 

were flushed and harvested after 24 h of LPS challenge.    408 

Statistical analysis. Statistical comparisons were made using two-tailed Student's t test for 409 

comparisons of two groups or one-way ANOVA followed by the Tukey’s post hoc pairwise multiple 410 



comparisons when appropriate with Prism 6 (GraphPad).  Experimental values were reported as the 411 

means ± S.E.M (standard error of the mean).  Significance between groups was determined using 412 

the t-test (two tails) and asterisks indicate a statistically significant difference with the number of 413 

experiments indicated in parentheses.  414 

  415 
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 420 
 FIGURE LEGENDS 421 
 422 
 423 
Figure 1. Intracellular TWIK2 plasmalemma translocation on ATP challenge.   424 

A. Visualization of intracellular TWIK2 plasmalemma translocation post-ATP challenge. TWIK2-GFP 425 

plasmids were transfected into RAW 264.7 cells for 48h and cells were imaged with confocal 426 

microscope in the presence or absence of extracellular ATP (5mM). Red arrows show translocated 427 

TWIK2 (green) on the plasma membrane (PM). Scale bar = 1µm. B. Confocal images of TWIK2 428 

plasmalemma translocation on ATP challenge with the indicator of the plasma membrane (red) in 429 

mouse RAW 264.7 macrophage cell transfected with TWIK2-GFP plasmids (green). Cells  430 

expressingTWIK2-GFP were incubated with membrane dye NIR 750 (cell brite, #30077) for 20m at 431 

370C followed by 2x wash with blank medium, stimulated with ATP or PBS (control) for 15m; then 432 

cells were imaged using confocal microscope. Blue arrows showing the translocated TWIK2 (green) 433 

on the plasma membrane. Scale bar = 5µm. C. Confirmation of TWIK2 plasma membrane 434 

translocation using immunogold labeling electron microscopy before (upper panel) and after ATP 435 

(lower panel)  (5 mM, 30m) challenge in RAW 264.7 macrophages transfected with TWIK2 plasmids 436 

. TWIK2 (10 nm gold particles) was identified with anti-TWIK2 antibody (anti-aa71-120 of human 437 

TWIK2, Life Span Bioscience, LSBio #LS-C110195-100). Scale bar = 100nm. Note vesicular 438 

structure outlined by immunogold marker in the upper panel and distribution of immunogold labeled 439 

TWIK2 in the plasma membrane (PM) after ATP challenge in the lower panel. D. ATP 440 

concentration-dependent TWIK2 plasma membrane translocation. TWIK2 plasma membrane (PM) 441 

translocation was analyzed using confocal images as shown in B.  *P<0.05, **P<0.01, ***P<0.001. 442 

See also Figure 1 – figure supplemental 1. 443 



 444 

Figure 2. Endosomal localization of intracellular TWIK2 determined with fluorescent 445 

immunostaining of macrophages. TWIK2 intracellular localization was determined with 446 

fluorescent immunostaining with TWIK2 antibody along with other various antibodies against some 447 

specific vesicular proteins and imaged with confocal microscope. RAW 264.7 macrophages  448 

transfected with TWIK2 plasmids were fixed/permeabilized followed by immunostaining.  TWIK2 449 

(green) was identified with anti-TWIK2 antibody (LSBio #LS-C110195-100) in A through D.  Early 450 

Endosomes (EE, red) were identified with antibody (clone1D4B) against  EEA1 (C45B10 from Cell 451 

Signaling Technology) in A. Recycling Endosomes (RE, red) were identified with antibody against 452 

Rab11a (ab65200 from Abcam) in B. Lysosomes (red) were identified with antibody against 453 

lysosomal membrane protein LAMP1 (D2D11 from Cell Signaling Technology) in C.  ER was 454 

identified with antibody against PDI (C81H6 from Cell Signaling Technology) in D. Scale bar = 455 

