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Abstract 

The NLRP3 inflammasome is a multi-protein complex responsible for the activation of caspase-1 and 

the subsequent cleavage and activation of the potent inflammatory cytokines IL-1β and IL-18, and 

pyroptotic cell death. NLRP3 is implicated as a driver of inflammation in a range of diseases including 

neurodegenerative diseases, type 2 diabetes and atherosclerosis. A commonly reported mechanism 

contributing to NLRP3 inflammasome activation is potassium ion (K+) efflux across the plasma 

membrane. Identification of the K+ channels involved in NLRP3 activation remains incomplete. In this 

thesis, the role of the K+ channel THIK-1 in NLRP3 activation was investigated. Pharmacological 

inhibitors, siRNA-induced THIK-1 gene knockdown and cells from THIK-1 knockout mice were used 

to assess THIK-1 contribution to macrophage, monocyte and microglial NLRP3 activation in vitro. 

Pharmacological inhibition of the THIK-1 K+ channels inhibited caspase-1 activation in mouse bone-

marrow derived macrophages (BMDMs), mixed glia, and microglia in response to NLRP3 agonists. 

Similarly, BMDMs and microglia from THIK-1 knockout mice had reduced NLRP3-dependent IL-1β 

release in response to P2X7 receptor activation with ATP. We further identified that K+ efflux was 

required for caspase-1 activation, but formation of the ASC speck still occurred in the presence of K+ 

channel inhibitors. In addition, THIK-1 mRNA levels were found to be elevated in post-mortem brain 

tissue from Alzheimer’s and Parkinson’s disease patients.  Overall, these data suggest that the THIK-

1 K+ channel is a regulator of NLRP3 inflammasome activation in response to ATP and identify THIK-

1 as a potential therapeutic target for inflammatory disease. 
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1.1 Inflammation  

Inflammation is the immune systems response to harmful stimuli such as pathogens, damaged cells 

and toxic compounds (1) and functions to remove damaging stimuli and initiate healing (2). Acute 

inflammatory responses initiate molecular and cellular pathways to minimize injury or infection to 

restore tissue homeostasis. However, uncontrolled acute inflammation can become chronic, 

contributing to a variety of diseases (3). Inflammation thus represents an attractive therapeutic target 

for limiting the pathology for a number of different diseases. Understanding the mechanisms 

regulating the inflammatory response is critical in order to identify novel therapeutic targets for limiting 

damaging inflammation.  

 

1.2 The innate immune system 

The innate immune response is the first line of defence against infection. The innate immune system 

functions to promote a rapid immune response against signs of infection found in the extracellular 

environment and subcellular compartments (4). During microbial infection, inflammation plays a key 

role in the clearing and containing the infection while also promoting tissue repair to restore 

homeostasis. Infection is a key driver of inflammation, however a diverse range of sterile stimuli such 

as toxins, crystals, chemicals, ischemia and mechanical trauma also trigger inflammation. 

Regardless of the trigger of inflammation, be that infectious or sterile the same downstream vascular 

and cellular mechanisms are activated. Although inflammation is extremely effective at killing 

microbes and fighting infection, host cells are also damaged and killed as a by-product. Since 

infections are typically cleared rapidly by the innate immune system, the duration of inflammation is 

limited resulting in minimal tissue damage.  During infection, inflammation is still beneficial to the 

host despite tissue damage as a potential life threatening stimuli is removed (5).  

 

However, this is not the case during sterile inflammation. The causative stimulus may offer no threat 

of injury to the host yet still induces the collateral tissue damage caused by inflammation. Sterile 

inflammation may therefore only inflict damage on healthy cells while offering no benefit to the host 

as there is no pathogen to kill and remove. Furthermore, if the sterile stimuli are not resolved this 

can lead to a chronic inflammatory response resulting in ongoing tissue damage which can 
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exacerbate or even cause disease. Examples in which sterile inflammation has been found to 

contribute to non-communicable disease pathology include atherosclerosis, Alzheimer’s disease, 

Parkinson’s disease and type-2 diabetes (6–9). Understanding the mechanisms underlying this 

damaging form of inflammation has become an area of intense research with the hope that greater 

understanding will lead to a breakthrough in therapeutic interventions.  

 

1.3 Pattern recognition receptors  

The innate immune response begins with the detection of pathogens or tissue damage via several 

classes of receptors termed pattern recognition receptors (PRRs) expressed by many innate immune 

cells including macrophages, monocytes and neutrophils. These receptors survey both the 

extracellular and intracellular space recognizing structures conserved among microbial species, 

which are called pathogen-associated molecular patterns (PAMPs) as well as endogenous agents 

released from damaged cells termed damage-associated molecular patterns (DAMPs).  

 

The majority of PRRs can be classified based upon protein domain homology into one of five distinct 

families. The five families include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), 

nucleotide-binding domain, leucine-rich repeat (LRR)-containing NOD-like receptors (NLRs), retinoic 

acid-inducible gene I (RIG-I)-like receptors (RLRs) and the  absent in melanoma 2 (AIM2)-like 

receptors (ALRs) (10). The families can be further subdivided into two classes, membrane-bound 

receptors and intracellular unbound receptors. TLRs and CLRs are membrane bound receptors 

found within in the plasma membrane or endosomal compartments. These receptors function to 

detect DAMPs and PAMPs in the extracellular space and within endosomes. NLRs, RLRs and ALRs 

are located within the cytoplasm and detect intracellular signals. Stimulation of PRRs trigger two 

types of downstream signaling cascade, transcriptional and non-transcriptional. Transcriptional 

production of proinflammatory cytokines and interferons (IFN) are critical for initiating innate immune 

responses. PRRs also drive non-transcriptional responses such as phagocytosis, autophagy, cell 

death and cytokine processing (11–13). One critical feature of several PRRs for the processing 

inflammatory cytokines and induction of cell death is the formation of multi-protein complexes, termed 

inflammasomes. These macromolecular complexes are key drivers of inflammatory cytokine release 

in response to multiple DAMPs and PAMPs. However, of all the known PRRs only NLRP1, NLRP3, 
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NLRC4, AIM2 and pyrin have been discovered to form inflammasome complexes in response to 

pathogenic microorganisms and danger signals in the cytosol of cells (Figure 1.1) (14).  

 

1.4 Inflammasomes 

The inflammasome field began with a seminal paper published in 2002 which was the first to describe 

the inflammasome complex (15). Tschopp and colleagues identified a high molecular-weight 

complex present in the cytosol of stimulated immune cells that regulates inflammatory caspase 

activation. In the time since this discovery, our knowledge of inflammasome biology has improved 

substantially with a number of distinct inflammasomes having now been identified. Assembly of each 

inflammasome is dependent on activation of a specific PRR in response to PAMP and DAMP 

detection within the cytosol. In response to inflammatory stimuli, the PRRs are activated triggering 

oligomerization and the recruitment of the adaptor protein apoptosis-associated speck-like protein 

containing c-terminal caspase recruitment domain (ASC). ASC is composed of two protein-protein 

interaction domains: an N-terminal pyrin domain (PYD) and a C-terminal caspase recruitment 

domain (CARD). ASC functions via these domains to link the upstream inflammasome sensor 

molecules to the inflammatory caspase, caspase-1. Following recruitment of caspase-1 to ASC, 

proximity-induced auto processing occurs resulting in enzymatically active caspase-1 which drives 

the processing and release of interleukin (IL)-1 and IL-18 and induced a form of lytic cell death termed 

pyroptosis. Inflammasomes are now recognized to play a critical role in the host defence response 

against pathogens (16). However, a wide range of diseases including cancer, autoimmune, 

metabolic and neurodegenerative diseases are associated with dysregulated inflammasome 

activation.   

 

A major advance in inflammation research came with the discovery that gain of function mutations 

in the NLRP3 gene resulting in constitutive NLRP3 activation cause the inherited autoinflammatory 

disease cryopyrin-associated periodic syndrome (CAPs) (17–19). CAPs represent a spectrum of 

three clinically overlapping autoinflammatory syndromes of varying severity including familial cold 

autoinflammatory syndrome, Muckle-Wells syndrome and neonatal-onset multisystem inflammatory 

disease. These findings highlighted the critical importance of NLRP3 in modulating sterile 

inflammation. Following findings of NLRP3’s role in human monogenic autoinflammatory conditions, 
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NLRP3 has been shown to affect a diverse range of disease models in mice. As such NLRP3 is now 

the most intensely researched inflammasome due to its association with a number of both inherited 

and acquired inflammatory diseases. Accordingly, there is a great interest in understanding the 

mechanisms regulating NLRP3 in order to identify potential therapeutic targets for limiting damaging 

inflammation in a variety of diseases. 

 

 

 

 

 

Figure 1.1 Inflammasome activators and structures.  
Inflammasomes can be formed by a number of distinct PRRs. The NLRP3 inflammasome is activated 
by a diverse range of stimuli and is composed of a LRR domain, NACHT domain and PYD domain. 
Activation of NLRP3 results in the recruitment of the adaptor protein ASC which is composed of a 
PYD and CARD domain. ASC then recruits caspase-1 resulting in its cleavage and activation. The 
NLRC4 inflammasome is formed in response to detection of flagellin and is composed of an LRR, 
NACHT and CARD domain. The NLRP1 inflammasome is activated by anthrax lethal toxin and 
contains a function to find domain (FIIND), as well as CARD, LRR, NACHT and PYD domains. The 
AIM2 inflammasome detects double stranded DNA and is composed of a DNA-sensing HIN200 
domain in addition to a PYD domain. The Pyrin inflammasome is activated by Ras homolog gene 
family member A (RhoA) inhibition and comprises a B30.2 domain, a central coiled-coil domain (CC), 
a B-box-type zinc finger domain (B-box) and a PYD domain. 
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1.5 NLRP3 

Two separate steps are required for the activation of NLRP3 in macrophages: priming and activation  

(20). The initial priming step serves at least two known functions in NLRP3 inflammasome activation. 

Firstly, priming upregulates the expression of inflammasome components NLRP3 and pro IL-1β 

which are expressed at insufficient levels for inflammasome activation in resting cells. A secondary 

but just as important function of priming is to induce post-translational modifications of NLRP3 which 

stabilize NLRP3 into a state capable of activation. The secondary activation step then promotes the 

assembly of the NLRP3 inflammasome resulting in caspase-1 mediated IL-1β and IL-18 secretion in 

addition to pyroptosis. Therefore, the priming step functions to licence NLRP3 activation in the cell 

while the secondary step occurs in response to NLRP3 recognising an activator, inducing full 

activation and formation of the inflammasome generating a pro-inflammatory response.  

 

1.5.1 NLRP3 priming 

Broadly speaking, priming stimuli include any that trigger activation of the transcription factor nuclear 

factor (NF)-κB, such as ligands for IL-1R, TLRs, NLRs and cytokine receptors TNFR1 and TNFR2 

(21, 22). For example, lipopolysaccharide (LPS) activates the cell surface receptor TLR4, which 

drives MyD88 and TRIF dependent signaling pathways resulting in activation of NF-κB (21). NF-κB 

activation is critical for upregulating the transcription of both pro IL-1β and NLRP3 (21). Pro IL-1β is 

not constitutively expressed and basal levels of NLRP3 are insufficient for effective signaling (23). 

Therefore, without transcriptional priming NLRP3 inflammasome activation would be unable to occur 

due to insufficient NLRP3 and pro IL-1β levels. Conversely, transcriptional upregulation is not 

required for other inflammasome components ASC, pro caspase-1 or pro IL-18 as they are 

sufficiently expressed in the steady state (21, 24, 25). In addition to pro IL-1β and NLRP3, NF-κB 

also induces the expression of other pro-inflammatory proteins such as IL-1α, IL-6 and tumour 

necrosis factor α (TNFα) (26–28). Further to this transcriptional role priming also regulates NLRP3 

at the post-transcriptional level. This was first discovered by the observation that priming 

macrophages for only 10 minutes, which is insufficient for the induction of pro IL-1β and NLRP3 

expression enhances NLRP3 inflammasome activation (25, 29). Despite transcriptional priming 

enhancing NLRP3 activation and being critical for IL-1β release, recent findings have shown 
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transcription is not required for NLRP3 activation. Co-administration of both priming and activating 

stimuli can activate NLRP3 independently from inducing NLRP3 protein expression (25, 29–33). 

Posttranslational modifications (PTMs) have been found to drive this rapid activation of NLRP3 (25, 

29–33). The initial priming step licenses NLRP3 activation via ubiquination by E3 ligases and 

phosphorylation by c-Jun N-terminal kinase 1 (JNK1) (34, 35). These findings clearly highlight that 

priming facilitates NLRP3 activation through inducing expression of IL-1β and NLRP3 but also 

licensing actual activation of NLRP3 via PTMs. 

 

In addition to priming induced PTMs, further modifications are also required in response to secondary 

activating stimuli to facilitate NLRP3 inflammasome activation. Posttranslational phosphorylation, de-

ubiquination, de-SUMOylation, and acetylation are all induced by secondary stimuli and are required 

for inflammasome activation (35–38). Therefore, NLRP3 regulation at both the priming and activation 

step is extremely complicated with multiple cellular pathways tightly regulating activation. Adding 

further complexity, the initial priming step is dispensable for canonical NLRP3 activation in human 

monocytes suggesting species differences in NLRP3 activation between mouse and human myeloid 

cells (39). Further understanding the mechanistic differences between mouse and human NLRP3 

activation will be critical in pursuing NLRP3 as a therapeutic target for human inflammatory 

conditions.  

 

1.5.2 Interleukin-1 

IL-1 is regarded as a master inflammatory cytokine, controlling a wide variety of innate immune 

responses (40). The IL-1 family consists of 11 cytokines and 10 IL-1 family receptors. More so than 

any other family of cytokine IL-1 family members are heavily linked with damaging inflammation (41). 

Two members of the IL-1 family – IL-1α and IL-1β are upregulated in response to NLRP3 priming. 

Both IL-1α and IL-1β signal through the major IL-1 receptor IL-1R1 and have similar biological 

properties (41). However, expression of IL-1β is insufficient to induce inflammatory signaling via IL-

1R1 as IL-1β is expressed as an inactive precursor pro IL-1β. Cleavage and activation of pro IL-1β 

into its active form is dependent on inflammasome-mediated caspase-1 processing (42).   
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1.5.3 Canonical NLRP3 activation  

The priming step of inflammasome activation licenses the cell for inflammasome activation. The 

secondary activation step occurs in response to recognition of NLRP3 activators inducing PTMs of 

NLRP3 allowing for assembly of the inflammasome and full activation. NLRP3 differs from other 

PRRs due to its unique ability to respond to a variety of unrelated stimuli whereas most PRRs only 

respond to one or a small number of related PAMPs or DAMPs. The range of stimuli capable of 

inducing NLRP3 activation is diverse. NLRP3 is activated by bacterial, viral and fungal infections as 

well as sterile stimuli. Based on the structural and chemical diversity of NLRP3 activators it is unlikely 

that they directly bind and activate NLRP3. A common feature shared among these stimuli is that 

they all result in a form of cellular stress such as mitochondrial dysfunction and reactive oxygen 

species production, lysosomal destabilisation, cathepsin release and potassium efflux. The 

mechanism by which NLRP3 senses cellular stress and which pathways are responsible for 

inflammasome activation remains uncertain. Research efforts have focused on trying to identify a 

unifying molecular mechanism of NLRP3 activation. 

 

1.5.4 Potassium efflux  

Potassium (K+) efflux is established as a common ionic event that occurs in cells in response to most 

NLRP3 stimuli. Initial early studies identified the importance of K+ efflux in NLRP3 activation through 

showing NLRP3 stimuli adenosine tri-phosphate (ATP) and nigericin drive K+ efflux which is required 

for IL-1β processing (43). The critical role of K+ efflux was further demonstrated by findings that 

triggering K+ efflux via K+ free media is sufficient to induce NLRP3 activation (44).  Moreover, K+ 

efflux was comprehensively shown to be an absolute requirement for NLRP3 activation, occurring 

downstream of most NLRP3 stimuli suggesting K+ efflux to be a universal trigger of NLRP3 activation 

(45). Interestingly, dependence on K+ efflux is unique to the NLRP3 inflammasome, high extracellular 

K+ fails to block the NLRC4 or AIM2 inflammasome (44, 45).  Therefore K+ efflux was thought to be 

the specific universal trigger of NLRP3 activation. Emerging research has identified NIMA (never in 

mitosis gene a)-related kinase 7 (NEK7) to be an essential regulator of NLRP3 activation 

downstream of K+ efflux (46, 47). NEK7 directly interacts with NLRP3 in a K+ efflux dependent 

manner (46).  Collectively these studies suggest NEK7 functions to bind and activate NLRP3 in 
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response to sensing low intracellular K+ concentrations. More recent research suggests K+ efflux 

triggers a conformational change in the protein structure of NLRP3 which promotes activation (48). 

Conformational changes to NLRP3 in response to K+ efflux was dependent upon the N-terminal 

NLRP3 linker and fish-specific Nacht associated domain (FISNA). The NLRP6 inflammasome is not 

activated by K+ efflux, yet construction of a chimeric NLRP6 receptor containing the linker-FISNA 

sequence resulted in responsiveness to K+ efflux (48–50). These findings suggest the NLRP3 N-

terminal linker and FISNA domain are critical for inducing conformation changes to NLRP3 which 

promote activation in response to K+ efflux.  

 

However, studies suggest K+ efflux is not always required for NLRP3 activation. The small molecules 

imiquimod and CL097 have been found to activate NLRP3 independently from K+ efflux (51). These 

findings suggest that potentially a further step occurs downstream of K+ efflux to drive NLRP3 

activation and these molecules directly activate this step and thus bypass K+ efflux. Alternatively, K+ 

efflux independent pathways may exist for NLRP3 activation. In addition, introduction of mutant 

NLRP3 (NLRP3R258W) which is the gene equivalent to the human mutation in Muckle-Wells syndrome 

into mouse macrophages results in NLRP3 activation independently of K+ efflux (52). These studies 

suggest K+ efflux is sufficient but not necessary for activation of the NLRP3 inflammasome.  

The findings that K+ efflux is necessary and sufficient for NLRP3 activation in most cases has sparked 

interest in discovering the molecular mechanisms underlying K+ efflux. Identification of the K+ ion 

channels involved in K+ efflux could potentially highlight novel therapeutic targets for dysregulated 

NLRP3 inflammasome activation.  

 

1.5.4.1 Purinergic receptors 

ATP was the first endogenous molecule found to induce caspase-1 activation and IL-1β cleavage 

(53).  Later ATP activation of the purinergic receptor P2X7 was discovered to drive K+ efflux and 

subsequent NLRP3 activation (43, 54, 55). P2X receptors are cation selective, ionotropic receptors 

which respond exclusively to ATP binding. The P2X7 receptor belongs to a family of 7 P2X receptors 

which are all K+ permeable. Of all P2X receptors, P2X7 displays the greatest ion conductance, 

facilitating an ion channel current which allows for the continuous flow of K+ and other cations (56). 

Sustained activation of P2X7 is associated with the opening of hemichannels which further 
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permeabilize the plasma membrane resulting in significant K+ efflux.  The In vivo relevance of these 

findings was questioned as ATP only have a short half-life and high concentrations (mM range) are 

required for P2X7 activation (57). However, high levels of ATP have been observed in vivo to 

correlate with areas of inflammation suggesting ATP reaches sufficient concentrations to activate 

P2X7 in vivo (58, 59).  

 

In addition to P2X7, P2X1 and P2X4 are also expressed by macrophages and evidence suggests 

P2X4 may contribute to NLPR3 activation through interaction with P2X7 (60, 61). Furthermore, 

additional studies suggest P2X4 activation alone is a distinct pathway of NLRP3 activation (62). In 

contrast, P2X4 deficiency was found to have no effect on ATP-induced NLRP3 activation (58). P2X4 

deficiency results in reduced P2X7 expression which could which could explain the mechanism by 

which P2X7 is impacting NLRP3 activation (63).  

 

The P2Y receptors represent an additional family of purinergic receptors associated with NLRP3 

activation. P2Y receptors are metabotropic receptors within the G-protein-coupled receptor family 

(64). ATP in addition to several other nucleotides such as adenosine diphosphate (ADP), Uridine 

triphosphate (UTP) and uridine diphosphate (UDP) activate P2Y receptors.  Activation of P2Y 

receptors triggers phospholipase c activation resulting in Ca2+ efflux. Pharmacological inhibition of 

P2Y1 interferes with NLRP3 mRNA expression in epithelial cells suggesting P2Y1 may contribute to 

NLRP3 priming (65). Furthermore, a P2Y1 antagonist decreased nano particle induced NLRP3 

activation in response to some but not all nano particles tested (66). However, the impact of P2Y1 

deficiency on NLRP3 priming or activation was not investigated within these studies. The observed 

effects with P2Y1 inhibitors and antagonists may be due to “off target” effects independent of P2Y1. 

Providing additional support to the existing data suggesting P2Y receptors regulate NLRP3 activation 

was the findings that ADP and UTP trigger NLRP3 activation via P2Y receptor activation (67). 

Although the data suggests P2Y receptors play a role in NLRP3 activation, the mechanism by which 

P2Y regulates NLRP3 activation remains inconclusive. A potential mechanism of P2Y receptor 

mediated activation of NLRP3 activation is through the gating of K+ channels and thus regulation of 

K+ currents. A recent study identified ADP to activate P2Y12 which in turn promotes the opening of 

the two-pore domain K+ channel (K2P) THIK-1 which induces K+ efflux and subsequent IL-1β release 
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in hippocampal slices (68). P2Y receptors may therefore regulate NLRP3 activation indirectly via 

modulating the activity of K+ channels such as K2P and therefore regulating K+ efflux.   

 

1.5.4.2 Two pore domain potassium channels  

K2P channels represent a superfamily of 15 members which are broadly divided into six different 

subfamilies based upon their biophysical, pharmacological and functional properties (69–73). The 

families are composed of TWIK-1, TWIK-2 and TWIK-3 (weak inward rectifying channels), THIK-1 

and THIK-2 (halothane inhibited channels), TALK-1, TALK-2 and TASK-2 (alkaline sensitive 

channels) and TRESK (fatty acid inhibited calcium activated channel). K2P channels are 

spontaneously active and facilitate outwardly rectifying ‘leak’ background K+ currents which maintain 

cellular resting potential (69, 74). K2P channels are activated by a range of biophysical stimuli such 

as pH, temperature and mechanical pressure in addition to being modulated by G protein signaling 

pathways and second messenger systems (69–72, 75, 76). K2P channels play a prominent role in 

many physiological processes and have been implicated in a number of diseases including 

autoimmune and degenerative diseases (77). Recent studies suggest K2P channels play a role in 

NLRP3 and innate immunity (68, 78).  

 

TWIK-2 is a channel highly expressed in the immune system in addition to the gastrointestinal tract 

and blood vessels (79). Despite this its physiological function remains poorly characterised (80). 

However, a recent study identified a novel role for TWIK-2 in the regulation of NLRP3 activation (78). 

Pharmacological inhibition and genetic knockdown of TWIK-2 reduced ATP-induced NLRP3 

activation and subsequent IL-1β release in macrophages. The study suggests TWIK-2 functions in 

cooperation with P2X7 to induce NLRP3 activation, with TWIK-2 facilitating K+ efflux downstream of 

P2X7 activation by ATP.  TWIK-2 did not regulate NLRP3 activation in response to P2X7 

independent stimuli imiquimod and nigericin suggesting TWIK-2’s function is specifically tied to 

activation of P2X7.  In addition to TWIK-2, THIK-1 another K2P channel is also associated with ATP-

induced IL-1β release in hippocampal brain slices (68). Genetic knockdown of THIK-1 resulted in 

depolarisation of microglia, decreased microglial ramification, reduced microglia surveillance and 

reduced IL-1β release in response to ATP. The authors hypothesize P2Y12 is activated in response 

to ADP which is converted extracellularly from ATP by the ecto-ATPase CD39. They propose P2Y12 
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then enhances THIK-1 channel activity resulting in K+ efflux and NLRP3 activation. Whether THIK-1 

also regulates NLRP3 activation in response to purinergic independent stimuli or is required for 

activation of NLRP3 in peripheral immune cells remains unknown. However, both of these findings 

suggest K2P channels specifically play a role in ATP-induced NLRP3 activation by facilitating K+ 

efflux in response to purinergic receptor activation.  

 

1.5.5 Chloride efflux  

The role of chloride (Cl-) in NLRP3 activation was first proposed by the findings that decreasing 

extracellular Cl- enhances ATP-induced IL-1β release (81). Following on from this finding multiple 

studies demonstrate NLRP3 but not AIM2 or NLRC4 inflammasome activation can be inhibited by a 

range of Cl- channel inhibitors  (82–84). In support of a role of Cl- in NLRP3 activation decreased 

intracellular occurs during NLRP3 activation (82, 84). Furthermore, incubation of macrophages with 

Cl- free medium, which drives Cl-  efflux is sufficient to induce NLRP3 activation (82). Two types of 

anion channel have been found to facilitate Cl- efflux during NLRP3 activation: volume-regulated 

anion channel (VRAC) (83, 85) and the chloride intracellular channel (CLIC) protein family (82, 86). 

 

The role of volume-regulated responses was first discovered in 1996 by Perregaux and colleagues 

who demonstrated that hypotonic shock induced IL-1β release from LPS-primed human monocytes 

(87). Over a decade later it was discovered that hypotonicity induced the release of IL-1β via 

activation of the NLRP3 inflammasome (83). Activation was linked to a regulatory volume decrease 

(RVD) which reduces cell volume in response to hypo-osmolarity-induced cell swelling. NPPB, a 

blocker of volume activated Cl- channels was found to prevent RVD and inflammasome activation 

without impacting K+ currents suggesting a role of Cl- efflux in NLRP3 activation during RVD (83). 

Further evidence to suggest a role of Cl- channels in NLRP3 activation was the finding that fenamate 

non-steroidal anti-inflammatory drugs (NSAIDs) could inhibit canonical NLRP3 activation by blocking 

a Cl- channel which was proposed to be VRAC (84). A more recent study found pharmacological 

inhibition and genetic knockout of VRAC inhibited NLRP3 activation in response to hypotonicity and 

not activation in response to other canonical stimuli (85). Together these studies suggest the Cl- 

channel VRAC regulates NLRP3 activation in response to hypotonic shock.  
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In addition to VRAC, CLIC channels are also associated with NLRP3 activation (82, 86).  Knockdown 

of several CLIC family members was found to inhibit NLRP3 activation (82). Tang and colleagues 

proposed a mechanism in which NLRP3 agonists induce K+ efflux resulting in generation of 

mitochondrial reactive oxygen species which induce localization of CLIC channels to the plasma 

membrane resulting in Cl- efflux and subsequent NLRP3 activation (82). However, an additional 

study demonstrated CLIC1 and CLIC4 localize to the plasma membrane after NLRP3 priming but 

regulate NLRP3 activation at the secondary activation step of inflammasome activation (86). 

Evidence therefore suggests Cl- efflux plays an important role in NLRP3 inflammasome activation. 

Multiple Cl- channels are associated with NLRP3 activation, however the specific Cl- channels 

regulating NLRP3 activation depend upon the type of NLRP3 stimulus. Research suggests not just 

one Cl- channel is universally responsible for Cl- efflux in NLRP3 activation but different channels 

regulating Cl- ion fluxes dependent upon the context of inflammasome activation.  

 

1.5.6 Potassium and Chloride co-regulation of NLRP3 activation  

Both K+ and Cl- ions have been shown to play an important role in NLRP3 inflammasome activation. 

Recent research suggests K+ efflux and Cl- efflux regulate different stages of inflammasome 

activation. One study investigating the impact of blocking both Cl- and K+ efflux independently found 

Cl- efflux is required for NLRP3-dependent oligomerization of ASC (88). However, Cl- efflux in the 

absence of K+ efflux drove ASC speck formation without the downstream activation of caspase-1 

and IL-1β release. K+ efflux was required to permit activation of the NLRP3 inflammasome via 

inducing NEK7-NLRP3 interaction.  

 

1.5.7 Trans-Golgi Network Dispersal and NLRP3 activation  

Identification of K+ efflux-independent mechanisms of NLRP3 activation has resulted in no currently 

accepted universal mechanism for NLRP3 activation in all contexts.  However, a recent study found 

both K+ efflux dependent and independent NLRP3 stimuli drive dispersal of the trans-Golgi network 

(TGN) (89).  The dispersed TGN then recruits NLRP3 via interaction between the polybasic motif of 

NLRP3 and phosphatidylinositol-4-phosphate on the Golgi resulting in oligomerization of NLRP3 and 

ASC resulting in inflammasome formation. Dispersal of the TGN may therefore represent a universal 
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mechanism by which the diverse range of NLRP3 agonists converge, however, how stimuli induce 

TGN dispersal remains unclear. Understanding the cellular pathways by which both K+ efflux 

dependent and independent NLRP3 stimuli induce TGN dispersal will provide useful insight into the 

mechanisms regulating NLRP3 activation.  

 

The dispersed TGN therefore serves as a scaffold in which NLRP3 activation is initiated, resulting in 

the formation of the inflammasome complex, which serves as a platform for caspase-1 recruitment 

and activation. NLRP3 is made up of three domains: a pyrin death-fold domain (PYD) which is 

located at the N-terminus and interacts with the homologous domains of the adaptor protein ASC, a 

NACHT domain required for ATP hydrolysis and protein oligomerization and a C-terminal LRR-

sequence which interacts with NEK7 (46). Following activation of NLRP3, ASC molecules are 

recruited to NLRP3 via PYD-PYD interactions. ASC recruitment induced oligomerization into 

filamentous structures in a prion-like manner to form an ASC speck (90–92). The ASC speck 

functions as a macromolecular platform in which the inactive precursor pro-caspase-1 is recruited 

via CARD-CARD domain interactions resulting in proximity-induced autocleavage and activation of 

caspase-1 (93).  The major active form of caspase-1 has been identified as the transiently active 

dimer composed of P33/P10 subunits (93). The active p33/p10 species further undergoes self-

limiting autoprocessing to a p20/p10 dimer which triggers the release of caspase-1 from the 

inflammasome complex and thus stopping its enzymatic activity (93). 

 

1.5.8 Non-canonical and alternative NLRP3 activation  

The term “non-canonical inflammasomes” was first used in a seminal study to describe the 

observation that caspase-11 in mice (caspase 4/5 orthologs in humans) is activated by a mechanism 

independent from the canonical pathway of inflammasome activation (94). During non-canonical 

signaling caspase-11 acts as a direct sensor of cytosolic LPS from Gram-negative bacteria (95).  

Following priming, which also induces the upregulation of caspase-11 in addition to pro-IL-1β and 

NLRP3, intracellular LPS can bind and activate caspase-11 in the cytosol, bypassing membrane 

bound TLR4 activation thus caspase-11 specifically responds to pathogens within the cytosol (96, 

97).  Once activated by LPS, caspase-11 cleaves gasdermin D (GSDMD) resulting in K+ efflux from 

the cell through GSDMD pores which then activates the NLRP3 inflammasome and subsequent 
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caspase-1 activation and IL-1β secretion (98–101). K+ efflux is therefore suggested to be a common 

requirement for both canonical and non-canonical NLRP3 inflammasome activation (102). Non-

canonical NLRP3 activation therefore demonstrates a mechanism by which extracellular LPS can 

act as a priming signal and intracellular LPS a secondary NLRP3 activating stimuli.  

 

It is well established that classical (canonical and non-canonical) NLRP3 activation requires a two-

step activation mechanism. However, in human monocytes LPS alone is sufficient to induce both 

priming and inflammasome activation thus bypassing the need for a secondary activation stimulus 

(103, 104).  This new type of inflammasome activation was named alternative inflammasome 

activation and is induced solely through the TLR4 signaling pathway (104). In alternative activation, 

LPS activation of TLR4 signaling via TRIF results in RIPK-1-FADD-caspase-8 signaling (105). 

Caspase-8 then activates NLRP3, however the exact mechanisms by which this occurs remains 

elusive (106).  Alternative activation differs from classical activation in a number of ways including, 

non-dependency on K+ efflux, absence of ASC speck formation and lack of pyroptosis. Furthermore, 

alternative inflammasome activation appears to be species specific as it is not observed in murine 

cells but is in both human and porcine monocytes (104, 107).  Further studies are required to identify 

how caspase-8 activates NLRP3 and also the role alternative inflammasome activation plays 

physiologically and during disease states. A recent study found apolipoprotein C3 activates caspase-

8-dependent alternative NLRP3 inflammasome activation in human monocytes, promoting organ 

injury in an in vivo model (108).  This study suggests alternative NLRP3 inflammasome activation is 

of pathophysiological importance, contributing to damaging inflammation under certain conditions. 

Therefore, understanding the mechanisms underlying alternative inflammasome activation may 

allow for the development of specific treatments targeting conditions associated with alternative 

inflammasome activation.  
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 1.6 IL-1β release and pyroptosis  

In its active form caspase-1 cleaves pro-IL-1β and pro-IL-18 into their mature forms which are 

secreted from the cell, in addition, caspase-1 also induces a form of pyroptotic cell death (Fig. 1.2) 

(21).  Pyroptosis is characterised by the rupturing of the plasma membrane and the release of 

DAMPs such as high-mobility group box 1 (HMGB1) and lactate dehydrogenase (LDH) which 

promote and amplify inflammatory responses  (109–112).  In addition to enhancing inflammatory 

responses through the release of DAMPs it may also serve a beneficial function to the host by 

removing the replicative niche of intracellular pathogens following infection therefore reducing 

pathogen propagation (113, 114) Furthermore, viable bacteria expelled from the intracellular space 

are trapped by pore-induced cellular traps created following pyroptosis which drive the recruitment 

and efferocytosis of pathogens by neutrophils (115) while also driving a rapid innate immune 

response through the secretion of proinflammatory cytokines (109). Pyroptosis thus is a critical 

component of the innate immune system, contributing to the removal of invading pathogens.  

 

Despite inflammasome activation, pyroptosis and IL-1β secretion being closely associated, the 

mechanism of IL-1β release remained unclear until the pore-forming protein GSDMD was identified 

(99, 116).  GSDMD is a direct substrate of caspase-1 and cleavage of GSDMD generates a N-

terminal fragment which translocate to the plasma membrane and forms pores in the membrane to 

induce IL-1β release and eventually pyroptosis (117, 118). These initial findings suggested that 

GSDMD triggers both pyroptosis and IL-1β secretion. However, this paradigm was called into 

question through the discovery that GSDMD can mediate IL-1β release independently from inducing 

pyroptotic cell death suggesting GSDMD pores can form in the absence of pyroptosis to facilitate IL-

1β release (119). Furthermore, in murine neutrophils NLRP3 activation and caspase-1 dependent 

release of IL-1β can occur in the absence of pyroptosis through GSDMD-dependent and independent 

mechanisms (120–122). These studies indicated pyroptosis and IL-1β may be separate and 

distinguishable events. Recent findings have provided more evidence to suggest GSDMD is not a 

direct facilitator of pyroptotic cell death. Although GSDMD is required for IL-1β and HMGB1 secretion 

in response to inflammasome activation, the GSDMD pore does not directly facilitate plasma 

membrane rupture and the secretion of HMGB1 (123). Release of HMGB1 in response to 

inflammasome activation is dependent upon disruption of plasma membrane integrity (124). A recent 
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study confirmed these findings that GSDMD is not directly responsible for plasma membrane rupture 

during pyroptosis by identifying nerve injury-induced protein 1 (NINJ1), a transmembrane protein 

found to be essential for plasma membrane rupture following induction of pyroptosis (123). Depletion 

of NINJ1 in macrophages inhibited the release of HMGB1 and LDH in response to inflammasome 

activation suggesting NINJ1 is required for pyroptosis-related plasma membrane rupture (123). This 

study confirms GSDMD-driven cell death and IL-1β release are distinct separate events from plasma 

membrane rupture and DAMP release. Supporting the hypothesis that plasma membrane rupture is 

an event likely to occur after cell death (125, 126).  

 

A recent study found GSDMD pores allow the preferential passage of mature IL-1β and IL-18 over 

their inactive pro forms (127). GSDMD was found to be predominantly negatively charged (127), and 

repel IL-1 precursors which have an acidic domain (122). The acidic domain is proteolytically cleaved 

and removed by caspase-1 which then allows mature cytokines to pass through the GSDMD pore 

which suggests GSDMD mediated IL-1β release by electrostatic filtering. Together these findings 

suggest IL-1β release is not intrinsically linked to pyroptosis but is dependent on GSDMD pores in 

the membrane functioning as a conduit for release.  

 

1.6.1 Other members of the gasdermin family  

Due to GSDMD being the first executor of pyroptosis to be discovered it has received intense interest 

within the inflammasome field. However, the GSDM family in human is composed of 6 members:  

GSDMA-E and deafness, autosomal recessive 59 (DFNB59) (128). Except for DFNB59, GSDM 

members have an auto-inhibited two-domain architecture that consists of a cytotoxic N-terminal 

domain and a C-terminal repressor domain connected by a linker domain (118).  However, regulation 

of GSDM activation is not universal, only GSDMD contains a caspase-1 cleavage site in its linker 

region and thus is the only GSDM regulated by caspase-1 activation (128). GSDME for example is 

activated through cleavage by caspase-3 during chemotherapy inducing pyroptosis in epithelial cells 

(129, 130). In addition to GSDMD and GSDME, the N-terminal domain of GSDMA, GSDMB and 

GSDMC are all associated with membrane pore formation and pyroptosis (118). Although GSDMD 

regulates caspase-1 mediated IL-1β release and pyroptosis, research is beginning to emerge to 
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suggest other members of the GSDM family play important roles in regulating inflammatory cell 

death.  

 

 

 

 

 

Figure 1.2 Canonical NLRP3 activation. 
Activation of NLRP3 requires an initial priming step which is triggered by the binding of PAMPs 
and DAMPs, such as LPS to PRRs, triggering NF-κB dependent transcription of NLRP3, pro IL-1β 
and pro IL-18. Priming also triggers PTMs of NLRP3 enabling rapid NLRP3 regulation. Additionally, 
PAMPs and DAMPs such as extracellular ATP and nigericin, or crystals/particulates such as silica 
act as secondary NLRP3 activating signals. This triggers numerous intracellular events, including 
K+ efflux, lysosomal disruption, dispersal of the trans-Golgi network and mitochondrial damage 
leading to the release of mitochondrial DNA and the production of reactive oxygen species (ROS). 
In response to priming and activation, NLRP3 undergoes oligomerization resulting in the 
recruitment of ASC which triggers the formation of the ASC speck and the recruitment of pro 
caspase-1. NEK7 is also recruited to the inflammasome complex and functions to mediate 
interactions between NLRP3 subunits. Pro caspase-1 then undergoes auto-catalytic self-cleavage 
resulting in caspase-1 activation. Active caspase-1 then cleaves pro IL-1β, pro IL-18 and GSDMD. 
Mature IL-1β and IL-18 are released from the cell and cleaved GSDMD inserts into the cell 
membrane to from pores which drive pyroptotic cell death. 
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1.7 NLRP3 in disease 

NLRP3 is thought to provide a beneficial response to infection early in life, and when considering the 

diverse range of damage-related stimuli detected by NLRP3, it likely evolved to initiate immune 

responses to tissue damage. Although NLRP3 serves a beneficial function in the detection and 

removal of pathogens, it is considered a contributor to non-communicable diseases that arise in 

ageing populations. A common feature among many diseases associated with ageing is chronic 

inflammation occurring in response to the accumulation of sterile stimuli in tissue. As the primary 

sensor of sterile stimuli, NLRP3 is considered a key driver of damaging chronic inflammation in a 

diverse range of diseases and conditions. 

 

1.7.1 CAPS 

NLRP3 was first discovered following the findings that point mutations of NLRP3 which result in 

constitutive activation of the NLRP3 inflammasome drive CAPS as previously mentioned (17–19). 

Clinically CAPS are characterised by fever, chronic pain, fatigue and elevated levels of NLRP3 

inflammasome components in the blood (131). CAPS symptoms are believed to occur as a 

consequence of elevated pro-inflammatory IL-1β and IL-18 cytokines and subsequent inflammatory 

responses.  Isolated unstimulated monocytes and macrophages from CAPS patients have high basal 

levels of IL-1β secretion (132). Furthermore, expression levels of IL-1β and IL-18 have been found 

to correlate with tissue damage in CAPS patients, and the same pattern can be observed in mice 

expressing CAPS-associated mutations (133). The clinical and non-clinical research suggesting IL-

1β is playing a pathogenic role in CAPS is strongly supported by the clinical effectiveness of anti-IL-

1β therapies. Available effective IL-1β therapies for CAPS patients are the IL-1β antagonist anakinra 

(134), the IL-1β neutralising antibody, cankinumab (135) and the IL-1β decoy receptor, rilonacept 

(136) demonstrating the role of IL-1β signaling in CAPS disease pathology.  

 

1.7.2 Metabolic disorders 

NLRP3 was first discovered as a complex capable of detecting infection and regulating inflammation. 

More recently, NLRP3 has been suggested as a sensor of metabolic danger and cellular stress (137). 
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NLRP3 activation is now associated with multiple metabolic diseases including atherosclerosis, gout 

and type-2 diabetes (138).  

 

Cardiovascular diseases which cover multiple disorders of the heart and vasculature represent the 

leading cause of death worldwide (139). Myocardial infarction and cerebral infarction which are 

responsible for the majority of cardiovascular disease deaths are caused in most cases by 

atherothrombic blockage of blood vessels. Atherosclerosis is characterised by the deposition of fatty 

substances and cholesterol resulting in the formation of plaques within the inner walls of arteries and 

immune cell infiltration. NLRP3 is highly expressed in human atherosclerotic plaques and multiple 

sterile stimuli associated with atherosclerosis drive NLRP3 priming and activation (140, 141). 

Cholesterol crystals which represent a hallmark of advanced atherosclerotic plaques stimulate 

NLRP3 inflammasome formation and subsequent IL-1β release in both human and murine 

macrophages via lysosomal destabilisation (6, 142). Furthermore, oxidised low-density lipoprotein 

cholesterol which is considered a major risk factor of atherosclerosis induced NF-κB signaling and 

NLRP3 inflammasome priming in macrophages (143). These studies suggest danger signals 

implicated in atherosclerosis development induce NLRP3 inflammasome activation. Several in vivo 

studies provide further evidence of a role of NLRP3 in atherogenisis. For example, diet-induced 

atherosclerosis was impaired by silencing NLRP3 expression in mice (144). In addition, it was 

recently reported that NLRP3 activation is triggered by a western diet during early atherogensis 

before plaque burden can be observed, with NLRP3 deficient mice developing significantly smaller 

atherosclerotic lesions (145). Epidemiology studies also provide indirect evidence for a role of NLRP3 

in atherosclerosis. Patients with coronary atherosclerosis have high aortic NLRP3 expression with 

expression of NLRP3 found to correlate with disease severity (146). Furthermore, NLRP3, ASC, 

caspase-1, IL-1β and IL-18 expression is significantly higher in human atherosclerotic plague tissue 

(140, 141). Increasing experimental research and epidemiological studies are supporting a critical 

role of NLRP3 in atherosclerosis and cardiovascular disease.  

 

Gout is a common form of inflammatory arthritis initiated by the formation of monosodium urate 

(MSU) crystals within joints and other tissues resulting in sudden bouts of joint inflammation and pain 

(147). PRRs such as TLRs bind MSU crystals triggering phagocytosis by resident macrophages 
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(148, 149). Intracellular MSU crystals can then activate NLRP3 in vitro and in vivo potentially via  

inducing lysosomal damage (150). A hallmark of a gout-induced inflammatory episode is the influx 

of neutrophils into joint fluid. NLRP3 deficient mice show impaired neutrophil influx in response to 

MSU injection, suggesting NLRP3 is a driver of MSU-induced inflammation in gout (150). 

 

NLRP3 and IL-1β are also suggested to play a role in chronic inflammation associated with obesity 

and development of insulin resistance and type-2 diabetes (151–153). Obesity results in the 

generation of a number of DAMPs and organelle stress responses capable of inducing NLRP3 

inflammasome activation such as lipotoxic lipids, mitochondrial dysfunction, generation of reactive 

oxygen species and ATP release from necrotic adipocytes (138). Activation of the NLRP3 

inflammasome has been observed to impair adipocyte differentiation, in addition to insulin signaling, 

resulting in the development of insulin resistance, the hallmark of type-2 diabetes (152, 154). 

Furthermore, IL-1β is considered to be an important driver of pathogenesis in type-2 diabetes 

contributing to the loss of β cells which are responsible for insulin secretion required for regulating 

glucose levels in the blood (152, 155). The role of IL-1β in type-2 diabetes is further supported by 

clinical data showing IL-1β antagonists improve glycaemic control and increase β cell mass in type-

2 diabetes patients (156).   

 

1.7.3 Central nervous system disease 

Neuroinflammation is a fundamental innate immune response of the central nervous system (CNS) 

by which the brain and spinal cord respond to pathogens and signals of cellular damage. Although 

inflammatory responses within the CNS are required for the elimination of invading pathogens, 

removal of damaged cells and facilitation of tissue repair (157–161) dysregulated inflammation in the 

CNS can exacerbate tissue damage and lead to neuronal dysfunction (162–164). Thus, 

neuroinflammation is known to contribute to a range of brain pathologies including 

neurodegenerative diseases and also psychiatric disorders. Therefore, neuroinflammation 

represents a promising therapeutic target for treating a diverse range of CNS diseases.  

 

Microglia and astrocytes represent the two main cellular regulators of inflammation within the CNS 

(165, 166). Microglia are the resident macrophage-like innate immune cells within the CNS, derived 
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during early-stage embryonic development from yolk-sac myeloid progenitors (167). They continually 

survey and monitor their surroundings for signs of infection or tissue damage while also playing an 

active role in CNS development, neuroprotection and maintenance of brain homeostasis (168, 169). 

Microglia, like peripheral immune cells express numerous PRRs including NLRP3 and are 

considered the first responders to pathogenic insults within the CNS (10, 170–174). In their resting 

state, microglia exhibit a highly ramified appearance. However, upon detection of damaging stimuli 

such as brain injury, infection or protein aggregation microglia rapidly undergo activation which is 

characterised by transformation into an amoeboid appearance, microglial proliferation and migration 

of microglia to insult sight (175–177). Controlled microglia responses are generally considered 

beneficial to the host and serve a protective function within the CNS (178). However, overactivation 

can promote neuroinflammation and neuronal dysfunction via excess production of pro-inflammatory 

cytokines such as TNFα, IL-1β, IL-18 and IL-6 in addition to cytotoxic reactive oxygen species and 

nitric oxide (169, 179, 180). Consistent with the findings that microglia are key drivers of excessive 

neuroinflammation, microglia have been found to initiate and maintain inflammatory responses 

during infectious brain diseases, CNS injury and multiple neurodegenerative diseases (181–187). 

NLRP3 inflammasome activation appears to be an important driver of microglial inflammatory 

responses during pathology (188). 

 

NLRP3 was the first inflammasome to be studied in the brain and is predominantly expressed by 

microglia which also exhibit strong expression of other inflammasome components ASC, caspase-

1, GSDMD and IL-1β (189, 190). In microglia, similar to the peripheral immune system, activation of 

the NLRP3 inflammasome requires a priming step mediated by an innate immune or cytokine 

receptor, followed by a secondary activation signal  which drives NLRP3 assembly and activation 

(191). Within the brain multiple different stimuli present during disease have been identified to induce 

NLRP3 activation including but not limited to amyloid-β (Aβ)  (192), ATP (193, 194) and α-synuclein 

(195, 196). Although NLRP3 is the most intensively studied inflammasome in the CNS, it is important 

to note that other inflammasomes such as NLRP1, NLRP2, NLRC4 and AIM2 have also been 

associated with neurodegenerative disease (191). However, the focus of this section will be the role 

of NLRP3 in CNS disease.  
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1.7.3.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease and the most prominently 

studied in regard to inflammasome biology, with an increasing number of studies implicating 

microglia driven inflammation with AD progression (197, 198).  AD is characterised by the deposition 

of (Aβ) plaques and the presence of intraneuronal neurofibrillary tangles consisting of 

hyperphosphorylated tau, both of which serve as DAMPs known to induce microglial activation (199, 

200).  Aβ can be cleared from the brain by removal into the cerebral spinal fluid or blood vessels and 

microglial phagocytosis and degradation (201). However, if the rate of Aβ production exceeds the 

rate of removal, Aβ concentrations rise to reach a critical threshold resulting in oligomers and fibril 

formation which deposit into Aβ plagues within the brain.  

 

The first evidence suggesting microglial NLRP3 is important in AD was published in 2008, when 

Halle et al observed Aβ fibrils to activate microglial NLRP3 activation, caspase-1 cleavage and IL-

1β secretion in vitro (192). A seminal study confirmed these findings and established NLRP3 as a 

key driver of AD pathology (202). Amyloid precursor protein (APP)/presenilin-1 (PS1) transgenic 

mouse models of AD were crossed with NLRP3 deficient mice to study the impact of NLRP3 on AD 

pathology. The depletion of NLRP3 completely protected against AD-associated memory deficits and 

reduced caspase-1 activation and IL-1β release. Furthermore, removal of NLRP3 reduced Aβ plaque 

burden potentially through enhancing the ability of microglia to clear plaques. In addition, the same 

study demonstrated caspase-1 activation was increased in brain samples from human AD patients 

in comparison to non-demented age-matched controls. Caspase-1 activation was observed in 

patients displaying mild cognitive impairment early in AD progression and also early onset AD 

patients suggesting NLRP3 inflammasome activation occurs early in AD progression. Later work, 

revealed an additional mechanism by which NLRP3 activation potentially contributes to AD 

pathology, through promoting the seeding and spreading Aβ plaques (203). Microglial ASC specks 

generated in response to Aβ activation of NLRP3 are released into the extracellular space and can 

cross-seed Aβ plaques potentially propagating Aβ pathology. This study suggests NLRP3 activation 

could potentially drive AD pathology independently of IL-1β release through the generation and 

release of ASC specks. However, it is likely that both ASC speck seeding of plaques and IL-1β 

release in response to NLRP3 activation both are contributors to AD pathology.   
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Following the discovery that NLRP3 plays a key role in AD pathology, multiple studies have 

confirmed these findings through demonstrating pharmacological inhibition of NLRP3 activation is 

protective in AD models. Fenamate NSAIDs were found to be inhibitors of NLRP3 activation and 

when administered to 3xTg mouse models of AD, reversed memory deficits and reduced 

neuroinflammation (84). Moreover, intraperitoneal injection of APP/PS1 AD model mice with the 

selective NLRP3 inhibitor MCC950 (204) reduced NLRP3 activation and microglial activation while 

also reducing Aβ accumulation and improving cognitive function (205). Recently, OLT1177, a specific 

inhibitor of NLRP3, when incorporated into the diet of APP/PS1 mice improved learning and memory, 

restored synaptic plasticity, reduced Aβ plaque load and reduced glial cell activation (206).  Together 

these studies strongly support a detrimental role of NLRP3 in AD pathology. Further supporting this, 

recent studies have identified microglial NLRP3 activation to exacerbate tau pathology, an additional 

hallmark of AD (207, 208). NLRP3 activation in response to Aβ within the brain of AD patients 

therefore appears to be an early driver of AD pathology driving damaging neuroinflammation, Aβ 

pathology and tau pathology ultimately leading to neuronal dysfunction and cognitive decline.  