10µm. E. Quantification of co-localization of TWIK2 with cell organelles based on the confocal 456 

images as shown in A - D.  ***P<0.001.  The localization of TWIK2 with organelles (green) was 457 

seen in both the EE and RE (white arrows) but much less in lysosomes or ER.  458 

 459 

Figure 3. Association of P2X7 dependent ATP-induced exocytosis with plasmalemma 460 

potassium efflux and NLRP3 inflammasome activation. A-B. Exocytic event is linked to 461 

plasmalemma potassium efflux. A. Exocytosis was evaluated with measurement of whole cell 462 

plasma membrane capacitance (Cm) reflecting the membrane surface changes. Left panel: Raw 463 

Cm traces recorded in monocyte-derived macrophages (MDMs) from either three WT or P2x7-/- 464 

mice under different conditions: 0 extracellular Ca2+ (0[Ca2+]o) to confirm the involvement of P2X7 465 

which mediated Ca2+ influx; Vacuolin, an inhibitor of vesicle plasma membrane fusion to confirm the 466 

involvement of membrane fusion events. 5 mM ATP was added as indicated. In the Vacuolin group, 467 

cells were treated with 10 μM Vacuolin for 2hr before challenge with ATP. ATP treatment caused 468 

Cm increase indicating intracellular vesicle fusion with plasma membrane. Right panel: summary of 469 



capacitance changes shown in left panel. ∗∗∗p < 0.001 compared with WT + ATP group, n = 5). 470 

Vesicle membrane fusion inhibitor Vacuolin prevented ATP-induced exocytosis (Cm increase), 471 

indicating the increased Cm caused by ATP challenge is the result of fusion of intracellular vesicles 472 

with the plasma membrane. The fusion event is both P2X7- and extracellular Ca2+ -dependent. B. 473 

Vesicle-plasmalemma fusion dependent of ATP-induced potassium efflux current. Whole cell 474 

current was recorded with patch clamp in MDM from three mice with or without vacuolin (10 µM). 475 

Currents were elicited with a ramp voltages running from −110 mV to +110 mV within 200 ms 476 

applied to cells with  intervals of 1s. Cells were held at 0 mV. Cells were bathed in solutions with K+ 477 

as the major outward current and Na+ and Ca2+ as the major inward current. Left panel: 478 

Representative I-V plot of whole cell current in MDM. Right panel: Summary of experiments 479 

displayed in left panel. ∗∗∗p < 0.001 compared with ATP group (n = 5).  Cells pretreated with the 480 

inhibitor of vesicular fusion protein Vacuolin showed significantly decreased current induced by 481 

ATP.  C-I. Inhibition of vesicle plasmalemma fusion prevents NLRP3 inflammasome activation in 482 

macrophages (MDMs). C, E: Representative Western blotx from three independent experiments 483 

showing reduced Caspase 1 activation (reduced Casp-1 p20; C) and IL-1β maturation (reduced IL-484 

1β p17; E). MDMs from three mice pretreated with vesicle plasmalemma fusion inhibitor vacuolin 485 

(10 µM, 2h) were primed with LPS (3h) and subsequently challenged with ATP (5 mM) for 30 min. 486 

Cell lysate was immunoblotted with indicated antibodies (anti-TWIK2 or anti-IL1β). D, F: 487 

Quantification of results in C, E. ∗p < 0.05 ∗∗p < 0.01, n = 3.  Reduction in Casp-1 p20) and IL-1β 488 

p17 was seen in cells treated with vacuolin consistent with the results above.  Reduction in release 489 

of IL1β and IL-18 was also evident but TNF-α did not change in the presence of vacuolin  (shown in 490 

G,H and I respectively).  *P<0.05, **P<0.01. 491 

  492 

Figure 4. ATP-induced potassium current and NLRP3 inflammasome activation in Ca2+- 493 

dependent manner. A-B. Ca2+ dependent of ATP-induced potassium efflux current. Whole cell 494 



current was recorded with patch clamp in MDMs from three mice with or without pretreatment of 495 