 

1.7.3.2 Parkinson’s disease 

Parkinson’s disease (PD)is the second most common neurodegenerative disease behind AD and is 

characterised by the loss of dopaminergic neurons in the substantia nigra and presence of Lewy 

bodies formed from the aggregation of α-synuclein. In a similar fashion to Aβ, fibrillar α-synuclein 

has been found to activate NLRP3 inflammasome activation in microglia (209). Activation of NLRP3 

is dependent upon phagocytosis of α-synuclein, production of reactive oxygen species, and release 

of cathepsin B (195, 196, 210). In post-mortem PD brain tissue and multiple animal models of PD 

elevated levels of activated caspase-1 and ASC were observed while NLRP3 and ASC were also 

upregulated in microglia (209). Earlier studies also found elevated levels of IL-1β within the cerebral 

spinal fluid of PD patients (211). Together these studies suggest NLRP3-induced inflammation may 

contribute to PD pathology.  

 

In support of these findings a study identified a rare NLRP3 polymorphism to be statistically 

associated with a decreased risk of PD (212). The single nucleotide polymorphism rs7525979 

associated with decreased PD risk was observed in vitro to impair NLRP3 translation, resulting in 
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the accumulation of ubiquinated, insoluble NLRP3, a protein state which is consistent with protein 

inactivation (213). These findings suggest reducing the activation of NLRP3 can decrease the risk of 

PD development therefore providing further evidence for a role of NLRP3 in PD pathology.  

 

1.7.3.3 Stroke  

Stroke is a life-threatening condition caused by a lack of blood supply to the brain. There are two 

clinical causes of stroke, either the occlusion of cerebral arteries (ischaemic) or rupturing of cerebral 

blood vessels (haemorrhagic). Both forms of stroke result in oxygen deprivation, neuronal death and 

the rapid production and secretion of DAMPs (214). Evidence suggests that inflammation and IL-1 

play a critical role in the pathogenesis of stroke (215). IL-1 was first implicated with stroke pathology 

in the 1990s, when peripheral and central administration of recombinant IL-1 receptor antagonist (IL-

1Ra) was found to be protective in rats following middle cerebral artery occlusion (MCAO), a model 

of ischaemic stroke (216, 217). In addition, intracerebroventricular injection of anti-IL-1β antibody 

was also observed to reduce ischaemic injury following MCAO (218). More evidence for a role for 

IL-1 in stroke was generated from transgenic animal models. Mice deficient in both IL-1α and IL-1β 

showed drastically reduced MCAO-induced injury when compared to wild type controls (219, 220). 

 

With IL-1 established as playing an important role in stroke, studies began to look for a driver of 

elevated IL-1 levels in response to stoke. Studies have suggested NLRP3 may be a regulator of 

inflammation in response to ischaemic damage, however, conflicting data make the role of NLRP3 

in stroke unclear (221). Early studies associated NLRP3 activation with stroke pathology, mice 

deficient in NLRP3 were found to show lessened ischaemic damage, reduced blood-brain barrier 

breakdown and improved neurological outcomes when subject to MCAO (222). Furthermore, 

inhibition of NLRP3 activation through peripheral administration of NLRP3 antibody (223) and 

MCC950 (224) was protective against ischaemic injury induced by MCAO. These studies together 

suggest NLRP3 is a contributor to tissue damage following ischaemic events. However, these studies 

did not investigate whether the beneficial effects of NLRP3 inhibition were due to reduction in NLRP3 

activation in the periphery or within the CNS. Peripheral administration of IL-1 exacerbates neuronal 

death and blood brain barrier breakdown in response to experimental stroke in mice suggesting 

peripheral IL-1 contributes to stroke outcomes (225). The beneficial effects of inhibiting NLRP3 in 
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these studies could be due to peripheral lowering of IL-1 levels rather than inhibiting NLRP3 within 

the CNS. Future studies should investigate whether peripheral and/or CNS inhibition of NLRP3 

activity is beneficial in stroke models. 

 

However, multiple contrasting studies have also suggested NLRP3 does not contribute to stroke 

pathology. NLRP3 deficiency had no effect on brain injury in response to a filament model of MCAO 

(226). Ischaemic damage was however, found to be dependent on ASC and the AIM2 and NLRC4 

inflammasomes suggesting non-NLRP3 inflammasomes may play a role in ischaemic injury. 

Furthermore, a more recent investigation found NLRP3 deficiency, intraperitoneal or intracerebral 

MCC950 administration failed to reduce ischaemic damage in a permanent stroke model (227). 

Although the role of NLRP3 in ischaemic damage remains controversial, as previously mentioned 

NLRP3 has been shown to contribute to vascular inflammation which drives atherosclerosis 

suggesting NLRP3 could contribute to an increased risk of stroke (228). Thus, the contribution of the 

NLRP3 inflammasome-induced inflammation to ischaemic stroke outcomes remains contentious 

however, NLRP3 may contribute to stroke via increasing the risk of ischaemic stroke.  

 

1.8 Targeting NLRP3 therapeutically  

The association of NLRP3 with a diverse range of diseases, some of which lack any effective 

treatments, has established NLRP3 as a promising therapeutic target. Therapies targeting IL-1β are 

already approved for therapeutic use, highlighting the potential of inhibiting inflammasome-

dependent processing of IL-1β in the clinic (229). Although IL-1β therapies are already available, 

inhibition of NLRP3 may confer several advantages over targeting IL-1β directly. Firstly, targeting 

NLRP3 inflammasome activation should also reduce downstream pyroptotic cell death, reducing the 

propagation of inflammatory responses caused by the release of DAMPs. Secondly, targeting IL-1β 

directly impairs immune responses to both bacterial and viral infections potentially leaving patients 

susceptible to infection. Inhibition of NLRP3 would target only IL-1β release in response to sterile 

stimuli, allowing other inflammasomes to generate IL-1β in response to infection thus, avoiding 

leaving patients vulnerable to infection. Furthermore, due to the complex nature of the NLRP3 

signaling cascade, multiple pathways upstream of activation can be targeted. Different mechanisms 

can be manipulated to disrupt NLRP3 activation, for example, blocking Cl- or K+ channels, disrupting 
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NLRP3-ASC interactions or directly inhibiting the activity of NLRP3 (Fig. 1.3). In addition, given the 

importance of PTMs in NLRP3 activation, targeting the biological components responsible for NLRP3 

PTMs also represent another avenue for regulating NLRP3 activation. Given the potential of NLRP3 

inhibitors and the multiple novel approaches to altering activation it is unsurprising that several 

companies have dedicated programs aimed at reducing NLRP3 activation. The race to develop 

effective NLRP3 inhibiting compounds has already led to the identification of several inhibitors of the 

NLRP3 inflammasome pathway.  

 

In 2015, Coll et al, published a ground breaking report which identified MCC950, a compound 

previously known to inhibit caspase-1 dependent processing of IL-1β (230) to inhibit canonical and 

non-canonical NLRP3 activation (204). MCC950 was found to specifically target the NLRP3 

inflammasome without inhibiting the activation of NLRP1, AIM2 or NLRC4 inflammasomes. In vivo, 

MCC950 is effective in a range of animal disease models such as CAPS, AD, PD and atherosclerosis 

(202, 204, 209, 231). Recently, Inzomelid, an oral, brain-penetrant derivative of MCC950 has 

completed phase I trials and is currently in phase II clinical trials for CAPS. In addition, a peripherally 

restricted derivative Somalix is currently in phase 1 clinical trials.  

 

Although MCC950 clearly represents a promising therapeutic compound, research is continuing to 

identify and develop novel NLRP3 inhibitors. Given the importance of K+ efflux in NLRP3 

inflammasome activation, unsurprisingly, a number of compounds interfering with ion transport have 

been identified to possess NLRP3 inhibiting properties. In the late 1990s, Perregaux et al, found the 

anion transporter inhibitor tenidap to inhibit ATP-induced IL-1β release from macrophages (232). A 

year later in 1997, the approved type-2 diabetes treatment glyburide which blocks ATP-sensitive K+ 

channels was observed also to inhibit macrophage IL-1β release following ATP treatment (233). 

Further investigation into the anti-inflammatory properties of glyburide revealed glyburide to be a 

selective NLRP3 inflammasome inhibitor which had no inhibitory action on NLRP1, NLRC4 or AIM2 

inflammasomes (234). In addition, glyburide was effective at reducing mortality in response to LPS-

induced septic shock in mice models. However, the high concentrations of glyburide required for 

anti-inflammatory effects limited the pharmacological potential of glyburide as a selective NLRP3 

inhibitor. An additional compound β-hydroxybuturate (BHB) was also identified as a specific inhibitor 
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of NLRP3, potentially via its ability to block K+ efflux from cells (235). The precise mechanism by 

which BHB inhibits NLRP3 does however remain unknown. One study has also provided evidence 

to suggest MCC950 may in part inhibit NLRP3 activation via inhibiting Cl- efflux, however, more 

research is required to validate these findings  (236). These compounds highlight the potential of 

pharmacologically manipulating ion channels/transporters upstream of NLRP3 to regulate its 

activation. To date, no selective ion channel/transporter inhibitors have been developed or identified 

as potential treatments for NLRP3-mediated inflammation in disease. Identification of specific ion 

channels involved in the regulation of NLRP3 inflammasome activation could reveal a novel avenue 

of therapeutic NLRP3 inhibitors. 

 

Additional recently identified or synthesised compounds with demonstratable NLRP3 inhibiting 

properties in vitro include boron-based inhibitors (such as novel boron compounds (NBC)), CY-09, 

3,4-methylenedioxy-β-nitrostyrene (MNS) and JC-171 (236–240). Identifying and developing NLRP3 

inflammasome inhibitors is clearly an area of intense research due to their potential in treating not 

just one but a large number of inflammatory diseases. However, before any compounds can progress 

to the clinic it is critical, we must understand the pharmacological properties of the compounds in 

vivo identify any off-target effects which could be detrimental to patient health. Selectively targeting 

NLRP3-driven inflammation has clear potential. However, undesired disruption of innate immune 

pathways could have detrimental impacts on patients such as leaving patients susceptible to infection 

therefore given the widespread potential applications of NLRP3 inhibitors it is critical we understand 

exactly which cellular pathways these compounds manipulate.  
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Figure 1.3 Targeting the NLRP3 inflammasome regulatory pathways. 
Activation of the NLRP3 inflammasome can be targeted at a number of different stages and levels 
of regulation. NLRP3 itself can be directly inhibited by a number of different compounds including 
MCC950, CY-09, MNS, JC-171, and boron-based inhibitors such as the NBC series of 
compounds. Ion flux is also an additional target for NLRP3 inhibiting compounds such as BHB 
which inhibits NLRP3 via blocking K+ efflux. In response to crystal and particulate stimuli which 
activate NLRP3, preventing phagocytosis with Cytochalasin and Bafilomycin prevents lysosomal 
disruption and subsequent NLRP3 activation. The effector caspase of the NLRP3 inflammasome, 
caspase-1 can be targeted to prevent NLRP3 mediated pro IL-1β, pro IL-18 and GSDMD cleavage 
via inhibitors such as YVAD. The initial priming step required for NLRP3 transcriptional 
upregulation of NLRP3, pro IL-1β and pro IL-18 can be targeted to inhibit NLRP3 activation. 
Compounds such as Bay11 inhibit NF-κB mediated priming resulting in insufficient NLRP3 and 
pro IL-1β protein expression required for NLRP3 activation and subsequent IL-1β release.   
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1.9 Summary and aims 

The NLRP3 inflammasome is a multi-protein complex responsible for the cleavage and activation of 

the potent inflammatory cytokines IL-1β and IL-18 and pyroptotic cell death through activation of the 

effector protein caspase-1. NLRP3 is implicated as a driver of inflammation in a range of diseases 

including neurodegenerative diseases, type 2 diabetes and atherosclerosis, and as such represents 

a therapeutic target. A commonly reported mechanism of NLRP3 inflammasome activation is K+ 

efflux across the plasma membrane. Developing a greater understanding of the mechanisms 

regulating NLRP3 activation such as the mechanism by which K+ efflux occurs may reveal novel 

targets for therapeutic intervention.  

 

The overall aim of this PhD was to investigate the role of K+ channels in the regulation of the NLRP3 

inflammasome to identify novel therapeutic targets for limiting NLRP3 mediated inflammation in 

disease. Specifically, this thesis aimed to: 

 

1. Identify potential K+ channels involved in the regulation of the NLRP3 inflammasome 

2. Asses the effectiveness of commercial, novel, selective K+ channel inhibitors on NLRP3 

activation.  

3. Validate the specific K+ channels regulating NLRP3 activation using genetic engineering 

techniques.  
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2.1 Materials 

Pharmacological reagents were obtained from the following manufacturers: Sigma (ML133, quinine, 

tetraethylammonium chloride (TEA), tetrapentylammonium (Tpa), MCC950,  LPS from Escherichia 

coli O26:B6, and ATP), AdooQ (TRAM-34 and PAP-1), Alomone Labs (guangxitoxin-1E), Tocris 

(dofetilide), Merck Millipore (Ac-YVAD-CMK), U.S Silica (Silica), Life Technologies (DNA (pEF/v5-

His A plasmid empty vector), Lipofectamine 3000) and Invivogen (ultrapure flagellin from Salmonella 

typhimurium and imiquimod). CVN1 and CVN2 were provided by Cerevance Ltd. Specific antibodies 

were used targeting: mouse IL-1β (AF-401, R&D), caspase-1 p10 (EPR16883, abcam), gasdermin 

D (ab209845, Abcam), NLRP3 (G-20B-0014-C100, Adipogen), β-actin (Sigma) and THIK-1 (APC-

121, Alamone) as detailed in Table 2.1. All other materials/reagents were obtained from Sigma 

unless otherwise stated. 

 

 

Table 2.1 Antibodies used in western blots. 

 

 

 

 

Antibody Supplier Dilution  Vehicle 

Anti-mouse IL-1β, AF-
401 (Goat) 

R&D 1:800 PBS, 0.1% Tween™ 
20 (ThermoFisher 
Scientific) and 1% 
(wt/vol) bovine serum 
albumin (BSA) 

Anti-mouse caspase-
1 p10, EPR16883 
(Rabbit) 

Abcam 1:1000 PBS, 0.1% Tween™ 
20 and 1% (wt/vol) 
BSA 

Anti-mouse 
gasdermin D, 
ab209845 (Rabbit) 

Abcam 1:1000 PBS, 0.1% Tween™ 
20 and 1% (wt/vol) 
BSA 

Anti-mouse/human 
NLRP3, G-20B-0014-
C100 (Mouse) 

Adipogen 1:1000 PBS, 0.1% Tween™ 
20 and 1% (wt/vol) 
BSA 

Anti-mouse/human β-
actin (Mouse) 

Sigma 1:40,000 PBS, 0.1% Tween™ 
20 and 1% (wt/vol) 
BSA 

Anti-mouse THIK-1, 
APC-121 (Rabbit) 

Alamone 1:200 – 1:1000 PBS, 0.1% Tween™ 
20 and 1% (wt/vol) 
BSA 
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2.2 Pharmacological inhibitors 

All inhibitors used in this thesis are detailed in the table below (Table 2.2).  
 
Table 2.2 Details of inhibitors used.   

 

2.3 Generation of THIK-1 knockout mice 

The THIK-1 gene (kcnk13) was disrupted by MRC Harwell by using CRISPR/Cas9 to insert a single 

nucleotide into the wild-type DNA sequence (241–243). Insertion resulted in a frameshift mutation in 

the codon of for amino acid 14. This resulted in a premature stop codon after amino acid 68. The 

mice were maintained as homozygotes on a C57BL/6 background. To confirm the genotype of the 

mice Taqman MGB Allelic Discrimination genotyping assays were designed using Primer Express 

Inhibitor  Supplier Target 

TEA Sigma Non-selective K+ channel 
inhibitor 

TRAM-34 AdooQ KCa3.1 

Tpa Sigma K2P channels (THIK-1/TWIK-
2) 

ML133 Sigma Kir2.1 

Quinine Sigma K2P channels (THIK-1/TWIK-
2) 

Guangxitoxin-1E Alomone Kv2.1 

PAP-1 AdooQ Kv1.3 

Dofetilide Tocris Kv11.1 

MCC950 Sigma NLRP3 

Ac-YVAD-cmk Merck Millipore 
 

Caspase-1 

Bay11  NF-κB 

CVN1 Cerevance THIK-1 

CVN2 Cerevance THIK-1 
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3.0.1 (Applied Biosystems). Taqman MGB probes were purchased from ThermoFisher & primers 

were purchased from Sigma Aldrich. Table 2.3 below details the primers used for genotyping.  

 

Table 2.3 Primers used for genotyping THIK-1 KO mice. 
Primer/Probe Name Sequence (5’-3’) 

MmKCNK13 SNP Genotyping FP GGTCGGCAGAGCACATCCT 

MmKCNK13 SNP Genotyping RP CTGCAACTCCTGCGCTAGCT 

MmKCNK13 WT SNP Genotyping Probe FAM-CACCTGAACGAGGAC-MGB 

MmKCNK13 KO SNP Genotyping Probe VIC-CACCTGAATCGAGGAC-MGB 

 

Lysates were prepared from ear snips using Extract-N-Amp Tissue PCR Kit from Sigma (XNAT2R). 

qPCR was run in 384 plates with the following thermocycler conditions: 60°C x 30 s, 95°C x 10 min, 

then 40 cycles at 95°C x 15 s, 60°C x 1 min, lastly one cycle at 60°C x 30 s. 

 

2.4 Cell culture  

2.4.1 Primary and immortalised murine BMDM preparation 

Primary bone marrow-derived macrophage (pBMDM) cells were prepared from adult wildtype (WT, 

C57BL/6) and THIK-1 knockout (KO) male and female mice aged 6-12 weeks. In brief, bone marrow 

was flushed from femurs, red blood cells were lysed before culturing the remaining cells in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) containing 10% (vol/vol) fetal bovine serum 

(FBS, Thermo), 100 U mL-1 penicillin and 100 μg mL-1 streptomycin (PenStrep, Thermo), 

supplemented with L929 conditioned media (30% vol/vol) or M-CSF (20 ng/mL). pBMDMs were 

differentiated for 6-7 days, with extra L929 conditioned or M-CSF media added on day 3. pBMDMs 

were then re-seeded overnight at a density of 1x106 cells mL-1 prior to experiments. pBMDMs were 

primed with 1 μg mL-1 LPS for 4h then treated with drug or vehicle (1% (vol/vol) dimethylsulfoxide 

(DMSO)) in serum free DMEM for 15 min. Following drug incubation, the NLRP3 inflammasome was 

activated by stimulation with ATP (5 mM) or nigericin (10 μM) for 1 h, imiquimod (75 μM) for 2 h or 

silica (300 μg mL-1). Alternatively, the NLRC4 inflammasome and AIM2 inflammasome were 

activated by transfection with ultrapure flagellin from Salmonella typhimurium (1 μg mL-1) or DNA 
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(pEF/v5-His A plasmid empty vector) (1 μg mL-1) respectively for 4h. Transfections were performed 

using Lipofectamine 3000 according to the manufacturer’s instructions. For priming experiments 

pBMDMs were treated with drug or vehicle (1% (vol/vol) DMSO) for 15 min prior to priming with 1 μg 

mL-1 LPS for 4h. Supernatants were removed and analysed for IL-1β, IL-6 and TNFα content by 

ELISA (Duoset, R&D Systems). Supernatants and lysates were collected to analyse IL-1β, caspase-

1, NLRP3 and GSDMD processing by western blot. 

 

Immortalised BMDM (iBMDM) cells were obtained from Clare Bryant (Department of Veterinary 

Medicine, University of Cambridge). iBMDMs were cultured in DMEM supplemented with 10% 

(vol/vol) FBS and 1% (vol/vol) PenStrep. Before experiments iBMDMs were seeded overnight at a 

density of 0.75x106 cells mL-1 at 37°C. For priming experiments iBMDMs were treated with drug or 

vehicle (1% (vol/vol) DMSO) for 15 min prior to priming with LPS (1 μg mL-1, 4 h). Supernatants were 

removed and analysed for IL-6 and TNFα content by ELISA (Duoset, R&D Systems) according to 

manufacturer’s instructions. For inflammasome activation experiments iBMDMs were seeded 

overnight at a density of 0.75x106 cells mL-1 at 37°C. Cells were primed with LPS (1 μg mL-1, 4 h) 

then treated with drug or vehicle in serum free DMEM for 15 min or where appropriate media was 

changed to fresh media containing the indicated isotonic salt solution: control (145 mM NaCl/5 mM 

KCl), high K+ and normal Cl- (150 mM KCl), or high K+ and Cl- free solution (150 mM KGluconate) for 

15 min. NLRP3 inflammasome activation was then stimulated by adding ATP (5 mM) for 1 h. 

Supernatants were removed and analysed for IL-1β, IL-6 and TNFα content by ELISA. Supernatants 

and lysates were collected to analyse IL-1β and NLRP3 protein expression by western blot.  

 

2.4.2 Primary murine mixed glial culture preparation 

Murine mixed glial cells were prepared from the brains of C57BL/6 male and female 2-4-day old mice 

that were sacrificed by cervical dislocation under S1. All experimental procedures were performed 

under Home Office UK project license in accordance with the Animals (Scientific Procedures) Act 

UK 1986 and approved by the University of Manchester AWERB (Animal Welfare and Ethical Review 

Body). The brains were isolated, followed by dissection of hemispheres and removal of meninges as 

previously described (244). Tissue was homogenized by trituration in DMEM supplemented with 10% 

FBS and 1% PenStrep. Homogenate was centrifuged at 500xg for 10 min and the pellet was 
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resuspended in fresh DMEM with 10% (vol/vol) FBS and 1 % (vol/vol) PenStrep. Cells were washed 

at day 5 and media replaced. Media was replaced every 2 days. Cells were seeded at 2x105 cells 

mL-1 in 96 well plates and incubated for 2 days before use. Mixed glia were primed with 1 μg mL-1 

LPS for 4 h then treated with drug or vehicle (1% DMSO (vol/vol)) in serum free DMEM for 15 min 

Following drug incubation NLRP3 was activated by stimulation with ATP (5 mM, 1 h), nigericin (10 

μM, 1 h), imiquimod (75 μM, 2 h) or silica (300 μg mL-1, 4 h). Supernatants were collected and 

analysed for IL-1β content by ELISA. 

 

2.4.3 Primary murine adult microglia preparation 

WT and THIK-1 KO C57BL/6 male and female mice aged 6-10 weeks were sacrificed by cervical 

dislocation under S1. All experimental procedures were performed under Home Office UK project 

license in accordance with the Animals (Scientific Procedures) Act UK 1986 and approved by the 

University of Manchester and University of Cambridge AWERB (Animal Welfare and Ethical Review 

Body). All subsequent steps, unless otherwise stated, were performed at 4°C. Brains were isolated 

followed by removal of cerebellum and meninges. Brains were minced with a disposable scalpel into 

1-3 mm3 chunks and digested using a Neural Tissue Dissociation Kit (Miltenyi) according to 

manufacturer’s instructions. The resulting suspension was homogenized using a Dounce tissue 

grinder with 20 passes of a loose clearance pestle. Myelin was removed from the subsequent single-

cell suspension by centrifuging in 33% Percoll (GE Healthcare) for 10 min at 1000xg with low break 

and aspiration of myelin layer. Cells were pelleted by diluting 1:4 in Hanks balanced salt solution 

without calcium or magnesium (Gibco) and centrifuged for 10 min at 500xg. Cells were incubated 

with 10 μL anti-CD11b magnetic microbeads (Miltenyi) per brain in MACs buffer (PBS without calcium 

or magnesium with 2 mM ethylenediaminetetraacetic acid and 0.5% (wt/vol) bovine serum albumin 

(BSA) for 15 min at 4°C under slow rotation followed by passing through LS columns (Miltenyi) 

according to manufacturer’s instructions. The remaining microglia suspension was pelleted, counted 

and spot plated onto 96-well Cell+ plates (Sarstedt) at a density of 20,000-30,000 cells per well. The 

plates were left at room temperature for 10 min to allow cell attachment followed by addition of 100 

μL culture medium (Dulbecco’s modified Eagle’s medium/F12 containing 10% (vol/vol) FBS, 1% 

(vol/vol) PenStrep and 2 mM glutamine supplemented with IL-34 (20 ng mL-1; R&D Systems) and 

transforming growth factor-β1 (50 ng mL-1; Miltenyi). Cells were used at day 8. Microglia were primed 



  Chapter 2 

 52 

with 1 μg mL-1 LPS for 4h then treated with drug or vehicle (1% (vol/vol) DMSO) in serum free media 

for 15 min Following drug incubation NLRP3 was stimulated with ATP (5 mM, 1 h), nigericin (10 μM, 

1 h), imiquimod (75 μM, 2 h) or silica (300 μg mL-1, 4 h). For priming experiments microglia were 

treated with drug or vehicle (1% DMSO) for 15 min prior to priming with LPS (1 μg mL-1, 4 h). 

Supernatants were removed and analysed for IL-1β, IL-6 and TNFα content by ELISA. 

 

2.4.4 Primary human monocyte and THP-1 preparation 

Fresh blood was isolated from healthy volunteers following approval from Ethics Committee 

05/Q0401/108 and 2017-2551-3945 (University of Manchester). Peripheral blood mononuclear cells 

(PBMC) were isolated from blood using a 30% Ficoll gradient (Thermo) and centrifugation at 400xg 

for 40 min at room temperature. The PBMC layer was separated and washed 3 times with MACs 

buffer to remove platelets. Monocytes were positively selected by incubating with CD14+ magnetic 

microbeads (Miltenyi) for 15 min at 4°C and then passed though LS columns. Cells were pelleted 

and counted before seeding at 1x106 cells mL-1 in 96 well plates for immediate use. Human WT and 

NLRP3 KO THP-1 cells were cultured in RPMI-1640 medium supplemented with 10% (vol/vol) FBS, 

1% PenStrep, and 2 mM L-glutamine and seeded in 96 well plates for immediate use. NLRP3 

deficient THP-1 cells were a gift from Prof Veit Hornung (Ludwig Maximillian University of Munich). 

THP-1 cells were primed with LPS (1 μg mL-1, 4 h) then treated with drug or vehicle (1% DMSO) in 

serum free media for 15 min. Following drug incubation canonical NLRP3 activation was stimulated 

with silica (300 μg mL-1, 4 h). For alternative NLRP3 activation primary human monocytes and THP-

1 cells were treated with drug or vehicle (DMSO) in serum free media for 15 min before stimulation 

with LPS for 16 h. Supernatants were removed and analysed for IL-1β content by ELISA. 

 

2.4.5 siRNA transfections 

For THIK-1 knockdown in pBMDMs and iBMDMs, SMARTpool: ON-TARGETplus kcnk13 siRNA or 

ON- TARGETplus Non-targeting Control Pool (Dharmacon) were diluted to 20 μM in 250 μL 

UltraPure Distilled Water (Invitrogen). Transfections were performed using Viromer GREEN 

(Lipocalyx) according to manufacturer’s instructions. Briefly, 2.75 M kcnk13 or control siRNA was 

added to 45 μL Viromer GREEN and incubated at room temperature for 15 min. For each 
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transfection, 25 nM of siRNA plus Viromer GREEN mixture (50 μL) was added to each well. Following 

48 h incubation in siRNA mix, inflammasome activation and cell death was investigated.  

 

2.5 Sample analysis  

2.5.1 Cytokine assessment 

IL-1β, IL-6 and TNFα released into culture supernatants was measured using the ELISA DuoSetTM 

kit (R&D Systems) following manufacturer’s instructions. In brief, capture antibody was coated onto 

NuncTM 96-well plates (Thermo Fisher) and incubated overnight at room temperature. Plates were 

then washed with ELISA wash buffer (PBS, 0.05% (vol/vol) Tween 20) followed by blocking with 1% 

BSA in PBS. Plates were blocked for 60 min after which blocking solution was removed by washing 

with ELISA wash buffer. Pre-prepared samples were then added to plates followed by 120 min 

incubation at room temperature. Plates were then washed in wash buffer followed by addition of 

biotinylated detection antibody and incubated for 60 min. Excess detection antibody was removed 

via washing with wash buffer and horse-radish peroxidase (HRP)-conjugated streptavidin was added 

to samples for 20 min. Following an additional washing step with wash buffer, 3,3’,5,5’ – 

tetramethlybenzidine (TNB) substrate solution (Sigma) was added to samples for a duration of 20 

min. The reaction was then stopped with H2SO4 prior to measuring absorbance at wavelength 450-

590nm using a Synergy HT microplate reader with Gen5 software (Biotek). For analyses, sample 

absorbance was compared with IL-1β, IL-6 or TNFα standard absorbance. 

 

2.5.2 Western blotting 

IL-1β, caspase-1, and GSDMD processing in addition to NLRP3, IL-1β and THIK-1 protein 

expression were determined by western blotting. Both cell supernatant and cell lysates were 

collected together and precipitated in deoxycholate containing 20% trichloroacetic acid (Fisher) and 

washed with acetone followed by air drying at room temperature before concentration in 2x Laemmlii 

buffer. All samples were separated using Tris-glycine SDS/PAGE and then transferred using a semi-

dry Transblot Turbo System (Bio-Rad) at 25V onto nitrocellulose or PVDF membranes. Membranes 

were blocked in 5% (wt/vol) BSA (Sigma) in PBS, 1% (vol/vol) Tween 20 (PBST). Following blocking, 

membranes were incubated with primary antibodies: IL-1β (1:800), caspase-1 (1:1000), GSDMD 
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(1:1000), NLRP3 (1:1000), THIK-1 (1:200-1:1000) or β-actin-peroxidase (1:40000) in 1% (vol/vol) 

BSA PBST at 4°C overnight. Membranes were then incubated and labelled with HRP-tagged 

secondary antibodies (1:1000) in 1% (vol/vol) PBST and visualised with Amersham ECL detection 

reagent (GE Healthcare). Images of western blots were captured digitally using a G-Box Chemi XX6 

(Syngene).  

 

2.5.3 Lactate dehydrogenase (LDH) assay 

Cell death was quantified in pBMDMs, iBMDMs and mixed glia following treatment by measuring the 

release of the enzyme lactate dehydrogenase (LDH). This was achieved using the Cytotox-96 assay 

(Promega) according to the manufacturer’s instructions. In brief, following treatment, 25 µL of cell 

supernatant was transferred into 96-well plates. This was followed by addition of 25 µL of CytoTox-

96 Reagent to individual wells and incubation at room temperature for 20 min. The reaction was 

stopped via the addition of 50 µL Stop Solution (Promega) and absorbance was measured at 490 

nm using a Synergy HT microplate reader with Gen5 software (Biotex). 

 

2.5.4 ASC speck imaging 

Real-time ASC speck assays were performed using iBMDMs stably expressing ASC-mCherry (ASC-

mCherry iBMDMs) (84). ASC-mCherry iBMDMs were seeded out overnight into 96 well plates at a 

density of 0.75x106 cells mL-1 followed by priming for 3 h with 1 μg mL-1 LPS. To prevent pyroptosis 

and loss of ASC specks iBMDMs were pre-treated with the pan-caspase inhibitor Ac-YVAD-CMK 

(50 μM) for 30 min prior to microscopy. After priming, cells were pre-treated with vehicle control (1% 

(vol/vol) DMSO), TPA (50 μM) or MCC950 (10 μM), or appropriate cells were reperfused with high 

K+ and normal Cl- or high K+ and Cl- free solution for 15 min. Following pre-treatment, cells were 

stimulated with ATP (5 mM) or reperfused with Cl- free, K+ free or K+ and Cl- free solution where 

indicated. Images were captured using a 20x/0.61 S Plan Fluor objective at 15-min intervals and 
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quantified using an Incucyte Zoom System (Essen Bioscience). Comparison of ASC speck formation 

was analysed after stimulation for 105, 150 or 165 mins.  

 

 

2.5.5 YO-PRO-1 P2X7 assay 

P2X7 receptor-dependent membrane permeability was determined using the YO-PRO-1 fluorescent 

dye (245). iBMDMs were seeded out overnight into 96 well plates at a density of 0.75x106 cells mL-1 

followed by priming for 4 h with 1 μg mL-1 LPS. After priming, cells were pretreated with vehicle 

control (1% (vol/vol) DMSO), TPA (50 μM) or the P2X7 inhibitor oxidised ATP (oATP, 5 mM) before 

stimulation with ATP (5 mM) for 30 min. Supernatant was removed and cells washed with PBS 

without calcium or magnesium. 200 μL of YO-PRO-1 (2 μM) staining solution (Thermofisher 

Scientific) was then added to cells and fluorescence measured every 5 min for 30 min. 

 

2.6 Post-mortem human brain tissue  

2.6.1 Source of human brain tissue and research ethics committee approval 

Post-mortem AD brain samples from the temporal cortex (Table 2.4) and PD brain samples from the 

substantia nigra and frontal cortex (Table 2.5) were obtained from The Manchester Brain Bank at 

Salford Royal NHS Foundation Trust (University of Manchester). The Manchester Brain Bank has 

been approved by the Newcastle & North Tyneside 1 Research Ethics Committee on 6th May 2014 

(REC reference 09/H0906/52+5). 
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Table 2.4 Demographic parameters for Alzheimer’s disease post-mortem human brain 
samples. 

 
Control 
(Braak Stage 
0-II) 

Mild AD  
(Braak Stage 
III-IV) 

Severe AD 
(Braak Stage V-
VI) 

Age of death (Years) 

All (N=120) 

- Male (N=60) 

- Female (N=60) 

 

82.6 ± 11.5 

84.5 ± 9.4 

80.7 ± 13.3 

 

85.5 ± 6.3 

84.0 ± 6.5 

87.1 ± 6.0 

 

78.1 ± 8.8 

73.3 ± 4.7 

83.0 ± 9.3 

Post-mortem interval 

(Hours) 

All (N=120) 

- Male (N=60) 

- Female (N=60) 

 

81.2 ± 36.9 

85.7 ± 41.4 

76.5 ± 31.8 

 

79.4 ± 38.4 

81.2 ± 37.0 

77.5 ± 40.6 

 

86.2 ± 43.0 

82.7 ± 48.9 

89.6 ± 37.1 
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Table 2.5 Demographic parameters for Parkinson’s disease post-mortem human brain 
samples.  
 

 
Control  
 (Male N=8, Female 
N=7)  

PD   
(Male N=6, Female 
N=9)  

Age of death (Years)  

All (N=30)  

Male (N=14)  

Female (N=16)  

  

82.6 ± 9.8  

80.1 ± 8.4  

85.4±11.1  

  

80.3±8.2  

78.0±8.6  

81.8±8.0  

Post-mortem Interval 

(Hours)  

All (N=30)  

Male (N=14)  

Female (N=16)  

  

 

25.9 ± 8.0  

27.8 ± 9.8  

23.7 ± 7.8  

  

 

18.1 ± 7.8*  

17.5 ± 7.6  

18.6 ± 8.4  

* The post-mortem interval of the PD group was shorter than control group, but it did not correlate 
with any of the quantification value of mRNA or protein expression assessed in this study.  
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2.6.2 Reverse transcriptase semi-quantitative real-time PCR (RT-qPCR) 

To determine THIK-1 mRNA levels RT-qPCR was carried out. Briefly, total RNA was extracted from 

AD and non-AD brain tissues using using TRIzol™ Reagent (Thermo Fisher, Cat. No. 15596018) 

followed by RNA clean up using RNeasy mini kit (Qiagen, Cat. No.74104). RNA purity and 

concentrations were assessed using a NanoDrop 2100 (Thermo Fisher). RNA concentrations ranged 

from 84.78-593.46 ng mL-1. An optical density at wavelength 260/280 nm range of 2.01–2.11 were 

chosen for this study. Single-stranded cDNA was synthesized from 1 ng of total RNA using M-MLV 

Reverse Transcriptase (Thermo Fisher) following the manufacturer’s instructions. The 

oligonucleotide primer pair 5’- TGGAAGCCCTCCGTGTACTA-3’ (forward) and 5’- 

CAGCAGACACCCATGAGGAT – 3’ (reverse) specific for human THIK1 were selected for qPCR 

amplification (Thermo Fisher). Real-time quantitative PCR was performed using Power SYBR™ 

Green Master Mix (Applied Biosystems) and QuantStudio™ 12K Flex Real-Time PCR System 

(Thermo Fisher). The thermal cycler parameters were as follows: UDG activation at 50°C for 2 min, 

and DNA polymerase activation at 95°C for 10 min, followed by amplification of cDNA for 40 cycles 

with denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min. The values were 

normalized using geometric mean of human _RPL13A mRNA level and human _ GAPDH mRNA 

level as an endogenous internal standard (specific oligonucleotide primer of RPL13A: forward 5’- 

AGCCTACAAGAAAGTTTGCCTAT -3’, reverse 5’- TCTTCTTCCGGTAGTGGATCTTGGC-3’; 

GAPDH: forward 5’- CCTGCACCACCAACTGCTTA -3’, reverse 5’- 

GTCTTCTGGGTGGCAGTGATG -3’ Thermo Fisher). Data were analysed using 2(-Delta Delta Ct) 

Method. 

 

2.7 Statistical analysis  

Data are presented as the mean ± standard error of the mean (SEM). Levels of significance accepted 

were *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical significance was calculated using 

GraphPad Prism version 9.2.0. Data with multiple groups were analysed using a one-way ANOVA 

followed by Dunnet’s post hoc comparison. Experiments with two independent variables were 

analysed using two-way ANOVA followed by Bonferroni’s post hoc correct analysis.  
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3.1 Introduction 

Canonical activation of NLRP3 in vitro typically requires a two-step activation process. The first 

“priming” step can be induced by stimulation of Toll-like receptors which drives the expression of pro-

IL-1β and NLRP3 (23). The second step is NLRP3 inflammasome activation, which can be induced 

by a range of structurally unrelated stimuli such as the K+ ionophore nigericin, extracellular ATP and 

crystalline/particulate matter including silica (55, 246). Several studies have proposed mechanisms 

to explain how such a diverse range of stimuli converge on NLRP3 activation. One proposed 

mechanism is a decrease in intracellular K+ (44, 247) which is suggested to be important for multiple 

NLRP3 activating stimuli (45). However, the mechanism by which K+ efflux regulates NLRP3 

activation remains unclear. Recent studies have also shown small molecules such as imiquimod and 

CL097 can trigger canonical NLRP3 activation independently of K+ efflux (51). K+ efflux is therefore 

an important but not universal driver of canonical NLRP3 activation. Studies also suggest a potential 

involvement of Cl- channels in NLRP3 activation (82, 84, 86). We have previously shown Cl- efflux is 

an ASC oligomerizing signal required before K+ efflux dependent activation of NLRP3 suggesting 

both Cl- and K+ efflux are important in NLRP3 regulation (88). In addition to this two-step activation 

process, an alternative K+ independent mechanism of NLRP3 activation occurs in human monocytes 

(87, 104). In contrast to canonical activation, LPS alone in the absence of a secondary stimulus is 

sufficient to trigger NLRP3 activation by this alternative mechanism (104).  

 

K+ channels regulate an array of cellular and immune responses including immune cell proliferation, 

cell volume regulation, cytokine production and surveillance (68, 248–250). Members of the K2P 

channel family in particular, have recently been implicated with NLRP3 inflammasome activation  (68, 

78). The Two-pore domain Weak Inwardly rectifying K+ channel 2 (TWIK2) has been suggested to 

facilitate ATP-induced K+ efflux and subsequent NLRP3 activation in macrophages (78). 

Furthermore, a recent study identified the K+ channel Tandem Pore Domain Halothane-Inhibited 

Potassium Channel 1 (THIK-1) regulates IL-1β release from hippocampal slices in response to ATP 

(68), suggesting that it may be important for NLRP3 activation. This chapter aimed to utilize RNA-

sequencing databases and pharmacological screening processes to identify potential K+ channels 

involved in NLRP3 inflammasome activation in a range of in vitro inflammatory systems.  
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3.2 Results  

3.2.1 Potassium channels shared by cultured bone-marrow derived macrophages 

and microglia 

In order to identify potential K+ channels involved in regulating NLRP3 activation in macrophages 

and microglia, K+ channel RNA expression in both cultured murine microglia and iBMDM cells from 

existing datasets were analysed (251). Through quantitative expression analysis of existing RNA 

expression databases (https://braininflammationgroup-

universityofmanchester.shinyapps.io/GrapheneOxide/, https://braininflammationgroup-

universityofmanchester.shinyapps.io/NLRP3KOmicroglia) eight different K+ channels were identified 

to be expressed by both microglia and iBMDMs (Fig. 3.1). Channels identified included the calcium-
activated K+ channel KCa3.1, the inwardly rectifying K+ channel Kir2.1, two-pore domain K+ (K2P) 

channels TWIK-2 and THIK-1 and voltage gated K+ channels Kv1.3, 2.1, 4.1 and 11.1.  
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Figure 3.1 K+ Channels Expressed in Cultured Microglia and iBMDM Cells. 
Data shows K+ channels expressed by untreated adult mouse microglia (n=6) and mouse iBMDMs 
following LPS treatment (1 μg mL-1, 2h, n=4). Data was collected through data mining of RNA 
sequencing data bases collected from our research group on microglia 
(https://braininflammationgroup-universityofmanchester.shinyapps.io/NLRP3KOmicroglia) and 
iBMDMs (https://braininflammationgroup-universityofmanchester.shinyapps.io/GrapheneOxide/). 
Only genes with corrected counts above 80 are shown. Data is represented as mean corrected 
gene counts generated through normalizing raw gene counts relative to gene library sizes. 
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3.2.2 Pharmacological blockade of two-pore domain potassium channels inhibited 

NLRP3 inflammasome activation in murine macrophages 

To identify K+ channels involved in activation of the NLRP3 inflammasome, LPS-primed (1 µg mL-1, 

4 h) pBMDMs were incubated for 15 min with K+ channel inhibitors TEA (non-selective K+ inhibitor), 

TRAM-34 (KCa3.1 inhibitor), TPA (THIK-1 and TWIK-2 inhibitor), ML133 (Kir2.1 inhibitor), quinine 

hydrochloride dihydrate (THIK-1 and TWIK-2 inhibitor), Guangxitoxin-1E (Kv2.1 inhibitor), PAP-1 

(Kv1.3 inhibitor), and dofetilide (Kv11.1 inhibitor). The inhibitors selected inhibited one or more of the 

K+ channels identified through RNA profiling above (Fig. 3.1), in addition to the non-specific K+ 

channel inhibitor TEA. The NLRP3 inhibitor MCC950 (252) was included as a positive control. 

Inhibitors and concentrations used were based on previously published work (68, 253–258). BMDMs 

were stimulated for 1h with 5mM ATP which induces NLRP3 activation via P2X7 channel activation 

(55). BMDMs were also stimulated for 4h with 300 μg mL-1 silica which stimulates NLRP3 activation 

via lysosome damage (246). Both ATP and silica-induced activation of the NLRP3 inflammasome 

are reported to depend upon K+ efflux (45).   IL-1β in the supernatant was used as a readout of 

NLRP3 activation.  

 

Analysis of cell supernatant by ELISA confirmed the importance of K+ channel activation in NLRP3 

stimulation as the non-specific K+ channel blocker TEA (50 mM) significantly inhibited IL-1β release 

in response to both ATP (Fig. 3.2Ai) and silica (Fig. 3.2Aii). Blocking K2P channels (including THIK-

1 and TWIK-2) with Tpa (50 μM) and quinine (100 μM) (71, 259) also significantly inhibited ATP-

induced IL-1β release (Fig. 3.2Ai). Likewise, Tpa and quinine significantly inhibited silica-induced IL-

1β release (Fig. 3.2Aii), suggesting their effect was not due to direct inhibition of the P2X7 receptor. 

In contrast, the inhibitors blocking KCa3.1 (TRAM-34, 10 μM), Kir2.1 (ML133, 20 μM), Kv2.1 

(Guangxitoxin-1E, 25 nM), Kv1.3 (PAP-1, 2 μM) and Kv11.1 (dofetilide, 1 μM) had no impact on IL-

1β release in response to ATP or silica (Fig. 3.2Ai and Aii respectively). The Kir2.1 inhibitor ML133 
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did however significantly reduce cell death in response to ATP, but not silica, while no other K+ 

channel inhibitor reduced cell death in response to ATP or silica (Fig. 3.2B). 
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Figure 3.2 Pharmacological inhibition of two pore domain potassium channels blocks 
NLRP3 inflammasome activation and IL-1β release in response to ATP and silica. 
A) IL-1β ELISA and (B) LDH release assay of the supernatant of pBMDMs primed with LPS (1 μg 
mL-1, 4 h) followed by pretreatment with MCC950 (10 μM) or K+ channel inhibitors TEA (50 mM), 
TRAM-34 (10 μM), Tpa (50 μM), ML-133 (20 μM), Quinine (100 μM), Guangitoxin-1E (25 nM), PAP-
1 (2 μM) or Dofetilide (1 μM) for 15 min before stimulation with ATP (5 mM, 1 h) (n=4) or silica (300 
µg mL-1, 4 h). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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Having established K+ channel inhibitors inhibit NLRP3 inflammasome activation in response to ATP 

and silica, the study next investigated whether the effects of TEA, Tpa and quinine on NLRP3 

activation were due to their inhibitory action on K+ channels and not an alternative “off target” 

mechanism. In order to test this, the impact of the K+ channel inhibitors on NLRP3 activation was 

tested described in the protocol above using the K+ efflux independent NLRP3 activator imiquimod 

(21). Stimulation of LPS-primed pBMDMs for 1h with 75 μM imiquimod induced IL-1β release which 

was abolished by pre-treatment with quinine (Fig. 3.3Ai). In contrast, TEA, Tpa and other inhibitors 

had no effect on imiquimod induced IL-1β release. Imiquimod-induced cell death was not significantly 

affected by treatment with any inhibitor (Fig. 3.3Bi). In addition to imiquimod, the effect of TEA, Tpa 

and quinine on nigericin-induced NLRP3 activation was determined. Nigericin is a K+ ionophore 

which activates NLRP3 by facilitating K+ efflux independently of K+ channels (55). Stimulation of LPS-

primed pBMDMs for 1h with 10 µM nigericin induced IL-1β release which was unaffected by pre-

treatment with TEA or Tpa (Fig. 3.3Aii). Pre-treatment with quinine inhibited nigericin-induced IL-1β 

release suggesting quinine inhibited NLRP3 independently of specific K+ channels (Fig. 3.3Aii). 

Nigericin-induced cell death was not significantly affected by treatment with Tpa, TEA or quinine (Fig. 

3.3Bii). The effect of imiquimod and nigericin on IL-1β release were all NLRP3 dependent as IL-1β 

release was inhibited by MCC950 (Fig. 3.3A).  

These data suggest K+ channels targeted by TEA and Tpa do not play a role in imiquimod- or 

nigericin-induced NLRP3 activation. Furthermore, these data suggest that Tpa inhibited NLRP3 via 

a K+ channel dependent manner indicating NLRP3 inhibition was a consequence of its K2P channel 

inhibiting properties and not an additional unidentified mechanism of action. Although only weakly, 

TEA also inhibits K2P channels (71). Therefore, TEA may also inhibit NLRP3 activation via inhibition 

of K2P channels. In contrast, quinine’s ability to inhibit NLRP3 activation in response to stimuli that 

are reported to activate NLRP3 in the absence of K+ efflux suggests quinine may not be inhibiting 

NLRP3 through blocking K+ efflux. K2P channels selectively regulate the NLRP3 activation pathway 

only when K+ efflux is required and mediated via K+ channels. 
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Figure 3.3 Pharmacological inhibition of two pore domain potassium channels has no 
effect on NLRP3 inflammasome activation and IL-1β release in response to imiquimod and 
nigericin. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of pBMDMs primed with LPS (1 μg 
mL-1, 4 h) followed by pretreatment with MCC950 (10 μM) or K+ channel inhibitors TEA (50 mM), 
TRAM-34 (10 μM), Tpa (50 μM), ML-133 (20 μM), Quinine (100 μM), Guangitoxin-1E (25 nM), PAP-
1 (2 μM) or Dofetilide (1 μM) for 15 min before stimulation with imiquimod (75µM, 2h) (n=3) or 
nigericin (10 µM, 1h) (n=4). ****p<0.0001, **p<0.01 determined by one-way ANOVA with Dunnett’s 
post hoc analysis. Values shown are the mean ± SEM. 
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NLRP3 inflammasome activation results in the recruitment and cleavage of caspase-1, which in turn 

cleaves pro-IL-1β into its active released form (90). Active caspase-1 also cleaves and activates 

GSDMD (116). In order to establish whether Tpa and TEA inhibit activation of downstream mediators 

of NLRP3 activation, western blotting was used to investigate the effect of Tpa and TEA pre-

treatment on ATP-induced caspase-1, IL-1β and GSDMD cleavage. Western blot analysis showed 

that caspase-1, IL-1β and GSDMD processing induced by ATP was inhibited by Tpa and TEA (Fig. 

3.4A) further indicating Tpa and TEA as inhibitors of NLRP3 inflammasome activation. In support of 

western blot experiments, caspase-1 Glo, a quantitative measure of caspase-1 activity showed Tpa 

and TEA inhibited caspase-1 activity in pBMDMs in response to ATP treatment (Fig. 3.4B) further 

confirming Tpa and TEA as inhibitors of NLRP3 activation and downstream processing of caspase-

1, IL-1β and GSDMD. Tpa inhibited both ATP and silica-induced IL-1β release in a concentration 

dependent manner (Fig. 3.5Ai and Aii respectively) with no concentrations found to inhibit ATP (Fig. 

3.5Bi) or silica-induced cell death (Fig. 3.5Bii). 
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Figure 3.4 Pharmacological inhibition of two pore domain potassium channels blocks 
caspase-1, IL-1β and GSDMD processing in response to ATP-induced NLRP3 activation. 
(A) Caspase-1, IL-1β and gasdermin D western blot of total cell lysates (cell lysate + supernatant) 
from LPS-primed (1μg mL-1, 4 h) pBMDMs pretreated with vehicle control, TEA (50 mM), Tpa (50 
μM) or MCC950 (10 µM) for 15 min then stimulated with ATP (5 mM, 1 h). (B) Caspase-1 Glo assay 
to measure caspase-1 activity of LPS-primed (1 μg mL-1, 4 h) pBMDMs pretreated with vehicle 
control, TEA (50 mM), Tpa (50 μM) or MCC950 (10 µM) for 15 min then stimulated with ATP (5 
mM, 1 h) (n=4). **p<0.01, *p<0.05 determined by one-way ANOVA with Dunnett’s post hoc 
analysis. Values shown are the mean ± SEM. 
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Figure 3.5 Tpa inhibits NLRP3 inflammasome activation and IL-1β in a concentration dependent 
manner. 
(A) IL- 1β ELISA or (B) LDH release assay of the supernatant of pBMDMs primed with LPS (1 μg mL-

1, 4 h) followed by pretreatment with MCC950 (10 μM) or Tpa (3-300 μM) before stimulation with ATP 
(5 mM, 1 h) (n=5) or silica (300 µg mL-1, 4 h) (n=3). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
determined by one-way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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3.2.3 Pharmacological blockade of potassium channels does not inhibit the AIM2 or 

NLRC4 inflammasome 

In addition to NLRP3, other well characterized inflammasomes AIM2 and NLRC4 also drive caspase-

1 cleavage and subsequent IL-1β release in response to cytosolic DNA and intracellular bacteria 

respectively (260, 261). Previous studies have shown high extracellular K+ fails to block AIM2 and 

NLRC4 inflammasomes (44, 45) demonstrating dependence on K+ efflux is a unique feature of the 

NLRP3 inflammasome. AIM2 and NLRC4 inflammasomes can be activated by transfection of 

poly(dA:dT) and flagellin respectively (237). To determine whether the effect of K2P channel 

inhibition on IL-1β release is selective to NLRP3 inflammasome activation, the impact of K+ channel 

inhibition on AIM2 and NLRC4-dependent IL-1β release was tested.  