BAPTA-AM (1,2-Bis [2-aminophenoxy] ethane-N,N,N′,N′-tetraacetic acid tetrakis [acetoxymethyl 496 

ester], 10 µM) for 20m. Currents were elicited with a ramp voltages running from −110 mV 497 

to +110 mV within 200ms applied to cells with an interval of 1s. Cells were held at 0 mV. Cells were 498 

bathed in solutions with K+ as the major outward current and Na+ and Ca2+ as the major inward 499 

current. A. Representative I-V plot of whole cell current in MDMs. B. Summary from experiments 500 

displayed in A. ∗∗∗p < 0.001 compared with control group, n = 7; ###p < 0.001 compared with ATP 501 

group, n = 7).   Cells pretreated with BAPTA-AM showed significantly decreased current induced by 502 

ATP (5mM). C-F. Extracellular Ca2+dependent NLRP3 inflammasome activation in macrophages. 503 

MDMs from three mice were primed with LPS and subsequently challenged with ATP and cell 504 

lysates were immunoblotted with indicated antibodies (anti-Caspase 1 or anti-IL1β). C, D: 505 

Representative Western blotting results from three independent experiments showing reduced 506 

Caspase 1 activation (reduced Casp-1 p20) and IL-1β maturation (reduced IL-1β p17) in the 507 

absence of extracellular Ca2+. E, F:  Quantification of results shown in C, D. ∗p < 0.05 ∗∗p < 0.01, 508 

∗∗∗p < 0.001, n = 3. The absence of extracellular Ca2+ prevented ATP-induced NLRP3 509 

inflammasome activation in MDMs. G-H. Reduced Caspase 1 activation in  presence of Ca2+ 510 

chelator BAPTA-AM in MDMs. MDMs from three mice were primed with LPS (3h) and were then 511 

pretreated with or without  BAPTA-AM (10 µM) for 30m and subsequently challenged with ATP 512 

(5 mM) for 30m and cell lysates were immunoblotted with anti-Caspase 1. G: Representative 513 

Western blotting results from three independent experiments showing reduced Caspase 1 activation 514 

(reduced Casp-1 p20) on cell treatment with BAPTA-AM. H:  Quantification of results shown in G. 515 

∗p < 0.05 ∗∗p < 0.01, n = 3. Consistent with these results, the release of IL-1β and IL-18 but not TNF-516 

α, was reduced in the absence of extracellular Ca2+ or in the presence of Ca2+ chelator BAPTA-AM 517 

as shown in I, J, K, and L respectively.  **P<0.01,  ∗∗∗p < 0.001, n = 3. 518 

 519 



Figure 5. Rab11a mediates endosomal TWIK2 plasmalemma translocation and NLRP3 520 

inflammasome activation on ATP challenge of macrophages. A. Confocal images of Rab11a 521 

immunostaining in mouse MDMs from three mice before and after ATP challenge. Rab11a (green) 522 

distribution was identified with fluorescent immunostaining with anti-Rab11a antibody (ab65200 523 

from Abcam). Red arrows show translocated Rab11a after ATP challenge. Scale bar = 10µm.  We 524 

observed dispersed distribution and plasmalemma translocation of Rab11a after ATP challenge 525 

(bottom panel). B. Summary of Rab11a plasmalemma translocation as shown in A. ***P<0.001 526 

compared with control group. C-F. Rab11a-, P2X7-, and Ca2+- dependent TWIK2 plasma 527 

membrane translocation induced by ATP. C. Confocal images of TWIK2 plasmalemma translocation 528 

on ATP challenge in mouse RAW 264.7 macrophage cells transfected with TWIK2-GFP plasmids 529 

(green) under different conditions as indicated. Cells pretreated with siRab11a (or scRNA as 530 

control) or siP2X7 (or scRNA as control) for 48h or pretreated with BAPTA-AM (or PBS as control) 531 

for 20m, were stimulated with ATP or PBS (control) for 15m; then the cells were imaged using a 532 

confocal microscope. Red arrows showing the translocated TWIK2 after ATP challenge. Scale bar = 533 

5µm. D-F. Quantification of the TWIK2 plasmalemma translocation under different conditions 534 