 

AIM2 inflammasome activation was not inhibited by any of the K+ channel inhibitors tested including 

Tpa, TEA and quinine which were previously shown to inhibit NLRP3 activation (Fig. 3.6Ai). NLRC4 

inflammasome activation was enhanced by Tpa and quinine but none of the K+ channel inhibitors 

tested had an inhibitory effect on NLRC4 activation (Fig. 3.6Aii).  Cell death in response to AIM2 

inflammasome activation was also enhanced by Tpa and quinine (Fig. 3.6Bi), with Tpa also elevating 

cell death in response to NLRC4 inflammasome activation (Fig. 3.6Bii). These data show TEA, Tpa 

and quinine selectively inhibit the NLRP3 pathway, thus suggesting K+ channels and specifically K2P 

channels selectively regulate NLRP3 inflammasome activation without impacting other 

inflammasomes.   
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Figure 3.6 Pharmacological inhibition of two pore domain potassium channels selectively 
regulates the NLRP3 inflammasome.  
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of pBMDMs primed with LPS (1μg 
mL-1, 4h) followed by pretreatment with the caspase-1 inhibitor Ac-YVAD-cmk (50 μM) or K+ channel 
inhibitors TEA (50 mM), TRAM-34 (10 μM), Tpa (50 μM), ML-133 (20 μM), Quinine (100 μM), 
Guangitoxin-1E (25 nM), PAP-1 (2 μM) or Dofetilide (1μM) for 15 min before stimulation with 
transfected Poly(dA:dT) (1 μg mL-1, 4 h) (n=3) or transfected ultrapure flagellin from Salmonella 
typhurium (1 μg mL-1, 4 h) (n=3). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by one-
way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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3.2.4 Pharmacological blockade of two-pore domain potassium channels inhibits the 

NLRP3 priming step 

Having observed inhibition of K2P channels to reduce NLRP3 activation, the impact of K+ channel 

inhibition on the initial priming step of canonical NLRP3 inflammasome activation was also 

investigated. LPS-induced priming results in the activation of the transcription factor NF-κB, which in 

addition to upregulating NLRP3 and pro-IL-1β expression, also upregulates other pro inflammatory 

cytokines such as IL-6 and TNFα (262, 263). iBMDMs were pre-treated K+ channel inhibitors and the 

NF-κB inhibitor Bay11 for 15 min prior to priming with LPS for 4 hours. TEA, Tpa and quinine 

significantly inhibited both IL-6 and TNFα release in response to LPS (Fig. 3.7A). None of the K+ 

channel inhibitors tested had any effect on cell death (Fig. 3.7B). By western blot Tpa and TEA were 

found to inhibit LPS-induced protein expression of NLRP3 and pro-IL-1β (Fig. 3.7C). Together these 

results show Tpa, TEA and quinine inhibit both NLRP3 priming and activation suggesting K2P 

channels may also play a role in NLRP3 priming as well as activation.  
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Figure 3.7 Pharmacological inhibition of two pore potassium channels blocks priming of the 
NLRP3 inflammasome. 
(A) IL-6 and TNFα ELISA and (B) LDH release assay of the supernatant of iBMDMs pretreated with 
Bay11 (10 µM) or K+ channel inhibitors TEA (50 mM), TRAM-34 (10 μM), Tpa (50 μM), ML-133 (20 μM), 
Quinine (100 μM), Guangitoxin-1E (25 nM), PAP-1 (2 μM) or Dofetilide (1 μM) for 15 min before priming 
with LPS (1 μg mL-1, 4 h) (n=4). (C) NLRP3 and IL-1β western blot of the supernatant and total cell 
lysates respectively of iBMDMs pretreated with TEA (50 mM), Tpa (50 μM) or Bay11(10 µM) for 15 min 
before priming with LPS (1 μg mL-1, 4 h). ****p<0.0001, **p<0.01 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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3.2.5 Blocking two-pore domain potassium channels enhances ASC speck formation 

despite inhibiting NLRP3 inflammasome activation 

Following activation, NLRP3 nucleates the oligomerization of the adaptor protein ASC. ASC itself 

then undergoes oligomerization into inflammasome specks which leads to caspase-1 recruitment 

and activation. To establish whether inhibition of K2P channels reduced NLRP3 activation via 

preventing ASC oligomerization, the effects of Tpa and TEA on ASC speck formation were 

investigated. 

 

Using iBMDMs stably expressing ASC-mCherry (84), the effect of K+ channel inhibition on ASC 

speck formation over time was tested. Incubation of LPS-primed ASC-mCherry iBMDMs with 5mM 

ATP induced the formation of ASC specks which were inhibited by MCC950 (204) (Fig. 3.8ai, 3.8aii). 

Tpa was observed to evoke a large and significant increase in the number of ASC specks formed in 

response to ATP (Fig. 3.8ai, 3.8aii). Furthermore, TEA had no effect on ATP-induced speck 

formation. These data reveal ASC speck formation occurs in the presence of concentrations of Tpa 

and TEA that inhibited the activation of caspase-1. ASC specks are released from the cell into 

extracellular space following cell death (264). To determine whether Tpa and TEA could stimulate 

the formation of ASC specks in the absence of an NLRP3 activating stimulus ASC-mCherry iBMDMs 

were treated with Tpa and TEA without ATP stimulation. Treatment with Tpa and TEA alone failed 

to induce ASC speck formation suggesting Tpa and TEA do not induce ASC oligomerization despite 

Tpa enhancing speck formation in response to ATP (Fig. 3.8aiii). The observation that Tpa enhances 

ASC speck formation in response to ATP yet TEA does not could potentially be due to differences in 

the ability of each compound to inhibit K2P channels. TEA is only a weak inhibitor of K2P channels 

whereas Tpa is effective at inhibiting K2P channels (68, 71). Therefore, a high degree of K2P channel 

inhibition with Tpa may enhance ASC speck formation but TEA may not inhibit K2P channels 

sufficiently to induce an increase in ASC specks in response to ATP. These data show a 

disassociation between ASC speck formation which resembles the oligomerization of inflammasome 

components from activation of the NLRP3 inflammasome into a caspase-1 activating complex. ASC 

oligomerization occurred in the presence of the inhibitors suggesting K+ channel activation and 

specifically K2P channel activation may be required to shift inactive preformed ASC specks to active 

caspase-1 cleaving complexes.   
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Figure 3.8 Potassium efflux is required for NLRP3 inflammasome activation but not ASC 
speck formation in response to ATP. 
(Ai) ASC speck formation measured in real time and (Aii) ASC speck formation after 165 min of ATP 
stimulation from ASC-mCherry iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by pretreatment 
with vehicle control, TEA (50 mM), Tpa (50 μM) or MCC950 (10 µM) for 15 min before stimulation with 
ATP (5 mM) (n=6). (Aiii) ASC speck formation after 165 min from ASC-mCherry iBMDMS primed with 
LPS (1 μg mL-1, 4 h) followed by treatment with, TEA (50 mM), Tpa (50 μM) or MCC950 (10 µM) in 
the absence of ATP (n=6). (B) Representative images of ASC-mCherry iBMDMs after 165 min ATP 
stimulation (Scale bar, 50 μm, arrows denote ASC specks). ASC speck experiments were performed 
in the presence of Ac-YVAD-CMK (50μM) to prevent pyroptosis and loss of ASC specks. 
****p<0.0001, determined by one-way ANOVA with Dunnett’s with Dunn’s post hoc analysis. Values 
shown are the mean ± SEM. 
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3.2.6 Blocking potassium efflux enhances ASC speck formation despite inhibiting 

NLRP3 inflammasome activation 

Our group previously reported Cl- flux to be required for ASC oligomerization while NLRP3 activation 

is K+ efflux-dependent (88). Having observed that inhibition of K2P channels with TPA increased 

ASC speck formation in response to ATP (Fig. 3.8) the next experiment aimed to determine whether 

TPA was enhancing speck formation via blocking K+ efflux through K2P channels. The study 

investigated whether blocking K+ efflux also enhances ASC speck formation in response to ATP. To 

understand the effect of blocking K+ efflux on inflammasome activation we performed ion substitution 

experiments. LPS-primed iBMDMs were incubated in solutions with high K+ and Cl- free, or high K+ 

and normal Cl- to block only K+ efflux or both K+ and Cl- efflux, respectively as previously reported 

(88). NLRP3 activation was then stimulated with ATP. Incubation with both high K+ or high K+ and 

Cl- free completely abolished IL-1β release in response to ATP (Fig. 3.9Ai). Only incubation with high 

K+ and normal Cl- media inhibited ATP-induced cell death (3.9Aii). These data show that blocking K+ 

efflux is sufficient to block activation of the NLRP3 inflammasome supporting the findings that K+ 

channel inhibitors block NLRP3 activation (Fig. 3.2).   

 

The study next aimed to investigate the impact of incubating iBMDMs in the above-mentioned 

isotonic salt solutions on ASC speck formation. To test the impact of isotonic salt solutions on ASC 

speck formation, ASC-mCherry iBMDMs were primed with LPS and incubated with a) normal K+, 

normal Cl-, b) high K+, normal Cl- or c) high K+, Cl- free solution. NLRP3 activation was stimulated 

with ATP and ASC formation analysed in real time. Blocking both K+ and Cl- efflux with high K+ and 

normal Cl- solution completely inhibited the formation of ASC-specks in response to ATP (Fig. 3.9Bi, 

3.9Bii). In contrast, allowing Cl- efflux but blocking K+ efflux with high K+ and Cl- free solution 

enhanced ASC speck formation in response to ATP (Fig. 3Bii). These findings are consistent with 

our previous report that Cl- efflux serves as an ASC oligomerizing signal while K+ efflux is required 

for NLRP3 activation (88). These results show that blocking K+ efflux directly or inhibiting K2P 

channels inhibits NLRP3-dependent caspase-1 activation but enhances ASC speck formation. 

Therefore, suggesting K2P channels and K+ efflux are not involved in the formation of ASC specks 

in response to ATP.  
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Figure 3.9 K+ efflux is required for NLRP3 inflammasome activation but not ASC speck 
formation in response to ATP. 
(A, i) IL-1β ELISA and (A, i) LDH assay of the supernatant of iBMDMs primed with LPS (1 μg mL-1, 4 
h) followed by incubation in a control (145 mM NaCl/ 5 mM KCl), high K+ and normal Cl- (150 mM KCl), 
high K+ and Cl- free (150 mM KGluconate) or control and MCC950 (10 μM) solution for 15 min before 
stimulation with ATP (5 mM, 1 h) (n=6). (B, ii) ASC speck formation measured in real time and (B, iii) 
ASC speck formation after 165 min of ATP stimulation from iBMDMs stably expressing ASC-mCherry 
(ASC-mCherry iBMDMs) primed with LPS (1 μg mL-1, 4 h) followed by incubation in a control (145 mM 
NaCl/ 5 mM KCl), high K+ and normal Cl- (150 mM KCl), high K+ and Cl- free (150 mM KGluconate) or 
control and MCC950 (10 μM) solution for 15 min before stimulation with ATP (5 mM. 165 mins) (n=4). 
****p<0.0001, *p<0.05 determined by one-way ANOVA with Dunnett’s post hoc analysis. Values shown 
are the mean ± SEM. 
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3.2.7 Pharmacological inhibition of two-pore domain potassium channels reduces 

NLRP3 activation in murine mixed glia and microglia 

Having observed Tpa to inhibit NLRP3 activation in BMDMs the study next aimed to determine 

whether Tpa mediated K2P inhibition could block NLRP3 in microglia, the brain resident macrophage 

cells. Initially, the impact of Tpa on ATP, silica, nigericin, or imiquimod-induced NLRP3 activation in 

primary mouse mixed glial cultures was investigated. Supporting the previous findings in BMDMs 

(Fig. 3.2), Tpa also inhibited NLRP3 activation in mixed glial cultures containing both microglia and 

astrocytes in response to ATP (Fig. 3.10Ai) and silica (Fig. 3.10Aii). TEA had no inhibitory effect on 

ATP or silica induced IL-1β release in mixed glia (Fig. 3.10Ai, 3.10Aii) despite inhibiting NLRP3 

activation in BMDMs. Tpa and TEA had no impact on cell death in response to ATP (Fig. 3.10Bi) or 

silica (Fig. 3.10Bii).  

 

Tpa and TEA failed to inhibit K+ channel independent activation in response to nigericin and 

imiquimod in line with the findings in BMDMs (Fig. 3.11Ai, 3.11Aii) in addition to having no effect on 

imiquimod (Fig. 3.11Bi) and nigericin (Fig. 3.11Bii) induced cell death. These results show Tpa 

inhibits NLRP3 activation in mixed glia potentially through its ability to block K2P channels.  

 

To confirm Tpa was inhibiting NLRP3 activation in microglial cells directly, the effect of Tpa on ATP 

and silica induced NLRP3 activation in isolated adult microglia was evaluated. Consistent with mixed 

glial culture data, ATP-induced IL-1β release was inhibited by Tpa in isolated adult microglia (Fig. 

3.12A). In addition, Tpa inhibited IL-1β release from isolated microglia in response to silica (Fig. 

3.12B). TEA also inhibited both ATP (Fig. 3.12A) and silica (Fig. 3.12B) induced NLRP3 activation 

in microglia. The observation that TEA inhibits NLRP3 activation in response to ATP and silica in 

adult microglia, but not neonatal mixed glial cultures could potentially be explained by age-dependent 

differences in microglial inflammatory responses. Neonatal microglia have been found to produce 

significantly more proinflammatory cytokines compared to adult cells in response to stimuli in vitro 

(265, 266). In addition, TEA is only a weak inhibitor of K2P channels (71). It is possible that greater 

K2P channel inhibition is required to dampen NLRP3 inflammasome activation in neonatal microglia 

in comparison to adult microglia. Therefore, TEA may inhibit sufficient K2P channels to attenuate 

NLRP3 activation in adult microglia, but in neonatal microglia greater K2P inhibition, not achieved by 
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TEA is required to inhibit NLRP3 activation. This study shows Tpa inhibits NLRP3 activation in 

response to both ATP and silica in both mixed glial and adult isolated microglial cultures. These 

results suggest Tpa sensitive channels are important for regulating NLRP3 activation within CNS 

resident microglia as well as peripheral macrophages. 
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Figure 3.10 Inhibition of two pore domain potassium channels blocks ATP and silica 
induced NLRP3 activation in mixed glia. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary mouse mixed glia primed 
with LPS (1 μg mL-1, 4 h) followed by pretreatment with vehicle control, TEA (50 mM), Tpa (50 
μM) or MCC950 (10 μM) for 15 min before stimulation with ATP (5 mM, 1 h) (n=5) or silica (300 
µg mL-1,4 h). ****p<0.0001, ***p<0.001, *p<0.05 determined by one-way ANOVA with Dunnett’s 
post hoc analysis. Values shown are the mean ± SEM. 
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Figure 3.11 Inhibition of two pore domain potassium channels has no effect on imiquimod or 
nigericin induced NLRP3 activation in mixed glia. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary mouse mixed glia primed 
with LPS (1 μg mL-1, 4 h) followed by pretreatment with vehicle control, TEA (50 mM), Tpa (50 μM) 
or MCC950 (10 μM) for 15 min before stimulation with imiquimod (75 µM, 2 h) (n=4) or nigericin (10 
µM, 1 h) (n=3). ****p<0.0001, ***p<0.001, *p<0.05 determined by one-way ANOVA with Dunnett’s 
post hoc analysis. Values shown are the mean ± SEM. 
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Figure 3.12 Inhibition of two pore domain potassium channels blocks ATP and silica induced 
NLRP3 activation in isolated microglia. 
IL-1β ELISA of the supernatant of mouse primary microglia primed with LPS (1 μg mL-1, 4 h) 
followed by pre-treatment with vehicle control, TEA (50 mM), Tpa (50 μM) or MCC950 (10 μM) for 
15 min before stimulation with (A) ATP (5 mM, 1 h) (n=3) or (B) silica (300 µg mL-1,4 h) (n=3). 
***p<0.001, **p<0.01, *p<0.05 determined by one-way ANOVA with Dunnett’s post hoc analysis. 
Values shown are the mean ± SEM. 
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3.2.8 Canonical and alternative NLRP3 activation in human monocytes is inhibited by 

blocking two pore domain potassium channels 

Previous research suggests that in addition to K+ efflux dependent NLRP3 activation, LPS alone can 

stimulate caspase-1 activation and IL-1β release (87). This mechanism has been defined as 

alternative NLRP3 inflammasome activation and does not require K+ efflux (104). The impact of the 

K2P channel inhibition on canonical and alternative NLRP3 activation in human monocyte THP-1 

cell lines and also primary human CD14+ monocytes freshly isolated from healthy donors was 

therefore tested. Stimulation of K+ dependent canonical NLRP3 activation via LPS priming and silica 

stimulation in THP-1 cells induced NLRP3 dependent IL-1β release (Fig. 3.13A). As observed in 

mouse BMDMs pre-treatment with Tpa and TEA inhibited IL-1β release in response to canonical 

activation in THP-1 cells (Fig. 3.13A). Alternative NLRP3 inflammasome activation was stimulated 

by treatment with LPS alone for 16 h in THP-1 cells. LPS treatment alone induced IL-1β release in a 

NLRP3-dependent manner which was also inhibited by Tpa and TEA (Fig. 3.13B). The impact of Tpa 

and TEA on alternative activation in CD14+ human monocytes was investigated following the same 

protocol. Following the same trend as THP-1 cells, alternative NLRP3 activation and IL1β release 

was inhibited by both Tpa and TEA in CD14+ monocytes (Fig. 3.13C). These results suggest K2P 

channels regulate both canonical and alternative mechanisms of NLRP3 activation in human 

monocytes.  
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Figure 3.13 Pharmacological inhibition of two-pore domain potassium channels 
blocks canonical and alternative NLRP3 activation in human monocytes. 
(A) IL-1β ELISA of the supernatant of WT and NLRP3 KO THP-1 monocytes primed with 
LPS (1 μg mL-1, 4 h) followed by pre-treatment with vehicle control, Tpa (50 μM), TEA (50 
mM) or MCC950 (10 μM) for 15 min before stimulation with silica (300 µg mL-1,4 h) (n=4). 
(B) IL-1β ELISA of the supernatant of WT and NLRP3 KO THP-1 monocytes pre-treated 
with vehicle control, Tpa (50 μM), TEA (50 mM) or MCC950 (10 μM) for 15 min before 
stimulation with LPS (1 μg mL-1, 16 h) (n=6). (C) IL-1β ELISA of the supernatant of primary 
human monocytes pre-treated with vehicle control, Tpa (50 μM), TEA (50 mM) or 
MCC950 (10 μM) for 15 min before stimulation with LPS (1 μg mL-1, 16 h) (n=3). 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
 



  Chapter 3 

 86 

3.2.9 Inhibition of two-pore potassium channels fails to inhibit potassium efflux in 

response to ATP treatment in murine macrophages 

Previous studies have observed genetically knocking out the K2P channels THIK-1 or TWIK-2 

abolished ATP-evoked K+ current in mouse microglia and BMDMs respectively (68, 78). These 

findings suggest K2P channels may regulate ATP-induced NLRP3 activation via promoting K+ efflux. 

To investigate whether inhibition of K+ channels in general or K2P channels prevented K+ efflux in 

response to ATP, the impact of TEA and Tpa on ATP-induced K+ efflux was evaluated. iBMDMs 

were primed with LPS, then incubated with Ac-YVAD-Cmk to prevent pyroptotic cell death and loss 

of membrane integrity which would facilitate release of intracellular ions independently of ion 

channels/transporters.  iBMDMs were then pretreated with Tpa, TEA and MCC950 before 15 min 

stimulation with ATP. Lysates were collected and cellular intracellular ion concentrations determined 

by inductively coupled plasma mass spectrometry (ICP-MS). 

 

In response to ATP treatment, intracellular K+ concentration was significantly reduced (Fig. 3.14A). 

Treatment with Tpa, TEA or MCC950 did not inhibit ATP-induced reduction in intracellular K+ 

concentration (Fig. 3.14A). ATP also stimulated a significant reduction in intracellular magnesium 

(Mg2+) (Fig. 3.14B), a significant increase in calcium (Ca2+) (Fig. 3.14C) in addition a decrease in zinc 

(Zn2+) however this was statistically insignificant (Fig. 3.14D). Tpa, TEA or MCC950 treatment has 

no effect on intracellular concentrations of Mg2+, Ca2+ or Zn2= in response to ATP. These data show 

ATP induces a reduction in intracellular K+ in iBMDMs which is not prevented by inhibition of K+ 

channels with TEA or K2P channels with Tpa.  The findings from this study suggest inhibition of K2P 

channels is insufficient to inhibit K+ efflux in response to ATP.  
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Figure 3.14 Pharmacological inhibition of two-pore domain potassium channels 
does not block ATP induced potassium, magnesium, calcium or zinc ion flux. 
Intracellular (A) K+, (B) Mg2+, (C) Ca2+ and (D) Zn2+ measurements from cell lysates of 
iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by incubation with Ac-YVAD-cmk (50 
μM) to prevent cell death before pre-treatment with MCC950 (10 μM) or K+ channel 
inhibitors Tpa (50 μM) or TEA (50 mM) for 15 min before stimulation with ATP (5 mM, 15 
min) (n=4). ****p<0.0001 determined by one-way ANOVA with Dunnett’s post hoc 
analysis. Values shown are the mean ± SEM. 
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3.3 Discussion  

These data reveal K2P channels as potential regulators of ATP and silica-induced NLRP3 activation 

and suggest that this occurs through a mechanism independent of ASC oligomerization. These data 

suggest that in response to extracellular ATP and silica K2P channel activation is required for the 

activation of caspase-1. 

 

Numerous studies over the years have provided evidence that K+ efflux is a common event required 

for activation of NLRP3 in response to many stimuli (43–45). Recent findings have identified K2P 

channels TWIK-2 and THIK-1 as potential regulators of the K+ sensitive process required for NLRP3 

activation (68, 78). Knockdown of the TWIK-2 channel prevents K+ efflux and NLRP3 activation 

induced by ATP while having no effect on K+ channel independent stimuli nigericin and imiquimod 

(78). Furthermore, TWIK-2 was required for sepsis-induced NLRP3 inflammasome activation and 

inflammation in vivo (78). Previous research has also associated an additional K2P channel, THIK-

1 with microglial function and ATP-induced IL-1β release in hippocampal slices (68). Genetic KO of 

THIK-1 in mice results in depolarization of microglia, decreased microglial ramification, reduced 

microglial surveillance and reduced IL-1β release in response to ATP (68). In support of these 

previous findings, this study shows, pharmacological inhibition of K2P channels with Tpa reduced 

NLRP3 activation in murine macrophages, monocytes and microglia. Moreover, K2P channel 

inhibition had no effect on activation of the AIM2 or NLRC4 inflammasomes, suggesting K2P 

regulation of inflammasome activation is limited to NLRP3.   

 

In addition to reducing NLRP3 activation, K2P inhibition also dampened transcriptional NLRP3 

priming demonstrated by a reduction in pro IL-1β and NLRP3 protein levels in addition to IL-6 and 

TNFα release in response to LPS induced TLR4 signaling. These data suggest K2P channels may 

also regulate NF-κB dependent priming of the NLRP3 inflammasome in addition to the secondary 

activation step. However, as with NLRP3 activation, Tpa inhibition of NLRP3 transcriptional priming 

could be driven by an off-target effect of Tpa independently of inhibiting K2P channels.  

 

Furthermore, Tpa inhibited both canonical and K+ independent alternative inflammasome activation 

in human monocytes (104). The impact of Tpa on alternative activation could be explained by the  
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findings that Tpa inhibited TLR4-mediated NLRP3 inflammasome priming, TLR4 signaling is also 

critical for alternative inflammasome activation (106). Tpa therefore, could potentially inhibit K+ efflux 

independent alternative inflammasome activation via blocking TLR4 signaling pathways 

independently from its function as a K2P channel inhibitor. 

 

Of the K2P channel family, RNA profiling of cultured BMDMs and microglia identified high expression 

of THIK-1 and TWIK-2 channels (Fig. 1). Previous research has already shown TWIK-2 to facilitate 

ATP-induced K+ efflux and NLRP3 activation (78). Therefore, Tpa may inhibit NLRP3 activation 

through targeting TWIK-2, however, the study cannot rule out THIK-1 as a regulator of NLRP3 

activation as it has been previously shown to regulate ATP-induce IL-1β release (68). This study 

using Tpa suggests K2P channels play a role in NLRP3 activation. However, K+ channel modulators 

are known to inhibit cellular signaling pathways independently from action at K+ ion channels (267–

269). This study can therefore not rule out that the inhibitory action of Tpa on NLRP3 activation were 

due to off-target effects independent of K2P channel inhibition. Previous studies have used quinine 

as a K2P channel inhibitor, however, in this study quinine was found to inhibit K+ efflux independent 

NLRP3 activation suggesting quinine can inhibit NLRP3 activation independently of its function as a 

K+ channel inhibitor.  

 

A previous study recently reported a mechanism of NLRP3 activation in which a Cl- 

channel/transporter-dependent step is required to drive NLRP3-dependent ASC oligomerization 

(88). Although Cl- efflux was required to form an ASC speck, K+ efflux was required to permit 

activation of caspase-1 (88). These previous findings are supported by recent research which 

demonstrated low intracellular K+ levels trigger a conformational change in ASC oligomer structure 

resulting in enhanced caspase-1 recruitment and activation (270). In the present study, inhibition of 

K2P channels, non-selective K+ channel inhibition, and K+ efflux blockage, all inhibited caspase-1 

activation without blocking the formation of NLRP3-dependent ASC specks in response to ATP. 

Furthermore, both inhibition of K+ and Cl- efflux together abolished ATP-induced speck formation. 

These data provide further evidence dissociating the impact of Cl- and K+ efflux on NLRP3 formation 

and activation with Cl- driving ASC oligomerization and K+ efflux dependent mechanism acting 
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potentially via K2P channels driving caspase-1 activation. These data suggest that K2P channels 

may be required to enable full activation of the inflammasome and caspase-1 in response to ATP. 

 

Genetic ablation of THIK-1 and TWIK-2 has previously been shown to inhibit ATP-induced K+ efflux 

in microglia and macrophages respectively suggesting K2P channels facilitate NLRP3 activation 

through regulating K+ efflux (68, 78). However, in this study, both nonselective K+ channel inhibition 

and K2P channel inhibition did not prevent a reduction in intracellular K+ concentration induced by 

ATP in macrophages. Experiments were conducted in the presence of a caspase 1 inhibitor to 

prevent ATP-induced pyroptosis and therefore stop rupturing of the plasma membrane and passive 

release of K+ form the cell. The data from this study would therefore suggest K2P channels are 

important in regulating NLRP3 activation but are not solely responsible for mediating the K+ efflux 

induced by ATP. The contrasting results observed in this study could potentially be due to differences 

in methodology used. This study used pharmacological inhibitors to investigate the effect of reducing 

K2P channel activity on ATP-induced K+ efflux, whereas previous studies used genetic knockdown 

and knockout approaches (68, 78). It is possible that pharmacological compounds do not completely 

inhibit K2P channel activity therefore allowing K+ efflux through the remaining uninhibited channels. 

In support of this hypothesis, inhibiting K2P channels did not completely abolish IL-1β release in 

response to ATP. This would suggest K2P inhibitors do not completely block K+ efflux as previous 

studies have demonstrated that preventing K+ efflux results in a complete inhibition of ATP-induced 

NLRP3 activation (45). However, K2P inhibition did not even modestly reduce K+ efflux in response 

to ATP treatment in this study. It is possible the ICP-MS technique used in this study to measure 

intracellular K+ is not sensitive enough to record small differences in K+ concentration therefore 

inhibition of K2P channels may reduce K+ efflux but this is not picked up through ICP-MS.  

 

The present study identifies K2P channels as potential regulators of NLRP3 activation in mouse 

macrophages and microglia in addition to human monocytes. Consistent with previous work (88) the 

study observed the formation of ASC specks can occur without downstream activation of caspase-1 

and IL-1β cleavage. The study shows inhibition of K2P channels of which TWIK-2 and THIK-1 are 

expressed in BMDMs and microglia reduces caspase-1, IL-1β and GSDMD processing. These 
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results suggest K2P channels THIK-1 and TWIK-2 may regulate NLRP3 activation in both peripheral 

and CNS immune cells.  

 

 



 

 
Chapter 4: Selective inhibition of the 
THIK-1 potassium channel blocks 
NLRP3 inflammasome activation. 
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4.1 Introduction  

In the previous chapter, inhibition of K2P channels was found to inhibit NLRP3 activation in murine 

peripheral macrophages and CNS resident microglia in addition to human monocytes. These findings 

highlighted the K2P channel family as potential K+ channels responsible for facilitating the K+ efflux 

required for NLRP3 activation (45). However, in Chapter 3 the specific K2P channels regulating 

NLRP3 activation could not be distinguished due to the lack of commercially available selective 

inhibitors of individual K2P channels. The potential K2P channels involved in NLRP3 activation were 

narrowed down by investigating which K2P channels are expressed in cells demonstrating robust 

NLRP3 activation.  Through analysing RNA-sequencing databases, only two K2P channels, THIK-1 

and TWIK-2 were found to be expressed by both BMDMs and microglia (Fig. 1.1) suggesting these 

specific K2P channels may regulate NLRP3 inflammasome activation.  

 

TWIK-2 has previously  been shown to regulate NLRP3 inflammasome activation in BMDMs (78). 

However, the role of THIK-1 in NLRP3 activation remains unclear. Genetic knockdown of THIK-1 

has previously been identified to inhibit ATP-induced IL-1β release in mouse hippocampal slices 

(68). However, whether inhibition of IL-1β release was due to THIK-1 regulation of NLRP3 

inflammasome activation was undetermined in that study.  Although in Chapter 3, Tpa inhibition of 

K2P channels identified a potential role of K2P channels in NLRP3 activation, Tpa is a non-selective 

blocker of K2P channels and therefore inhibits both TWIK-2 and THIK-1 simultaneously (259, 271). 

Therefore, Tpa could not be used to distinguish whether TWIK-2 and/or THIK-1 regulate NLRP3 

activation. As TWIK-2 has already been shown to regulate NLRP3 activation, this chapter aimed to 

determine whether the K2P channel THIK-1 also regulates NLRP3 activation.  

 

To investigate the role of THIK-1 in NLRP3 inflammasome activation, two selective THIK-1 inhibitors, 

CVN1 and CVN2 were provided as part of an ongoing collaboration with the biotechnology company 

Cerevance. Both CVN1 and CVN2 were screened by Cerevance for inhibitory activity against K+ 

channels structurally similar to THIK-1, including TWIK-2 to determine the selectivity of the 

compounds to THIK-1. CVN1 and CVN2 were both found to selectively inhibit THIK-1 without 

inhibiting other structurally related K+ channels including TWIK-2 (Cerevance personal 
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communication). Therefore, these compounds provide useful tools to study the specific role of THIK-

1 in NLRP3 inflammasome activation.  

 

To investigate whether THIK-1 plays a role in NLRP3 activation, THIK-1 inhibiting compounds CVN1 

and CVN2 were tested in an array of NLRP3 inflammasome assays in both human and murine cells. 

The aim of this chapter was to determine whether selective THIK-1 inhibiting compounds inhibit 

activation of NLRP3 in vitro. 
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 4.2 Results  

4.2.1 THIK-1 inhibitors do not induce NLRP3 activation despite forming crystals 

within the media  

Following on from findings in Chapter 3 which identified K2P channel inhibition to reduce NLRP3 

inflammasome activation, the next study aimed to investigate the role of the THIK-1 K2P channel in 

NLRP3 activation. To investigate THIK-1’s role in NLRP3 activation two THIK-1 inhibiting compounds 

CVN1 and CVN2 were provided by the biotechnology company Cerevance, as part of an ongoing 

collaboration. Due to the limited solubility of compound CVN2 in culture media, multiple 30 min 

sonication steps were required to remove crystals in the media formed from undissolved CVN2 

compound. Crystalline structures are known to induce NLRP3 inflammasome activation and IL-1β 

release (272). Therefore, before testing the impact of these compounds in NLRP3 inflammasome 

assays, the compounds were screened to ensure CVN1 and CVN2 alone in the absence of an 

NLRP3 activating stimulus could not induce NLRP3 activation due to the potential formation of 

crystals in cell culture media.  

 

To determine whether CVN1 or CVN2 alone could induce NLRP3 activation, iBMDMs were primed 

with LPS (1 μg mL-1, 4 h) before incubation with a range of CVN1 and CVN2 concentrations (0.1 μM-

10 μM) for 3 h. ATP treatment was used to stimulate NLRP3 activation as a control. Both CVN1 

(Fig.4.1A) and CVN2 (Fig.4.1B) failed to induce NLRP3 activation at any of the concentrations tested. 

These data show that despite the potential to form crystals of undissolved in culture media, CVN1 

and CVN2 alone are not capable of inducing NLRP3 activation.  

 

 

 

 

 

 

 



  Chapter 4 

 96 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
  

Figure 4.1 THIK-1 inhibitors CVN1 and CVN2 do not induce NLRP3 activation despite 
forming crystals of undissolved compound in cell culture media.  
IL-1β ELISA of the supernatant of iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by treatment 
with CVN1 (0.1 μM-10 μM), CVN2 (0.1 μM-10 μM), MCC950 (10 μM) or ATP (5 mM, 1 h) (n=4). 
Statistical significance determined by one-way ANOVA with Dunnett’s post hoc analysis. Values 
shown are the mean ± SEM. 
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4.2.2 Pharmacological inhibition of THIK-1 attenuates NLRP3 activation  

Data collected in Chapter 3 suggested K2P channels regulate NLRP3 activation in both peripheral 

and CNS resident immune cells. Of the K2P channel family, RNA profiling of cultured BMDMs and 

microglia identified high expression of THIK-1 and TWIK-2 channels (Fig. 3.1) suggesting either 

THIK-1 and/or TWIK-2 can regulate NLRP3 activation. Previous research has already shown TWIK-

2 to facilitate ATP-induced K+ efflux and NLRP3 activation (78). However, the role of the K2P channel 

THIK-1 in NLRP3 activation remains unknown.  This study utilized two selective THIK-1 inhibitors 

CVN1 and CVN2 provided by Cerevance to investigate the impact of selectively inhibiting THIK-1 on 

NLRP3 activation to determine whether THIK-1 in addition to TWIK-2 can also regulate NLRP3 

activation. CVN1 and CVN2 are both selective THIK-1 inhibiting compounds but have significantly 

different core chemical structures.  

 

To study the role of THIK-1 in NLRP3 activation, iBMDMs were primed with LPS (1 μg mL-1) for 4 h, 

cells were then incubated with a range of concentrations (1 nM-10 μM) of CVN1 or CVN2 for 15 min 

and 30 min respectively. Incubation with MCC950 was used as a positive control (204). NLRP3 

activation was then stimulated with ATP (5 mM) for 1 h. CVN1 began to significant inhibit ATP-

induced IL-1β at 50 nM with the greatest inhibition observed at 100 nM (Fig. 4.2Ai). CVN1 failed to 

inhibit NLRP3 activation at concentrations lower than 50 nM. To determine whether 100 nM was the 

maximum effective concentration of CVN1, the impact of CVN1 concentrations above 100 nM on 

ATP-induced NLRP3 activation were tested. CVN1 also inhibited NLRP3 activation at higher 

concentrations ranging from 100 nM (0.1 μM) to 10 μM (Fig.4.2Aii).  However, concentrations above 

100 nM resulted in no greater NLRP3 inhibition in comparison to 100 nM CVN1 suggesting 100nM 

is the maximum effective NLRP3 inhibiting concentration of CVN1.  At all concentrations tested (1 

nM-10 μM) CVN1 failed to inhibit cell death in response to ATP, whereas MCC950 significantly 

inhibited ATP-induced cell death (Fig. 4.2B).  

 

Having established the THIK-1 inhibitor CVN1 to attenuate NLRP3 activation in response to ATP, 

the impact of an additional THIK-1 inhibitor CVN2 was tested. In support of CVN1 findings, CVN2 

also significantly inhibited ATP-induced IL-1β release (Fig. 4.3A). CVN2 was found to be a more 

potent NLRP3 inhibitor than CVN1, significantly inhibiting NLRP3 activation at 10 nM, with the 
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maximum inhibition observed at 100 nM (Fig. 4.3Ai).  Increasing the concentration above 100 nM 

(0.1 μM) resulted in no greater inhibition suggesting as with CVN1, the maximum effective 

concentration of CVN2 is 100 nM (Fig. 4.3Aii). CVN2 failed to inhibit ATP-induced cell death at any 

of the concentrations used (Fig. 4.3B). These data show two THIK-1 inhibitors CVN1 and CVN2 both 

inhibit ATP-induced NLRP3 activation at nM concentrations. CVN2 was found to significantly inhibit 

NLRP3 at lower concentrations than CVN1, however, both compounds had the same maximum 

effective concentration of 100 nM. Therefore, suggesting the K2P channel THIK-1 regulates NLRP3 

activation in addition to TWIK-2 previously shown to regulate NLRP3 activation (78). 
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Figure 4.2 Pharmacological inhibition of THIK-1 with CVN1 blocks NLRP3 activation and IL-
1β release in response to ATP. 
A) IL-1β ELISA or (B) LDH release assay of the supernatant of iBMDMs primed with LPS (1 μg mL-

1, 4 h) followed by pretreatment with CVN1 (1 nM-10 μM) or MCC950 (10 μM) for 15 min before 
stimulation with ATP (5 mM, 1 h) (n=3-4). ****p<0.0001, ***p<0.001, **p<0.01 determined by one-
way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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Figure 4.3 Pharmacological inhibition of THIK-1 with CVN2 blocks NLRP3 activation and IL-1β 
release in response to ATP. 
(A) IL-1β ELISA or (B) LDH release assay of the supernatant of iBMDMs primed with LPS (1 μg mL-

1, 4 h) followed by pretreatment with CVN2 (1 nM-10 μM) for 30 min or MCC950 (10 μM) for 15 min 
before stimulation with ATP (5 mM, 1 h) (n=3-4). ****p<0.0001, ***p<0.001, **p<0.01 determined by 
one-way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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Having established the maximum effective concentration of CVN1 and CVN2 to be 100 nM, the next 

study aimed to test the effect of 100 nM CVN1 and CVN2 on NLRP3 activation in response to 

additional canonical stimuli. Firstly, to determine whether THIK-1 inhibitors reduce NLRP3 activation 

in response to K+ efflux dependent stimuli in addition to ATP, the impact of CVN1 and CVN2 on 

silica-induced activation was investigated.  ATP-induced NLRP3 activation is dependent upon P2X7 

receptor activation (55), whereas, silica induces activation through lysosomal destabilization (148). 

pBMDMs were primed with LPS for 4 h, cells were then incubated with 100 nM CVN1 or CVN2 for 

15 and 30 min respectively, followed by NLRP3 stimulation with silica for 4 h.  Both CVN1 and CVN2 

significantly inhibited NLRP3 activation in response to silica (Fig. 4.4A) without inhibiting cell death 

(Fig. 4.4B). These data show CVN1 and CVN2 inhibit NLRP3 activation in response to silica in 

addition to ATP. This suggests CVN1 and CVN2 inhibit NLRP3 activation independently from directly 

blocking P2X7 receptor activation as silica-induced activation does not require P2X7 receptor 

activity.  
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Figure 4.4 Pharmacological inhibition of THIK-1 with CVN1 or CVN2 blocks NLRP3 
activation and IL-1β release in response to silica.  
(A) IL-1β ELISA or (B) LDH release assay of the supernatant of pBMDMs primed with LPS (1 
μg mL-1, 4 h) followed by pretreatment with CVN1 (100 nM) for 15 min, CVN2 (100 nM) for 30 
min or MCC950 (10 μM) for 15 min before stimulation with silica (300 µg mL-1, 4 h) (n=4). 
***p<0.001, *p<0.05 determined by one-way ANOVA with Dunnett’s post hoc analysis. Values 
shown are the mean ± SEM. 
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The study next investigated the impact of CVN1 and CVN2 on K+ channel independent NLRP3 

activation. In order to determine whether the compounds had any K+ channel independent “off-target” 

effects, the K+ efflux independent stimuli imiquimod (21) and the K+ channel independent stimuli 

nigericin were used (55). Stimulation of LPS primed pBMDMs with imiquimod induced IL-1β release 

which was inhibited by CVN1 but not CVN2 (Fig. 4.5Ai). In addition, CVN1 also inhibited imiquimod 

induced cell death, while CVN2 had no effect on cell death (Fig. 4.5Bi). Treatment with both CVN1 

and CVN2 inhibited both nigericin-induced NLRP3 activation (Fig. 4.5Aii) and cell death (Fig. 4.5Bii). 

These data showing CVN1 inhibits both imiquimod and nigericin-induced NLRP3 activation suggest 

CVN1 inhibits canonical NLRP3 activation through inhibition of THIK-1 as well as potentially 

additional mechanisms independent of K+ efflux modulation. However, it is possible THIK-1 is 

capable of regulating NLRP3 activation through additional mechanisms, in addition to facilitating K+ 

efflux in response to certain NLRP3 stimuli. This would explain CVN1 inhibition of nigericin and 

imiquimod-induced NLRP3 activation. Although, CVN2 did not inhibit imiquimod-induced NLRP3 

activation which would suggest CVN2 is inhibiting NLRP3 specifically through inhibiting K+ efflux 

dependent mechanisms. Both CVN1 and CVN2 did inhibit nigericin-induced NLRP3 activation which 

suggests K+ channels such as THIK-1 may play a role in nigericin-induced NLRP3 activation. The 

findings that both CVN1 and CVN2 inhibit nigericin-induced NLRP3 activation suggests THIK-1 and 

potentially other K+ channels regulate NLRP3 activation in response to pore forming toxins. The 

observation that CVN1 and CVN2 have different effects on imiquimod-induced NLRP3 activation 

highlights the compounds differ slightly in activity profiles. Taken together, these data show THIK-1 

inhibiting compounds CVN1 and CVN2 are effective inhibitors of canonical NLRP3 activation in 

BMDMs. 
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Figure 4.5 Pharmacological inhibition of THIK-1 with CVN1 or CVN2 blocks NLRP3 
activation and IL-1β release in response to nigericin and imiquimod. 
5 (A) IL-1β ELISA or (B) LDH release assay of the supernatant of pBMDMs primed with 
LPS (1 μg mL-1, 4 h) followed by pretreatment with CVN1 (100 nM) for 15 min, CVN2 (100 
nM) for 30 min or MCC950 (10 μM) for 15 min before stimulation with imiquimod (75 µM, 
2 h) (n=4) or nigericin (10 µM, 1 h) (n=4) ***p<0.001, **p<0.01, *p<0.05 determined by one-
way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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As previously mentioned in Chapter 3, NLRP3 inflammasome activation results in caspase-1 

activation and subsequent pro IL-1β and GSDMD cleavage (90, 116). To determine whether CVN1 

and CVN2 inhibit downstream mediators of NLRP3 activation, western blotting was used to 

investigate the effect of CVN1 and CVN2 on ATP-induced caspase-1, IL-1β and GSDMD cleavage. 

Western blot analysis showed that ATP-induced caspase-1, IL-1β and GSDMD processing was 

inhibited by CVN1 and CVN2 (Fig. 4.6A, Fig. 4.6B) further indicating CVN1 and CVN2 as inhibitors 

of NLRP3 inflammasome activation. In addition to western blot experiments, the caspase Glo 

quantitative assay of caspase-1 enzymatic activity was used. In support of western blot experiments 

CVN1 inhibited caspase-1 activity in iBMDMs in response to ATP treatment (Fig. 4.6C). In contrast, 

CVN2 did not inhibit caspase-1 activity in in response to ATP in the caspase Glo assay (Fig. 4.6C), 

despite inhibiting caspase-1 cleavage and subsequent IL-1β and GSDMD processing (Fig. 4.6B). 

These contrasting results with CVN2 could be potentially caused by the limited solubility of the 

compound in cell culture media. As previously mentioned, CVN2 required two 30-minute sonication 

steps to ensure CVN2 dissolved in culture media and remove crystals of undissolved CVN2. The 

failure of CVN2 to inhibit caspase-1 activity in the caspase Glo assay is therefore likely due to CVN2 

not dissolving fully into the culture media for these specific experiments. Taken together, these data 

suggest CVN1 and CVN2 inhibit of NLRP3 activation and downstream processing of caspase-1, IL-

1β and GSDMD. 
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C 

Figure 4.6 Pharmacological inhibition of THIK-1 potassium channels blocks caspase-
1, IL-1β and GSDMD processing in response to ATP-induced NLRP3 activation. 
(A, B) Caspase-1, IL- β and gasdermin D western blot of total cell lysates (cell lysate + 
supernatant) from LPS-primed (1 μg mL-1, 4 h) iBMDMs pretreated with (A) vehicle control, 
CVN1 (100 nM) or MCC950 (10 µM) for 15 min then stimulated with ATP (5 mM, 1 h) or (B) 
vehicle control, CVN2 (100 nM) for 30 min or MCC950 (10 µM) for 15 min then stimulated 
with ATP (5 mM, 1 h). (C) Caspase-1 Glo assay to measure caspase-1 activity of LPS-primed 
(1 μg mL-1, 4 h) iBMDMs pretreated with vehicle control, CVN1 (100 nM) for 15 min, CVN2 
(100 nM) for 30 min or MCC950 (10 µM) for 15 min then stimulated with ATP (5 mM, 1 h) 
(n=4). *p<0.05 determined by one-way ANOVA with Dunnett’s post hoc analysis. Values 
shown are the mean ± SEM. 
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4.2.3 Pharmacological blockade of THIK-1 potassium channels does not inhibit the 

AIM2 or NLRC4 inflammasome  

As discussed in Chapter 3 section 3.2.3, in addition to NLRP3, other inflammasomes such as AIM2 

and NLRC4 also drive caspase-1 activation and IL-1β release. However, dependence on K+ efflux is 

a unique feature of the NLRP3 inflammasome as AIM2 and NLRC4 inflammasomes do not require 

K+ efflux for activation (42, 43). In Chapter 3 section 3.2.3, non-selective K+ channel inhibition and 

inhibition of K2P channels were found to inhibit NLRP3 activation but not AIM2 or NLRC4 

inflammasomes suggesting K2P channels including THIK-1 do not regulate the AIM2 or NLRC4 

inflammasome (Fig. 3.6).  To determine the effect of THIK-1 inhibitors CVN1 and CVN2 on IL-1β 

release is selective to NLRP3 inflammasome activation, the impact of CVN1 and CVN2 on AIM2 and 

NLRC4 dependent IL-1β release was tested.  

 

To test the impact of CVN1 and CVN2 on AIM2 and NLRC4 activation, pBMDMs were primed with 

LPS (1 μg mL-1, 4 h). Cells were then incubated for 15 min with CVN1 or 30 min with CVN2. 

Incubation for 15 min with the caspase-1 inhibit Ac-YVAD-cmk was used as a positive control. 

pBMDMs were then transfected with poly(dA:dT) or flagellin to activate the AIM2 or NLRC4 

inflammasome respectively. In support of the previous findings that K2P channel inhibition does not 

affect AIM2 or NLRC4 inflammasomes (Fig. 3.6), CVN1 and CVN2 had no effect on AIM2-induced 

IL-1β release (Fig.4.7Ai) or cell death (Fig. 4.7Bi). Furthermore, NLRC4 inflammasome activation 

was also unaffected by CVN1 or CVN2 (Fig. 4.7Aii). Cell death in response to NLRC4 activation was 

also unaffected by CVN1 or CVN2 (Fig. 4.7Bii). These data suggest CVN1 and CVN2 selectively 

inhibit the NLRP3 pathway, further suggesting THIK-1 K+ channels do not regulate the AIM2 or 

NLRC4 inflammasome.  
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Figure 4.7 Pharmacological inhibition of THIK-1 potassium channels selectively 
regulates the NLRP3 inflammasome.   
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of pBMDMs primed with LPS 
(1 μg mL-1, 4 h) followed by pretreatment with caspase 1 inhibitor Ac-YVAD-cmk (50 μM) or 
CVN1 (100 nM) for 15 min or CVN2 (100 nM) for 30 min before stimulation with transfected 
Poly(dA:dT) (1 μg mL-1, 4 h) (n=4) or transfected ultrapure flagellin from Salmonella 
typhurium (1 μg mL-1, 4 h) (n=4). ***p<0.001, **p<0.01 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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4.2.4 Pharmacological inhibition of the THIK-1 potassium channel with CVN1 and 

CVN2 inhibits the NLRP3 priming step in iBMDMs 

Previously, in Chapter 3, inhibition of K2P channels with Tpa was found to inhibit LPS-induced 

NLRP3 priming (Fig. 3.7). These findings suggest K2P channels of which TWIK-2 and THIK-1 are 

expressed in BMDMs (Fig.3.1) may regulate the NLRP3 priming step as well as activation. Following 

the observation that THIK-1 inhibitors CVN1 and CN2 reduce NLRP3 activation, the impact of both 

compounds on the initial priming step of canonical NLRP3 activation was investigated to determine 

whether THIK-1 regulates NLRP3 priming. As mentioned in section 3.2.4, LPS priming drives 

activation of the transcription factor NF-κB which upregulates NLRP3 and pro IL-1β expression, in 

addition to stimulating IL-6 and TNFα release (262, 263).  

 

iBMDMs were incubated with THIK-1 inhibitors CVN1 and CVN2 in addition to the NF-κB inhibitor 

Bay11 as a positive control, prior to priming with LPS for 4 h. In support of previous findings that K2P 

channel inhibition reduced NLRP3 priming (Fig. 3.7), CVN1 significantly inhibited both IL-6 and TNFα 

release in response to LPS (Fig. 4.8A). CVN2 had no effect on IL-6 release but did significantly inhibit 

TNFα release in response to LPS (Fig. 4.8A). Both CVN1 and CVN2 had no effect on cell death in 

response to LPS suggesting at concentrations of 100nM the compounds are not cytotoxic (Fig. 4.8B). 

Western blot analysis was used to confirm the impact of CVN1 and CVN2 on NLRP3 priming. By 

western blot CVN1 and CVN2 were found to inhibit LPS-induced protein expression of NLRP3 and 

pro IL-1β (Fig. 4.8C). These results suggest THIK-1 may play a role in NLRP3 priming in addition to 

activation.  However, THIK-1 inhibiting compounds CVN1 and CVN2 were found not to inhibit NLRP3 

priming in primary BMDMs which will be discussed in Chapter 5. Therefore, suggesting the impact 

of CVN1, CVN2 and the K2P inhibiting compound Tpa on NLRP3 priming is an artefact only observed 

in this immortalized cell line and not primary cells. 
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Figure 4.8 Pharmacological inhibition of THIK-1 potassium channels blocks priming of 
the NLRP3 inflammasome. 
(A) IL-6 and TNFα ELISA and (B) LDH release assay of the supernatant of iBMDMs pretreated 
with Bay11(10 µM) or CVN1 (100 nM) for 15 min or CVN2 for 30 min before priming with LPS 
(1 μg mL-1, 4h) (n=4). (C) NLRP3 and IL-1β western blot of the supernatant and total cell lysates 
respectively of iBMDMs pretreated with CVN1 (100 nM), CVN2 (100 nM) or Bay11(10 µM) for 
15 min before priming with LPS (1 μg mL-1, 4 h). ****p<0.0001, **p<0.01 determined by one-
way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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4.2.5 Blocking the THIK-1 potassium channel with CVN1 and CVN2 enhances ASC 

speck formation despite inhibiting NLRP3 inflammasome activation 

As explained in section 3.2.5, activation of NLRP3 drives the recruitment and oligomerization of the 

adaptor protein ASC resulting in the formation of ASC specks (Fig. 3.8). The formed ASC speck then 

serves as a scaffold for caspase-1 recruitment and activation. Previously, blocking K2P channels or 

K+ efflux was found to inhibit NLRP3 activation independently of preventing ASC speck formation 

(Fig.3.8, 3.9). These data suggest K+ efflux, potentially via K2P channels is required for NLRP3 

dependent caspase-1 activation but not ASC speck formation. To determine whether inhibition of 

THIK-1 also inhibited caspase-1 activation independently of preventing ASC oligomerization, the 

effects of CVN1 and CVN2 on speck formation were investigated.  