(pretreated with siRab11a - D, pretreated with siP2X7- E, and pretreated with BAPTA-AM - F) 535 

based on the confocal images as shown in E. ***P<0.001.  Depletion of Rab11a or P2x7 or blocking 536 

intracellular Ca2+ increase (by BAPTA-AM) significantly reduced TWIK2 plasmalemma translocation 537 

after ATP challenge. G-H. Reduced ATP-induced K+ outward current in RAW 264 macrophages 538 

treated with dominant negative Ra11a (Rab11a DN) for 48h. Whole cell current was recorded with 539 

patch clamp as described in Fig3 B.  G. Representative I-V plot of whole cell current. H. Summary 540 

from experiments displayed in G. ∗∗∗p < 0.001 compared with WT basal, n = 5.  ###< 0.001 541 

compared with WT ATP group, n = 5.  Cells pretreated with Rab11a DN showed significantly 542 

decreased current induced by ATP. I-O. Rab11a-dependent NLRP3 inflammasome activation 543 

induced by ATP in macrophages. These experiments were carried out in MDMs treated with siRNA 544 

targeting mouse Rab11a (siRab11a). I.  Representative Western blot results from three independent 545 



experiments with MDMs from three mice showing reduced Caspase 1 activation (reduced Casp-1 546 

p20), IL-1β maturation (reduced IL-1β p17) and depletion of Rab11a in cells treated with siRab11a 547 

in MDMs whereas NLRP3 expression was not affected by siRab11a.  MDMs pretreated with 548 

siRab11a for 48h were primed with LPS (3h) and subsequently challenged with ATP (5 mM) for 549 

30m. Cell lysates were immunoblotted with indicated antibodies (anti-TWIK2 or anti-IL1β or anti-550 

Rab11a or anti NLRP3). J-M. Quantification of results shown in I. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, 551 

n = 3.  The reductions in Casp-1 p20, IL-1β p17, Rab11a, but not NLRP3 expression were seen in 552 

cells treated with siRab11a.  N, O. Reduced IL-1β (N) and IL-18 (O) release in cells treated with 553 

siRab11a. MDMs pretreated with siRab11a for 48h were primed with LPS (3h) and subsequently 554 

challenged with ATP (5 mM) for 30m.  Release in IL-1β and IL-18 in the supernatant was measured 555 

with ELISA. ∗p < 0.05, ∗∗p < 0.01, n = 3. See also Figure 5 – figure supplemental 1. 556 

 557 

Figure 6. Rab11a deficiency in macrophages prevents sepsis-Induced NLRP3 inflammasome 558 

activation and inflammatory lung Injury in mice. A. Schematic illustration of the experiments. 559 

Lung macrophages (Mac) were depleted with clodronate liposomes (for 48h) and then reconstituted 560 

intratracheally with MDMs treated with either siRNA of Rab11a or scRNA control as illustrated.  561 

each group (5 mice per group) were injected with LPS (intra-peritoneal injection, i.p.) after 24hr of 562 

macrophage reconstitution. Lungs were harvested for evaluation of NLRP3 inflammasome 563 

activation and lung inflammation.  NLRP3 inflammasome activation was evaluated by both 564 

measuring the density of Casp-1 p20 and IL-1β p17 based on immunoblotting (B) and quantified in 565 

C and D (∗∗∗p< 0.001, n = 5), and measuring the concentrations of IL-1β and IL-18 shown in E (IL-566 

1β) and F (IL-18), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 5. G. Representative H&E images of lung 567 

sections from three independent experiments (Scale bars: 200 μm. ). Lung injury shown in G was 568 

evaluated by quantification of inflammatory cells in alveoli (per 4mm2 using the Fiji image analysis 569 

software) shown in H (∗p < 0.05, ∗∗∗p< 0.001, n = 5). Lung neutrophil infiltration was evaluated by 570 



MPO measurements of lung tissue shown in I (∗∗∗p< 0.001, n = 5). See also Figure 6 – figure 571 

supplemental 1. 572 

 573 
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Supplemental figure legends for “Endosomal Trafficking of Two Pore K+ Efflux Channel 712 