 

Using the same protocol described in sections 3.2.5 and 3.2.6, iBMDMs stably expressing ASC-

mCherry were used to study the impact of CVN1 and CVN2 on ASC speck formation over time. LPS-

primed ASC-mCherry iBMDMs were incubated with a range of CVN1 or CVN2 concentrations (0.1 

μM – 100 μM) previously shown to inhibit NLRP3 activation in response to ATP (Fig.4.2, 4.3). ASC 

speck formation was then induced by treatment with 5 mM ATP. ATP-induced ASC speck formation 

was again inhibited by MCC950 demonstrating speck formation was NLRP3 dependent (Fig.4.9). 

CVN1 at all concentrations was found to have no effect on ATP-induced ASC speck formation (Fig. 

4.9Ai). At the maximum effective NLRP3 inhibiting concentration of 0.1 μM, CVN1 resulted in an 

increase in ASC speck formation, however, this difference was statistically insignificant (Fig.4.9Aii). 

In addition, CVN2 at NLRP3 inhibiting concentrations did not inhibit ASC speck formation (Fig.4.9Bi). 

In support of findings that blocking K2P channels with Tpa enhanced speck formation, the maximum 

effective concentration of CVN2 (0.1 μM) also induced an increase in ASC speck formation in 

response to ATP (Fig.4.9Bii). These data support the previous findings that K+ efflux via K2P 

channels inhibits NLRP3 induced caspase-1 activation without inhibiting ASC speck formation 

(Fig.3.8, 3.9). Furthermore, the results imply that THIK-1 regulates NLRP3-dependent caspase-1 

activation independently from inhibiting ASC speck formation. The observation that CVN2 enhances 

ASC speck formation in response to ATP is consistent with findings that Tpa enhances speck 

formation (Fig.3.8).  
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Figure 4.9 Inhibition of THIK-1 potassium channels inhibits NLRP3-dependent caspase-1 
activation independently of inhibiting ASC speck formation. 
(Ai,Bi) ASC speck formation measured in real time and (Aii, Bii) ASC speck formation after 165 
min of ATP stimulation from ASC-mCherry iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by 
pretreatment with vehicle control,, (A) CVN1 (0.1 μM- 10 μM) for 15 min, (B) CVN2 (0.1 μM- 10 
μM) for 30 min or MCC950 (10 µM) for 15 min before stimulation with ATP (5 mM) (n=3). ASC 
speck experiments were performed in the presence of Ac-YVAD-FMK (50 μM) to prevent 
pyroptosis and loss of ASC specks. ***p<0.001, **p<0.01 determined by one-way ANOVA with 
Dunnett’s with Dunn’s post hoc analysis. Values shown are the mean ± SEM. 
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4.2.6 Pharmacological inhibition of the THIK-1 potassium channel with CVN1 and 

CVN2 reduces NLRP3 activation in murine microglia 

Having observed CVN1 and CVN2 to inhibit NLRP3 activation in BMDMs, the effect of THIK-1 

inhibitors on microglial NLRP3 activation was investigated. Murine adult microglia were primed with 

LPS (1 μg mL-1, 4 h) followed by incubation with a range of concentrations (1-1000 nM) of CVN1 or 

CVN2 for 15 and 30 min respectively. NLRP3 activation was then stimulated with ATP (5 mM, 1 h). 

In support of previous findings in BMDMs CVN1 significantly inhibited NLRP3 activation in adult 

microglia 1000nM (Fig. 4.10A). Despite CVN1 inhibiting ATP-induced NLRP3 activation in BMDMs 

at concentrations as low as 100 nM (Fig. 4.2), concentrations of 100 nM CVN1 and below had no 

inhibitory effect on microglial NLRP3 activation (Fig.4.10A). This data shows CVN1 inhibits microglial 

ATP-induced NLRP3 activation in addition to BMDMs yet is more effective at lower concentrations 

in BMDMs than microglia. Consistent with these findings CVN2 was also found to significantly inhibit 

NLRP3 activation in microglia (Fig. 4.10B). CVN2 inhibited ATP-induced NLRP3 activation in a 

concentration dependent manner with significant inhibition observed at 100 nM and completely 

abolished activation at 1000 nM (Fig. 4.10B). As with CVN1, higher concentrations of CVN2 were 

required to inhibit NLRP3 activation in microglia (100 nM) compared to BMDMs (10 nM) (Fig. 4.3). 

However, CVN1 and CVN2 had a larger inhibitory effect on microglial IL-1β activation in response to 

ATP when compared to BMDMs (Fig. 4.2, 4.3), suggesting THIK-1 plays a larger role in microglial 

NLRP3 activation compared to peripheral macrophages.   These data demonstrate CVN1 and CVN2 

inhibit ATP-induced NLRP3 activation in CNS resident microglia and peripheral macrophages 

potentially through inhibition of THIK-1. In addition, CVN1 and CVN2 were both found to be more 

potent inhibitors of NLRP3 activation in BMDMs than microglia. One potential explanation for the 

difference in potency of CVN1 and CVN2 in BMDMs and microglia is the difference in THIK-1 

expression between the two cell types. THIK-1 appears to be more highly expressed in microglia and 

therefore higher concentration of THIK-1 inhibitor may be required to block sufficient THIK-1 K+ 

channels to inhibit NLRP3 activation.  
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Figure 4.10 Pharmacological inhibition of THIK-1 with CVN1 and CVN2 blocks 
NLRP3 activation and IL-1β release in response to ATP in adult microglia. 
IL-1β ELISA assay of the supernatant of mouse primary microglia primed with LPS (1 
μg mL-1, 4 h) followed by pretreatment with vehicle control, (A) CVN1 (1 nM-1000 nM) 
for 15 min or (B) CVN2 (1 nM- 1000 nM) for 30 min before stimulation with ATP (5 mM, 
1 h) (n=4 or 6). ****p<0.0001, ***p<0.001 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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4.2.7 Canonical and alternative NLRP3 activation in human monocytes is inhibited by 

THIK-1 inhibiting compounds CVN1 and CVN2 

As discussed in section 3.2.8, LPS alone is known to stimulate K+ efflux independent alternative 

NLRP3 activation in human monocytes (87, 104). Previously, K2P channel inhibition with Tpa was 

found to inhibit both canonical and alternative mechanisms of NLRP3 activation in human monocytes 

(Fig. 3.13). Therefore, the impact of THIK-1 inhibitors on canonical and alternative NLRP3 activation 

was tested in human monocyte THP-1 cell lines. 

 

Stimulation of K+-dependent canonical NLRP3 activation with LPS priming followed by silica 

treatment induced NLRP3 dependent IL-1β release in THP-1 cells (Fig. 4.11). In support of findings 

that K2P inhibition blocks canonical activation in human monocytes (Fig. 3.13), both CVN1 and CVN2 

inhibited canonical activation in THP-1 cells. Alternative NLRP3 inflammasome activation was 

stimulated in THP-1 cells with 16 h LPS treatment. LPS-induced IL-1β release in a NLRP3 dependent 

manner which was also inhibited by CVN1 and CVN2 (Fig. 4.12A, 4.12B). These data are consistent 

with the findings that K2P channel inhibition blocks canonical and alternative NLRP3 activation in 

human monocytes (Fig. 3.13). These data suggest CVN1 and CVN2 inhibit canonical and alternative 

NLRP3 activation in human THP-1 cell lines via inhibition of THIK-1. Therefore, these findings 

suggest THIK-1 regulation of NLRP3 activation is conserved in human monocytes. 
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Figure 4.11 Pharmacological inhibition of THIK-1 potassium channels with CVN1 
and CVN2 blocks canonical NLRP3 activation in THP-1 human monocytes. 
IL-1β ELISA of the supernatant of WT and NLRP3 KO THP-1 monocytes primed with LPS 
(1 μg mL-1, 4 h) followed by pretreatment with vehicle control, (A) CVN1 (100 nM) for 15 
min, (B) CVN2 (100 nM) for 30 min or MCC950 (10 μM) for 15 min before stimulation with 
silica (300 µg mL-1, 4 h) (n=4). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by 
one-way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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Figure 4.12 Pharmacological inhibition of THIK-1 potassium channels with CVN1 and CVN2 
blocks canonical NLRP3 activation in THP-1 human monocytes. 
A, B) IL -1β ELISA of the supernatant of WT and NLRP3 KO THP-1 monocytes pretreated with 
vehicle control, (A) CVN1 (100 nM) for 15 min, (B) CVN2 (100 nM) for 30 min or MCC950 (10 μM) 
for 15 min before stimulation with LPS (1 μg mL-1, 16 h) (n=6). ****p<0.0001, ***p<0.001, **p<0.01 
determined by one-way ANOVA with Dunnett’s post hoc analysis. Values shown are the mean ± 
SEM. 
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4.2.8 THIK-1 inhibitor CVN1 and chloride channel inhibitor NS3728 have synergistic 

effect on NLRP3 inhibition 

Although K+ efflux is widely accepted as an essential second step required for NLRP3 activation (45), 

Cl- channels have also been found to regulate NLRP3 activation (82, 86, 274). Previously, our group 

identified Cl- efflux to facilitate NLRP3-dependent ASC oligomerization, while K+ efflux was required 

for caspase-1 activation and IL-1β release (88). In support of these previous findings, this thesis 

identified inhibiting K+ efflux, K2P channels and THIK-1 channels blocked NLRP3-dependent 

caspase-1 activation independently from inhibiting ASC oligomerization.  These data together 

suggest Cl- efflux via Cl- channels is required for ASC oligomerization in response to NLRP3 

activating stimuli, yet K+ efflux, potentially via THIK-1 is required for ASC specks to recruit and 

activate caspase-1. This suggests Cl- efflux and K+ efflux both regulate NLRP3 activation of caspase-

1 at different stages of the activation pathway, the formation of ASC specks and caspase-1 activation 

respectively. The study therefore aimed to determine whether simultaneously inhibiting both Cl- and 

THIK-1 channels had a synergistic effect on NLRP3 inhibition.  

 

To determine whether Cl- and THIK-1 channel inhibition could have a synergistic effect, LPS-primed 

iBMDMs were incubated with both the Cl- channel inhibitor NS3728 and the THIK-1 inhibitor CVN1. 

NS3728 has previously been shown to inhibit NLRP3 inflammasome activation (85). iBMDMs were 

co-incubated with a range of NS3728 (100 nM-10000 nM) and CVN1 (1 nM-100 nM) concentrations 

to determine which combination of concentrations display synergism. NLRP3 activation was then 

stimulated with 5 mM ATP treatment. Treatment with NS3728 or CVN1 alone inhibited NLRP3 

activation in a concentration dependent manner (Fig. 4.13). Co-administration of both NS3728 and 

CVN1 at specific concentrations was found to induce greater percentage NLRP3 inhibition than the 

sum of individual effects of NS3728 and CVN1 (Fig. 4.14). An example of the synergistic effect can 

be observed at 1 nM CVN1 and 100nM NS3728, at which individually both compounds fail to inhibit 

NLRP3 activation (Fig. 4.14). However, simultaneous treatment with both 1 nM CVN1 and 100 nM 

NS3728 inhibits NLRP3 activation by 22.93%. (Fig. 4.14). To determine whether CVN1 and NS3728 

were acting synergistically, the program SynergyFinder 2.0 was utilized to compute a synergy score 

using the Bliss independence model (275). A Bliss synergy score greater than 10 is considered to 

indicate that the interaction between two drugs is synergistic (275). CVN1 and NS3728 were found 
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to be acting synergistically at a number of concentrations (Fig. 4.15). The greatest synergy scores 

were found at 1 nM concentrations of CVN1 in combination with 100, 300 or 1000 nM NS2738 

(Fig.4.15). The highest Bliss score was observed at 1 nM CVN1 and 300nM NS2738 suggesting 

these concentrations display the greatest synergism (Fig.4.15). These data show CVN1 and NS3728 

can act synergistically to enhance NLRP3 inhibition in response to ATP. This suggests THIK-1 

inhibition in combination with a Cl- channel inhibitor can be combined to induce greater NLRP3 

inhibition at lower concentrations than using each compound individually.  
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Figure 4.13 Pharmacological inhibition of THIK-1 with CVN1 or Cl- channels with NS3728 
inhibit NLRP3 activation and IL-1β release in a concentration dependent manner in response 
to ATP.  
IL-1β ELISA assay of the supernatant of iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by 
pretreatment with vehicle control, (A) CVN1 (1 nM-100 nM) or (B) NS3728 (100 nM- 10000 nM) for 15 
min stimulation with ATP (5 mM, 1 h) (n=4). Values shown are the mean % IL-1β inhibition. 
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Figure 4.14 Co-administration of CVN1 and NS3728 enhance NLRP3 inhibition in 
response to ATP. 
IL-1β ELISA assay of the supernatant of iBMDMs primed with LPS (1 μg mL-1, 4 h) 
followed by pretreatment with vehicle control, CVN1 (1 nM-100 nM) and/or NS3728 (100 
nM- 10000 nM) for 15 min stimulation with ATP (5 mM, 1 h) (n=4). Values shown are the 
mean % IL-1β inhibition. 
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Figure 4.15 CVN1 and NS3728 act in synergy to inhibit ATP-induced NLRP3 activation. 
Heatmap displaying Bliss synergy scores of CVN1 and NS3728 from IL-1β ELISA assay of the 
supernatant of iBMDMs primed with LPS (1 μg mL-1, 4 h) followed by pretreatment with vehicle 
control, CVN1 (1 nM-100 nM) and/or NS3728 (100 nM- 10000 nM) for 15 min stimulation with 
ATP (5 mM, 1 h) (n=4). Values shown are Bliss synergy scores. Heatmap represents Bliss 
synergy scored between -40 (green) and 40 (red).  
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4.3 Discussion 

These data identify THIK-1 inhibiting compounds CVN1 and CVN2 as regulators of NLRP3 activation 

through a mechanism independent of ASC oligomerization. Therefore, suggesting THIK-1 is a 

potential drug target for limiting NLRP3 mediated activation of caspase-1.  

 

Data gathered in Chapter 3 together with previous studies identified K2P channels TWIK-2 and THIK-

1 as potential regulators of NLRP3 inflammasome activation in peripheral and CNS resident innate 

immune cells (68, 78). In support of this data, this chapter demonstrates pharmacological inhibition 

of THIK-1 attenuates NLRP3 activation in murine macrophages and CNS resident microglia in 

addition to human monocytes. However, previously in Chapter 3 the K2P channel inhibitor Tpa was 

observed to inhibit NLRP3 activation in response to ATP and silica, previously shown to be 

dependent on K+ efflux (45). Tpa was found not to inhibit the K+ efflux dependent stimuli imiquimod 

(51) or K+ channel independent stimuli nigericin (55) suggesting Tpa inhibits NLRP3 through action 

specifically at K+ channels. In contrast to data gathered with Tpa in Chapter 3, CVN1 and CVN2 

inhibited K+ channel independent NLRP3 stimuli imiquimod and/or nigericin.  Both CVN1 and CVN2 

were found to be selective inhibitors of THIK-1 in selectivity assays performed by Cerevance 

(Cerevance personal communication). As CVN1 and CVN2 both inhibited nigericin-induced NLRP3 

activation in iBMDMs it is possible pore forming toxins such as nigericin still require the activation of 

K+ channels such as THIK-1 in order to induce NLRP3 activation. Although speculated to be 

independent of K+ channel activation. The findings that selective THIK-1 inhibiting compounds 

reduce nigericin induced NLRP3 activation suggest NLRP3 activation in response to pore forming 

toxins such as nigericin is potentially dependent on activation of K+ channels such as THIK-1. 

 

In response to K+ efflux independent NLRP3 activation with imiquimod, contrasting results were 

obtained with CVN1 and CVN2. CVN1 was found to inhibit imiquimod-induced NLRP3 activation 

whereas CVN2 had no inhibitory effect. These results highlight potential differences in the activity of 

CVN1 and CVN2. The differences observed between the two THIK-1 inhibiting compounds could 

possibly be explained by the different structural backbones of the two compounds resulting in 

different biological activity. As imiquimod induced NLRP3 activation is independent of K+ efflux, this 

suggests K+ channel inhibition should have no impact on NLRP3 activation in response to imiquimod. 
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The findings that CVN1 inhibited imiquimod-induced activation suggests CVN1 may have 

unidentified activity beyond its ability to block THIK-1 which results in inhibition of K+ efflux 

independent NLRP3 activation. However, as CVN2 had no effect on K+ efflux independent NLRP3 

activation this suggest CVN2 is exclusively inhibiting NLRP3 activation through blocking K+ channels. 

These data show selective THIK-1 inhibitors CVN1 and CVN2 are effective inhibitors of canonical 

NLRP3 activation, suggesting THIK-1 is a regulator of NLRP3 activation. Furthermore, the data 

highlights potential differences in the activity of the CVN1 and CVN2 in murine BMDMs in vitro with 

CVN1 potentially having additional properties in addition to being an effective THIK-1 inhibitor. 

 

Although the exact mechanism by which CVN1 and CVN2 inhibits imiquimod and/or nigericin induced 

IL-1β release remains unclear, direct inhibition of capase-1 can be ruled out as a potential 

mechanism of action. CVN1 and CVN2 failed to inhibit activation of AIM2 and NLRC4 

inflammasomes which drive caspase-1 activation and subsequent IL-1β release (260, 261). 

Therefore, CVN1 and CVN2 selectively inhibit the NLRP3 inflammasome pathway and do not inhibit 

imiquimod or nigericin induced IL-1β release via direct inhibition of caspase-1.  

 

Furthermore, as well as inhibiting NLRP3 activation, THIK-1 inhibiting compounds CVN1 and CVN2 

also reduced transcriptional priming of the NLRP3 inflammasome. Pro IL-1β and NLRP3 protein 

levels in addition to the release of IL-6 and TNFα in response to LPS induced TLR4 signaling were 

reduced by CVN1 and CVN2 specifically in iBMDM cell lines. These data are consistent with findings 

in Chapter 3 which found K2P channel inhibition to dampen NLRP3 inflammasome priming. Together 

these data suggest K2P channels and particularly THIK-1 channels can regulate transcriptional 

NLRP3 priming in iBMDMs. However, as will be discussed in Chapter 5, CVN1 and CVN2 were found 

not to inhibit pro IL-1β or NLRP3 protein expression and failed to inhibit IL-6 and TNFα release in 

response to LPS in pBMDMs. Therefore, this suggests CVN1 and CVN2 inhibition of NLRP3 priming 

is only observed in iBMDM cell lines, indicating THIK-1 specifically regulates NLRP3 activation and 

not priming in primary cells. The contradicting results observed between primary cells and cell lines 

can be explained by the evolution of cell line populations. Cell lines are known to evolve in cell 

culture, regularly undergoing changes in gene expression resulting in functional differences between 

cell line populations. Previous research has shown spontaneous changes in cell line gene expression 
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impacts the functional response of cell line populations to pharmacological treatment (276). It is 

therefore possible that the accumulations of mutations in iBMDM cell populations has resulted 

functional changes resulting in different NLRP3 priming responses to CVN1 and CVN2 when 

compared with primary cells.  

 

In addition, CVN1 and CVN2 inhibited canonical and K+ efflux independent alternative inflammasome 

activation in THP-1 human monocytes. These data are consistent with findings in Chapter 3 which 

observed the K2P channel inhibitor Tpa to also inhibit canonical and alternative NLRP3 activation in 

human monocytes. Canonical activation of NLRP3 was stimulated in THP-1 cells using the K+ efflux 

dependent stimuli, silica (45). CVN1 and CVN2 inhibition of silica induced NLRP3 activation in human 

monocytes may potentially be driven through THIK-1 inhibition and inhibition of K+ efflux. However, 

alternative activation of NLRP3 occurs independently of K+ efflux  (104). Therefore, CVN1 and CVN2, 

in addition to Tpa, mediated inhibition of alternative NLRP3 activation is through a mechanism 

independent of blocking K+ efflux and therefore likely to be independent of THIK-1 inhibition. As 

previously described in Chapter 3, both alternative NLRP3 activation and the priming step in 

canonical activation require TLR4 mediated cellular signaling (104). Therefore, as CVN1 and CVN2 

were found to inhibit LPS mediated transcriptional priming of NLRP3, at least in iBMDMs and not in 

pBMDMs, they potentially also inhibit alternative activation through blocking TLR4 signaling 

pathways. CVN1 and CVN2 inhibition of alternative NLRP3 activation in THP-1 cells is therefore 

potentially driven through a mechanism downstream of TLR4 signaling, independent of K+ efflux and 

THIK-1 inhibition.  

 

As described in Chapter 3, a previously published study identified Cl- efflux as a requirement for ASC 

speck formation in response to NLRP3 activation (88). K+ efflux on the other hand was dispensable 

for ASC speck formation but required for caspase-1 activation following NLRP3 activation. In support 

of this work, in Chapter 3, K2P channel inhibition, in addition to blocking K+ efflux was found to inhibit 

ATP induced caspase-1 activation independently from blocking ASC speck formation. These findings 

suggest K+ efflux via K2P channels is required for caspase-1 activation in response to ATP induced 

NLRP3 activation but is dispensable for ASC speck formation. Providing further evidence to support 

this hypothesis, THIK-1 inhibitors were also found to inhibit ATP-induced NLRP3 activation 
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independently from blocking ASC speck formation. These findings suggest THIK-1 specifically 

regulates ATP induced caspase-1 activation without impacting ASC speck formation. This is the 

same response observed via blocking K2P channels or K+ efflux. Moreover, THIK-1 inhibitors did not 

inhibit AIM2 or NLRC4 inflammasome activation, suggesting THIK-1 inhibitors do not directly inhibit 

caspase-1 activation. Together these data suggest THIK-1 inhibitors are blocking ASC mediated 

caspase-1 activation which the data collected in this thesis alongside previously published work 

indicate is dependent on K+ efflux. THIK-1 inhibitors CVN1 and CVN2 may therefore inhibit ATP-

induced NLRP3 activation through selective inhibition of THIK-1. Therefore, these data suggest 

THIK-1 regulates ATP-induced caspase-1 activation independently from regulating NLRP3 driven 

ASC speck formation. Indicating K+ efflux via THIK-1 may be required for ATP-induced caspase-1 

activation.  

 

In addition to K+ channels, Cl- channels such as VRAC and CLICs have also been associated with 

regulation of the NLRP3 inflammasome (82, 86, 274). As such both K+ and Cl- channels represent 

potential therapeutic targets for limiting damaging NLRP3-mediated inflammation in a number of 

diseases (105). Traditional drug discovery methods have focused on the development of selective 

agents for a specific target able to modulate its activity and disease pathology. However, multitarget 

compounds able to modulate multiple interacting targets and show unique pharmacological profiles 

have been identified as important in the treatment of multifactorial pathologies such as CNS diseases 

(277). Advantages of multitarget therapies include improved efficacy due to additive or synergistic 

effects, lower incidence of molecular based side effects, lower risk of toxicity and lower incidence of 

target based resistance (277).  Therefore, identifying interacting modulators of NLRP3 activation may 

potentially lead to the development of multitarget NLRP3 inhibitors which are more effective in limiting 

aberrant NLRP3 activation in disease. In this chapter, the THIK-1 inhibitor CVN1 and the Cl- channel 

inhibitor NS3728 were found to have a synergetic effect on ATP-induced NLRP3 activation. These 

data demonstrated coadministration of CVN1 and NS3728 at individually ineffective concentrations, 

inhibit NLRP3 activation. Therefore, suggesting simultaneous targeting of both THIK-1 and Cl- 

channels regulating NLRP3 activation may represent a more effective multitarget approach to limiting 

NLRP3 activation than selective K+ or Cl- channel inhibitors alone.  
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This chapter identifies the THIK-1 K+ channel as a potential regulator of ATP induced NLRP3 

activation in mouse macrophages and microglia. Consistent with previous work in Chapter 3, THIK-

1 inhibition attenuated NLRP3 induced caspase-1 activation independently of preventing ASC speck 

formation, suggesting THIK-1 regulates caspase-1 activation following ASC speck formation. THIK-

1 inhibition was also found to act in synergy with Cl- channel inhibition to effectively inhibit ATP 

induced NLRP3 activation in macrophages.  These data together suggest THIK-1 is a potential 

therapeutic target for limiting NLRP3 activation in disease and could be combined with other NLRP3 

regulating compounds such as Cl- channel inhibitors to improve efficacy of NLRP3 inhibition.  



 

 

Chapter 5: Genetic knockout of THIK-1 
inhibits NLRP3 inflammasome activation 
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5.1 Introduction 

In previous chapters, pharmacological inhibition of K2P channels and more selective inhibition of the 

THIK-1 K+ channel was found to inhibit both activation and priming of the NLRP3 inflammasome. 

Although THIK-1 inhibiting compounds were found to reduce NLRP3 activation and priming, the 

previous studies in Chapters 3 and 4 cannot rule out that NLRP3 inhibition is due to off-target effects 

of the compounds, independent of THIK-1 inhibition.  

 

THIK-1 genetic ablation has been observed to reduce IL-1β release in response to ATP in mouse 

hippocampal slices supporting the hypothesis that THIK-1 regulates NLRP3 activation (68). 

However, this study did not investigate whether THIK-1 was regulating IL-1β release via facilitating 

NLRP3 inflammasome activation. This past study, together with data showing THIK-1 inhibiting 

compounds block NLRP3 activation in Chapters 3 and 4 suggest THIK-1 inhibitors reduced NLRP3 

activation at least in part through THIK-1 inhibition. However, K+ channel modulators are known to 

inhibit cellular signaling pathways independently from action at K+ ion channels (267–269). It is 

therefore possible that the THIK-1 inhibitors used may inhibit NLRP3 activation independently from 

inhibiting THIK-1.  