TWIK2 to Plasmalemma Mediates NLRP3 Inflammasome Activation and Inflammatory 713 

Injury” Anke Di1*, Long Shuang Huang1*, Bisheng Zhou1,  Peter T. Toth2, Yamuna Krishnan3,   714 

and Asrar B. Malik1# 715 

 716 

Figure 1- figure supplemental 1. Electron microscopy assessment of TWIK2 plasmalemma 717 

translocation. TWIK2 plasmalemma translocation from immunogold labeling electron microscopy 718 

before (A) and after ATP (B)  (5 mM, 30min) challenge in RAW 264.7 macrophages. TWIK2 (10 nm 719 

gold particles) was identified with anti-TWIK2 antibody as in Fig. 1B. Scale bar = 100nm. Note the 720 

vesicular structure outlined by the immunogolds in A and plasmalemma distribution of immunogold 721 

labeled TWIK2 after ATP challenge in B. Related to Fig. 1C. Related to Fig. 1. 722 

 723 

Figure 5 - figure supplemental 1. Relative mRNA expression of vesicle fusion proteins in 724 

MDMs. mRNA of  various vesical fusion proteins were assessed by Qrt-PCR for the 725 

following: Rab27a and b;  Rab11a and b; Rab6a and b; Synaptotagmin7-1 and 2(Syt7-1 and 2); 726 

Vamp2 and 3. The highest expression was seen in Ra11a (n = 3). Related to Fig. 5. 727 

 728 

 729 



Figure 6 - figure supplemental 1 : Endosomal TWIK2 plasmalemma translocation and 730 

resultant NLRP3 inflammasome activation. TWIK2 is basally active potassium channel in both 731 

early endosome (EE) and recycling endosome (RE).  Extracellular ATP (e[ATP]) activates P2X7 732 

and induces Ca2+ influx via P2X7 which activates Ca2+ sensitive Rab11a and causes recycling 733 

endosomal TWIK2 translocation to the plasma membrane.  K+ efflux via plasma membrane 734 

translocated TWIK2 causes intracellular potassium concentration ([K+]in) to decrease leading to 735 

NLRP3 inflammasome activation. NLRP3 inflammasome activation thus leads to macrophage 736 

activation and promotes innate immunity. Related to Fig. 6. 737 

 738 

 739 

Video Legends for “Endosomal Trafficking of Two Pore K+ Efflux Channel TWIK2 to 740 

Plasmalemma Mediates NLRP3 Inflammasome Activation and Inflammatory Injury” Anke 741 

Di1*, Long Shuang Huang1*, Bisheng Zhou1,  Peter T. Toth2, Yamuna Krishnan3,   and Asrar B. 742 

Malik1# 743 
 744 

Video 1 - 2: Plasma membrane translocation of  intracellular TWIK2 upon ATP challenge. 745 

TWIK2-GFP plasmids were transfected into RAW 264.7 cells for 48hr and cells were imaged with 746 

confocal microscope in the presence (Video 2) or absence (video 1) of extracellular ATP (5mM). 747 

Video recording was initiated once cells were exposed to ATP (5mM) using a Zeiss LSM 710 748 

confocal microscope using 488 nm lasers and a 63× objective lens (NA 1.3) and an emission 749 

bandwidth of 500 nm. Dynamic analysis of intracellular TWIK2 plasmalemma translocation was 750 

performed using Fiji software. Related to Fig. 1A.  751 

 752 

Titles and Descriptions of the Source data 753 



Figure 3 - source data 1: P2X7 dependent ATP-induced exocytic event is linked to 754 

plasmalemma potassium efflux and NLRP3 inflammasome activation. C. Inhibition of vesicle 755 

plasmalemma fusion prevents NLRP3 inflammasome activation in macrophages. C. Representative 756 

results of  Western blot from three independent experiments showing reduced Caspase 1 activation 757 

(reduced Casp-1 p20, C). MDMs pretreated with vesicle plasmalemma fusion inhibitor vacuolin (10 758 

µM, 2hr) were primed with LPS (3 hr) and subsequently challenged with ATP (5 mM) for 30 min. 759 

Cell lysates or pellets were immunoblotted with indicated antibodies (anti-TWIK2 or anti-IL1β).  760 

 761 

Figure 3 - source data 2: P2X7 dependent ATP-induced exocytic event is linked to 762 

plasmalemma potassium efflux and NLRP3 inflammasome activation. E: Representative 763 

results of  Western blot from three independent experiments showing reduced IL-1β maturation 764 

(reduced IL-1β p17). MDMs pretreated with vesicle plasmalemma fusion inhibitor vacuolin (10 µM, 765 

2hr) were primed with LPS (3 hr) and subsequently challenged with ATP (5 mM) for 30 min. Cell 766 

lysates or pellets were immunoblotted with indicated antibodies (anti-TWIK2 or anti-IL1β).  767 

 768 

Figure 4 - source data 1: Ca2+ dependent plasmalemma potassium efflux and NLRP3 769 

inflammasome activation. C. Extracellular Ca2+dependent NLRP3 inflammasome activation in 770 

macrophages. MDMs were primed with LPS and subsequently challenged with ATP and cell lysates 771 

or pellets were immunoblotted with indicated antibodies (anti- Caspase 1 or anti-IL1β). C: 772 

Representative Western blotting results from three independent experiments showing reduced 773 

Caspase 1 activation (reduced Casp-1 p20) in the absence of extracellular Ca2+.  774 

 775 

Figure 4 - source data 2: ATP-induced potassium current and NLRP3 inflammasome 776 

activation in Ca2+- dependent manner. D. Extracellular Ca2+dependent NLRP3 inflammasome 777 



activation in macrophages. MDMs were primed with LPS and subsequently challenged with ATP 778 

and cell lysates or pellets were immunoblotted with indicated antibodies (anti-IL1β). D: 779 

Representative Western blotting results from three independent experiments showing reduced 780 

Caspase 1 activation (reduced Casp-1 p20) and IL-1β maturation (reduced IL-1β p17) in the 781 

absence of extracellular Ca2+.  782 

 783 

Figure 4 - source data 3: ATP-induced potassium current and NLRP3 inflammasome 784 

activation in Ca2+- dependent manner. G. Reduced Caspase 1 activation in the presence of Ca2+ 785 

chelator BAPTA-AM in MDMs. MDMs were primed with LPS (3 hr) and then were pretreated with or 786 

without  BAPTA-AM (10 µM) for 30min and subsequently challenged with ATP (5 mM) for 30 min 787 

and cell lysates were immunoblotted with anti-Caspase 1. G: Representative Western blotting 788 

results from three independent experiments showing reduced Caspase 1 activation (reduced Casp-789 

1 p20) when cells were treated with BAPTA-AM 790 

 791 

Figure 5 - source data 1: Rab11a mediates endosomal TWIK2 plasmalemma translocation 792 

and NLRP3 inflammasome activation on ATP challenge in macrophages. I. Rab11a-dependent 793 

NLRP3 inflammasome activation induced by ATP in macrophages. Inhibited NLRP3 inflammasome 794 

activation in MDMs treated with siRNA targeting mouse Rab11a (siRab11a). I. Representative 795 

results of  Western blot from three independent experiments showing reduced Caspase 1 activation 796 

(reduced Casp-1 p20) and IL-1β maturation (reduced IL-1β p17) and Rab11a knocking down after 797 

cells were treated with siRab11a in MDMs, but the NLRP3 expression was not affected by siRab11a 798 

treatment. MDMs pretreated with siRab11a for 48hrs were primed with LPS (3 hr) and subsequently 799 

challenged with ATP (5 mM) for 30 min. Cell lysates were immunoblotted with indicated antibodies 800 

(anti-TWIK2 or anti-IL1β or anti-Rab11a or anti NLRP3).  801 

 802 



Figure 6 - source data 1:Rab11a deficiency in macrophages prevents sepsis-Induced NLRP3 803 

inflammasome activation and inflammatory lung injury in mice.  B Lung macrophages (Mac) 804 

were depleted with clodronate liposomes and then reconstituted via intratracheal route with MDMs 805 

treated with either siRNA of Rab11a or siRNA control as illustrated. The mice were injected with 806 

LPS (intra-peritoneal injection, i.p.) after 24 hr of macrophage reconstitution. Lungs were harvested 807 

for evaluation of NLRP3 inflammasome activation and lung inflammation.  NLRP3 inflammasome 808 

activation (indicated by caspase 1 activation and IL-1β maturation) in the murine lung was assessed 809 

by immunoblotting. 810 
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