 

Due to the complex nature of signaling pathways responsible for NLRP3 activation, multiple 

biological mediators are likely to be involved in the regulation of NLRP3. Thus, the exact targets of 

NLRP3 inhibiting compounds can be difficult to distinguish. For example, fenamate NSAIDs were 

proposed to attenuate NLRP3 activation via inhibiting VRAC Cl- channels (274). However, genetic 

ablation of VRAC was found to only inhibit hypotonicity-induced NLRP3 activation and not activation 

in response to other stimuli which were inhibited by the fenamates (85). These findings demonstrated 

fenamate NSAIDs can inhibit NLRP3 activation independently from VRAC inhibition. The targets of 

fenamate NSAIDs responsible for regulating NLRP3 activation remain unknown.  These studies 

highlight the importance of genetic engineering studies in confirming results obtained using 

pharmacological inhibitors are due to inhibition of the desired target and not unidentified off-target 

effects.  
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To clarify the role of THIK-1 in NLRP3 activation and test the selectivity of THIK-1 inhibitors, genetic 

approaches were used to manipulate THIK-1 expression. Both siRNA-induced THIK-1 knockdown 

and cells from THIK-1 knockout (KO) mice were utilized to determine whether THIK-1 is a regulator 

of NLRP3 activation.  The aim of this study was firstly to determine if THIK-1 is a regulator of NLRP3 

activation and secondly investigate whether Tpa, CVN1, and CVN2 regulate NLRP3 activation 

through targeting THIK-1 and not an unidentified “off target” mechanism.  
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5.2 Results 

5.2.1 THIK-1 specifically regulates ATP-induced NLRP3 inflammasome activation in 

macrophages 

Although the use pharmacological inhibitors suggested THIK-1 K+ channels played a role in NLRP3 

activation, K+ channel modulators are known to inhibit cellular signaling pathways independently from 

action at K+ ion channels (267–269). Genetic approaches were therefore utilised to further determine 

which specific K+ channel regulates NLRP3 activation. Of the K2P channel family, RNA profiling of 

cultured BMDMs and microglia identified high expression of THIK-1 and TWIK-2 channels (Fig. 3.1). 

In Chapter 4, selective THIK-1 inhibitors reduced NLRP3 activation suggesting THIK-1 as a potential 

regulator of the NLRP3 inflammasome. We therefore investigated the impact of THIK-1 knockdown 

and knockout on NLRP3 inflammasome activation to determine whether THIK-1 can regulate NLRP3 

activation.  

Firstly, to investigate the role of THIK-1 in macrophage NLRP3 activation, pBMDMs were transfected 

with control or THIK-1 small interfering RNA (siRNA) to knockdown the expression of THIK-1 within 

cells. Control and THIK-1 siRNA transfected cells were primed with LPS followed by NLRP3 

stimulation with ATP, silica, imiquimod and nigericin. THIK-1 knockdown reduced NLRP3 activation 

in response to ATP (Fig. 5.1Ai) and had no effect on the response to silica (Fig. 5.1Aii). Pre-treatment 

of THIK-1 knockdown cells with Tpa resulted in no greater inhibition of IL-1β release when compared 

with THIK-1 knockdown cells in response to ATP stimulation (Fig. 5.1Ai). THIK-1 knockdown had no 

effect on cell death induced by ATP (Fig. 5.1Bi) or silica treatment (Fig. 5.1Bii).  THIK-1 gene 

knockdown was confirmed by western blot (Fig. 5.1C). Furthermore, knocking down THIK-1 had no 

effect on imiquimod or nigericin-induced IL-1β release (Fig. 5.2A) or cell death (Fig. 5.2B). These 

data suggest THIK-1 specifically regulates NLRP3 activation in response to ATP and not other 

canonical stimuli.  
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Figure 5.1 THIK-1 knockdown inhibits ATP-induced NLRP3 activation in bone-marrow-
derived macrophages. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant from pBMDM primed with LPS 
(1 μg mL-1, 4 h) followed by pretreatment with vehicle control Tpa (50 μM) for 15 min before 
stimulation with ATP (5 mM, 1 h) (n=3) or silica (300 µg mL-1, 4 h) (n=4). (C) THIK-1 western 
blot of cell lysates from untreated, control siRNA and THIK-1 siRNA pBMDMs. Prior to 
treatment pBMDMs were transfected with transfection media and 25 nM control non-targeting 
siRNA or 25 nM THIK-1 siRNA for 48 h. **p<0.01 determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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Figure 5.2 THIK-1 knockdown has no effect on imiquimod or nigericin-induced 
NLRP3 activation in bone-marrow-derived macrophages. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant from pBMDMs primed with 
LPS (1 μg mL-1, 4 h) before stimulation with imiquimod (75 µM, 2 h) (n=3) or nigericin (10 µM, 
1 h) (n=4). Prior to treatment, pBMDMs were transfected with transfection media and 25nM 
control non-targeting siRNA or 25 nM THIK-1 siRNA for 48 h. Statistical significance 
determined by unpaired t-test. Values shown are the mean ± SEM. 
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To validate the results obtained in THIK-1 knockdown cells, pBMDMs were harvested from WT and 

THIK-1 KO mice. Genotype of WT and THIK-1 KO was confirmed by genotyping of mice following 

BMDM harvest. WT and THIK-1 KO BMDMs were primed with LPS and NLRP3 activation stimulated 

with ATP, silica, imiquimod and nigericin. Consistent with findings in THIK-1 siRNA transfected cells, 

knocking out THIK-1 specifically inhibited IL-1β release in response to ATP (Fig. 5.3Ai) and had no 

effect on the response to silica (Fig. 5.3Aii), imiquimod (Fig. 5.4Ai) or nigericin (Fig.5.4Aii) stimulation. 

THIK-1 KO had no effect on ATP (Fig. 5.3Bi), silica (Fig. 5.3Bii), imiquimod (Fig. 5.4Bi) or nigericin 

(Fig. 5.4Bii) induced cell death.   

Furthermore, IL-1β release in response to ATP in KO BMDMs was not further inhibited by the THIK-

1 inhibitors CVN1 or CVN2 (Fig. 5.3Ai). However, silica (Fig. 5.3Aii), imiquimod (Fig. 5.4Ai) and 

nigericin (Fig. 5.4Aii) induced IL-1β release was still inhibited by both CVN1 and CVN2 in THIK-1 KO 

BMDMs. These findings suggest that CVN1 and CVN2 inhibit ATP-induced NLRP3 activation 

specifically through inhibition of THIK-1. However, in response to other canonical stimuli such as 

silica, imiquimod and nigericin, CVN1 and CVN2 appear to inhibit activation of the NLRP3 

inflammasome through an additional mechanism as well as inhibition of THIK-1 K+ channels. 

Western blotting was used to further characterise the effect of THIK-1 KO on the NLRP3 response. 

Caspase-1, IL-1β, and GSDMD processing, were reduced in THIK-1 KO BMDMs in comparison to 

WT in response to ATP (Fig. 5.5). Together these data show THIK-1 is specifically required for ATP-

induced NLRP3 activation in BMDMs but is dispensable for activation in response to other canonical 

stimuli. Furthermore, these data suggest CVN1 and CVN2 inhibited NLRP3 activation independently 

from inhibiting THIK-1.   
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Figure 5.3 THIK-1 regulates ATP but not silica-induced NLRP3 activation in bone-
marrow-derived macrophages. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary wild-type (WT) and 
Kcnk13 knockout (KO) BMDMs primed with LPS (1 μg mL-1, 4 h) followed by pretreatment 
with CVN1 (100 nM), CVN2 (100 nM) or MCC950 (10 μM) for 15 min before stimulation with 
ATP (5 mM, 1 h) (n=7) or silica (300 µg mL-1,4 h) (n=7). ****p<0.0001, ***p<0.001, **p<0.01, 
*p<0.05 determined by two-way ANOVA with Bonferroni’s post hoc analysis. Values shown 
are the mean ± SEM. 
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Figure 5.4 THIK-1 does not regulate imiquimod or nigericin-induced NLRP3 activation in 
bone-marrow-derived macrophages. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary wild-type (WT) and 
Kcnk13 knockout (KO) BMDMs primed with LPS (1 μg mL-1, 4 h) followed by pre-treatment with 
CVN1 (100 nM), CVN2 (100 nM) or MCC950 (10 μM) for 15 min before stimulation with imiquimod 
(75 µM, 2 h) (n=4) or nigericin (10 µM, 1 h) (n=8). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
determined by two-way ANOVA with Bonferroni’s post hoc analysis. Values shown are the mean 
± SEM. 
 



  Chapter 5 

 137 

 
 
 

 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 THIK-1 regulates caspase-1, IL-1β and GSDMD processing in 
response to ATP-induced NLRP3 activation. 
Caspase-1, IL-1β and gasdermin D western blot of total cell lysates (cell lysate + 
supernatant) from LPS-primed WT and Kcnk13 KO pBMDMs pretreated with vehicle 
control or MCC950 (10 µM) for 15 min before stimulated with ATP (5 mM, 1 h). 
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To establish whether Tpa was reducing NLRP3 activation via inhibiting THIK-1, the impact of Tpa on 

NLRP3 activation in THIK-1 KO pBMDMs was investigated. Supporting previous findings (Fig. 5.3) 

THIK-1 KO inhibited ATP-induced NLRP3 activation (Fig. 5.6A) without inhibiting cell death (Fig. 

5.6B). Tpa inhibited IL-1β release in response to ATP in WT pBMDMs but resulted in no greater 

inhibition in THIK-1 KO cells (Fig. 5.6A). This data suggests Tpa inhibits ATP-induced NLRP3 

activation through inhibiting THIK-1.  The effect of Tpa on imiquimod and nigericin in THIK-1 KO 

pBMDMs was also investigated. Replicating previous findings (Fig. 5.4) THIK-1 KO had no effect on 

imiquimod or nigericin-induced NLRP3 activation (Fig. 5.7A) or cell death (Fig. 5.7B). However, 

imiquimod and nigericin induced IL-1β release was still inhibited by Tpa in THIK-1 KO BMDMs, 

indicating that Tpa can also inhibit NLRP3 independently of THIK-1 inhibition (Fig. 5.7A). In support 

of these findings, Tpa was found in Chapter 3 (Fig. 3.2Aii) to inhibit silica-induced NLRP3 activation 

despite findings THIK-1 is dispensable for NLRP3 activation in response to silica (Fig. 5.3Aii). These 

results demonstrate that Tpa, in addition to CVN1 and CVN2 inhibit NLRP3 activation through 

inhibiting THIK-1 but may also inhibit NLRP3 activation in response to certain stimuli in BMDMs via 

additional modes of action.  
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Figure 5.6 Tpa does not inhibit ATP-induced NLRP3 activation in THIK-1 knockout cells. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary wild-type (WT) and 
Kcnk13 knockout (KO) BMDMs primed with LPS (1 μg mL-1, 4 h) followed by pretreatment with 
vehicle control, Tpa (50 μM) or MCC950 (10 μM) for 15 minutes before stimulation with ATP (5 
mM, 1 h) (n=4). ****p<0.0001, ***p<0.001 determined by two-way ANOVA with Bonferroni’s post 
hoc analysis. Values shown are the mean ± SEM. 
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Figure 5.7 Tpa inhibits the NLRP3 inflammasome independently from inhibiting the 
THIK-1 K+ channel. 
(A) IL-1β ELISA and (B) LDH release assay of the supernatant of primary wild-type (WT) and 
Kcnk13 knockout (KO) BMDMs primed with LPS (1 μg mL-1, 4 h) followed by pretreatment 
with vehicle control, Tpa (50 μM) or MCC950 (10 μM) for 15 minutes before stimulation with 
ATP (5 mM, 1 h) (n=4), imiquimod (75 µM, 2 h) (n=4) or nigericin (10 µM, 1 h) (n=4). 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by two-way ANOVA with 
Bonferroni’s post hoc analysis. Values shown are the mean ± SEM. 
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5.2.2 THIK-1 regulates ATP-induced NLRP3 activation independently of P2X7 

receptor activation 

ATP triggers NLRP3 inflammasome activation via activation of the P2X7 receptor (278). The study 

therefore next aimed to determine whether THIK-1 regulation of ATP-induced activation was 

occurring upstream or downstream of P2X7 receptor activation. Activation of the P2X7 receptor by 

ATP leads to the formation of a pore which permeabilises the plasma membrane to molecules up to 

900 Da including the dye YO-PRO-1 (279, 280). YO-PRO-1 can be used as a readout of P2X7 

receptor activation (245).  

Control and THIK-1 siRNA transfected iBMDMs in addition non-transfected iBMDMs were primed 

with LPS and stimulated with ATP in the presence of the P2X7 permeable fluorescent stain YO-

PRO-1. Transfection with THIK-1 siRNA had no effect on P2X7 receptor activation when compared 

to control siRNA treated cells in response to ATP (Fig. 5.8A). In addition, WT pBMDMs were primed 

with LPS and stimulated with ATP in the presence of YO-PRO-1. Pre-treatment with K2P inhibitor 

Tpa, and general K+ channel inhibitor TEA, had no effect on P2X7-dependent pore formation, but 

the P2X7 inhibitor, oxidised ATP (oATP) inhibited YO-PRO-1 uptake (Fig. 5.8B). These data suggest 

that THIK-1 regulated ATP-induced NLRP3 activation downstream of P2X7 receptor activation.  
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Figure 5.8 THIK-1 siRNA and pharmacological inhibition of THIK-1 has no effect on 
ATP-induced P2X7 receptor activation. 
(A) YO-PRO-1 fluorescent P2X7 assay over 30 minutes of iBMDMs primed with LPS (1 μg mL-

1, 4 h) before stimulation with ATP (5 mM, 30 mins) (n=4). Prior to treatment, iBMDMs were 
transfected with transfection media and 25 nM control non-targeting siRNA or 25 nM THIK-1 
siRNA for 48 h. (B) YO-PRO-1 fluorescent P2X7 assay over 30 minutes of pBMDMs primed 
with LPS (1μg mL-1, 4 h) followed by pretreatment with TEA (50 mM), Tpa (50 μM) or oATP (5 
mM) for 15 mins before stimulation with ATP (5 mM, 30 mins) (n=6), ****p<0.0001, **p<0.01 
determined by t-test or one-way ANOVA with Dunnett’s post hoc analysis. Values shown are 
the mean ± SEM. 
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5.2.3 THIK-1 does not regulate NLRP3 priming in murine macrophages 

Following the observation that THIK-1 inhibiting compounds Tpa, CVN1 and CVN2 inhibited NLRP3 

priming in Chapter 4 the next study sought to clarify whether THIK-1 also regulated the NLRP3 

priming step in addition to activation. As previously mentioned above, THIK-1 siRNA transfection and 

pBMDMs harvested from THIK-1 KO mice were to study the role of THIK-1 in NLRP3 priming. THIK-

1 siRNA had no effect on IL-6 or TNFα release in response to LPS treatment in pBMDMs when 

compared to control siRNA transfected cells (Fig. 5.9A). In addition, THIK-1 siRNA had no effect on 

cell death following LPS treatment (Fig. 5.9B).  

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 5 

 144 

 

 

 

 

 

 

 

 

Figure 5.9 THIK-1 siRNA does not inhibit NLRP3 priming. 
(A) IL-6 and TNFα ELISA and (B) LDH release assay of the supernatant from control and THIK-
1 siRNA transfected iBMDM primed with LPS (1 μg mL-1, 4 h). Prior to treatment, iBMDMs and 
pBMDMs were transfected with transfection media and 25 nM control non-targeting siRNA or 25 
nM THIK-1 siRNA for 48 h. Statistical significance determined by one-way ANOVA with 
Dunnett’s post hoc analysis. Values shown are the mean ± SEM. 
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In support of these findings THIK-1 KO had no effect on IL-6 or TNFα release in response to LPS 

(Fig. 5.10A). Furthermore, knocking out THIK-1 did not inhibit NLRP3 or pro-IL-1β protein expression 

stimulated by LPS (Fig. 10C). THIK-1 inhibitors CVN1 and CVN2 also did not inhibit IL-6 or TNFα 

release in WT or THIK-1 KO pBMDMs following LPS treatment (Fig. 5.10A). Also, THIK-1 KO, CVN1 

or CVN2 had no impact on cell death in response to LPS (Fig. 10B). However, CVN1 and CVN2 

were previously shown to inhibit NLRP3 priming in iBMDMs (Fig. 4.8), highlighting a potential 

mechanistic difference between NLRP3 activation in iBMDM cell lines and primary BMDMs. These 

data show THIK-1 is required for NLRP3 activation but is dispensable for NLRP3 priming.  
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Figure 5.10 THIK-1 is dispensable for NLRP3 priming in bone marrow-derived 
macrophages. 
(A) IL-6 and TNFα ELISA and (B) LDH release assay of the supernatant of primary wild-type 
(WT) and Kcnk13 knockout (KO) pBMDMs pretreated with CVN1 (100 nM), CVN2 (100 nM) 
or Bay11 (10 μM) for 15 min before priming with LPS (1 μg mL-1, 4 h) (n=7). (C) NLRP3 and 
IL-1β western blot of the supernatant and total cell lysates respectively of primary wild-type 
(WT) and Kcnk13 knockout (KO) BMDMs pretreated with Bay11(10 µM) for 15 min before 
priming with LPS (1 μg mL-1, 4 h). ****p<0.0001, **p<0.01, *p<0.05 determined by two-way 
ANOVA with Bonferroni’s post hoc analysis. Values shown are the mean ± SEM. 
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Following the findings that THIK-1 is dispensable for priming of the NLRP3 inflammasome, the impact 

of Tpa on NLRP3 priming in THIK-1 KO pBMDMs was then investigated. Tpa was previously shown 

to inhibit NLRP3 priming in iBMDMs (Fig. 3.7), as THIK-1 KO does not impact priming this suggests 

Tpa can inhibit NLRP3 priming independently of inhibiting THIK-1. As previously observed THIK-1 

KO had no effect on LPS-induced IL-6 or TNFα release (Fig. 5.11A). Pre-treatment with Tpa inhibited 

IL-6 release in both WT and THIK-1 KO pBMDMs but did not inhibit TNFα release (Fig. 5.11A). These 

findings confirm Tpa is capable of inhibiting NLRP3 priming independently from inhibiting THIK-1 K+ 

channels. Taken together these studies show THIK-1 is not required for priming of the NLRP3 

inflammasome. Furthermore, the data demonstrate Tpa can inhibit priming independently of its 

action at THIK-1 suggesting Tpa can regulate both NLRP3 priming in addition to activation 

independently from its THIK-1 inhibiting properties. 
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Figure 5.11 Tpa inhibits NLRP3 priming independently from THIK-1 inhibition.  
(A) IL-6 and TNFα ELISA and (B) LDH release assay of the supernatant of primary wild-type 
(WT) and Kcnk13 knockout (KO) pBMDMs pretreated with Tpa (50 μM) or Bay11 (10 μM) for 
15 min before priming with LPS (1 μg mL-1, 4 h) (n=4). ****p<0.0001, ***p<0.001 determined by 
two-way ANOVA with Bonferroni’s post hoc analysis. Values shown are the mean ± SEM. 
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5.2.4 THIK-1 antibody displays non-specific binding 

Having confirmed THIK-1 depletion in THIK-1 KO BMDMs using cell genotyping, THIK-1 KO BMDMs 

were used to validate the selectivity of the THIK-1 antibody used to confirm THIK-1 knockdown. Four 

different THIK-1 antibody dilutions, 1/200, 1/400, 1/600 and 1/1000 were tested in BMDM cell lysates 

from WT (n=3) and THIK-1 KO (n=3) mice and western blotting used to investigate antibody 

selectivity. At each dilution, a band was observed at 47kda in the WT cells (Fig.5.8), which is the 

molecular weight of THIK-1 and the same molecular weight band observed in siRNA studies 

(Fig.5.1C). This data would suggest the band generated is due to the antibody binding the THIK-1 

protein. However, in THIK-1 KO BMDMs, in which genotyping confirmed no THIK-1 expression, a 

strong band was still present (Fig.5.8). These findings show the THIK-1 antibody used in the 

confirmation of THIK-1 knockdown in siRNA experiments displays nonspecific binding. The band at 

47kda in THIK-1 KO cells suggests the THIK-1 antibody binds to an additional protein of similar 

molecular weight to THIK-1. Therefore, this antibody is unsuitable for evaluating THIK-1 protein 

expression as the nonspecific band generated masks the band that should be present through 

antibody binding to THIK-1.  

 

The finding that the THIK-1 antibody shows nonspecific binding suggests the western blot results 

confirming THIK-1 knockdown in Fig.5.1C are unreliable. Therefore, the study cannot confirm 

transfection of cells with THIK-1 siRNA was successful in knocking down protein expression of THIK-

1. Despite THIK-1 siRNA treated cells displaying the same phenotypic responses to NLRP3 

activators as THIK-1 KO cells, the study cannot conclude the observed results are due to THIK-1 

knockdown. However, THIK-1 KO was confirmed without the need for a selective THIK-1 antibody 

by using qPCR. Thus, results obtained in THIK-1 KO cells can be concluded to be caused by 

depletion of THIK-1 expression. These results demonstrate the THIK-1 antibody used in these 

studies is not selective to THIK-1. The implications of this finding are that THIK-1 knockdown cannot 

be confirmed in siRNA studies and therefore data from THIK-1 knockdown experiments can no 

longer be used to support the findings in THIK-1 KO BMDMS.  
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Figure 5.12 THIK-1 antibody is non-selective. 
THIK-1 western blot of total cell lysates (cell lysate + supernatant) from WT and Kcnk13 KO pBMDMs 
to validate THIK-1 antibody. Four different THIK-1 antibody concentrations were used (1/200, 1/400, 
1/600 and 1/1000). 
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5.2.5 THIK-1 regulates ATP and nigericin induced-NLRP3 inflammasome activation 

in microglia 

To determine whether THIK-1 regulates NLRP3 activation in microglia in addition to peripheral 

macrophages, adult microglia from THIK-1 KO mice were harvested. WT and THIK-1 KO microglia 

were primed with LPS and NLRP3 activation stimulated with ATP, silica, imiquimod and nigericin. 

Knocking out THIK-1 inhibited NLRP3 activation in response to both ATP and nigericin but had no 

effect on silica or imiquimod-induced activation (Fig. 5.13A). One potential explanation for the 

different impact of THIK-1 KO in microglia versus BMDMs following nigericin-induced NLRP3 

activation is the difference in THIK-1 expression between the two cell types. THIK-1 appears more 

highly expressed in microglia and may therefore play a broader role in NLRP3 activation when 

compared to BMDMs (Fig. 3.1). Further, THIK-1 KO had no effect on TNFα release from microglia 

in response to LPS treatment (Fig. 5.13B). These data suggest THIK-1 regulates NLRP3 activation 

in brain resident microglia in addition to peripheral macrophages.  
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Figure 5.13 THIK-1 regulates NLRP3 activation in primary adult microglia. 
(A) IL-1β ELISA of the supernatant of primary wild-type (WT) and Kcnk13 knockout (KO) adult microglia 
primed with LPS (1 μg mL-1, 4h) followed by pretreatment with MCC950 (10 μM) for 15 min before 
stimulation with ATP (5 mM, 1h) (n=4), silica (300 µg mL-1,4 h) (n=3), imiquimod (75 µM, 2 h) (n=3) or 
nigericin (10 µM, 1 h) (n=4). (B) TNFα ELISA of the supernatant of primary wild-type (WT) and Kcnk13 
knockout (KO) primary adult microglia pretreated with Bay11(10 µM) for 15 min before priming with LPS 
(1 μg mL-1, 4 h) (n=5). ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 determined by two-way ANOVA with 
Bonferroni’s post hoc analysis. Values shown are the mean ± SEM. 
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5.2.6 THIK-1 mRNA is upregulated in Alzheimer’s and Parkinson’s disease 

postmortem brain tissue 

Neuroinflammation is heavily associated with the progression of neurodegenerative diseases like AD 

and PD, with previous studies suggesting NLRP3 is a key driver of pathogenic inflammation in both 

diseases (9, 281). Following the in vitro findings identifying THIK-1 as a regulator NLRP3 

inflammasome activation the next study investigated whether THIK-1 mRNA expression was 

elevated in post-mortem brain tissue of AD and PD patients.   

 

Using RT-qPCR, THIK-1 mRNA expression was quantified in human AD post-mortem temporal 

cortex tissue in addition to PD substantia nigra and frontal cortex tissue. Firstly, AD tissue was 

divided into age-matched groups based on the degree of AD pathology using Braak staging. The 

control non-AD group contained tissue with Braak staging 0-II, with the remaining tissue divided into 

two groups, Braak III-IV and V-VI. Following quantification of THIK-1 mRNA expression within each 

group we then calculated the fold-change in THIK-1 mRNA expression in comparison to the control 

group to evaluate how THIK-1 expression changed as a function of AD pathology. In comparison to 

control tissue, THIK-1-expression was found to be unchanged in Braak III-IV tissue (Fig. 5.14A). 

However, THIK-1 mRNA expression was significantly higher in Braak stage V-VI temporal cortex 

tissue in comparison to control tissue (Fig. 5.14A). Furthermore, THIK-1 expression did not increase 

with age in healthy control tissue suggesting increased THIK-1 expression is disease specific and 

not a result of ageing (data not shown). In support of these findings a recent study identified a rare 

variant in the KCNK13 gene (encoding THIK-1) to be significantly associated with familial late onset 

AD further linking THIK-1 with AD pathology (282).  The data in this study suggest THIK-1 expression 

is upregulated at later stages of AD progression which correlates with the greatest levels of 

neuroinflammation providing a causal link between THIK-1 mRNA expression and 

neuroinflammation in AD.  

 

In addition to AD post-mortem tissue, THIK-1 mRNA expression was elevated in both substantia 

nigra and frontal cortex tissue from PD patients in comparison to age-matched healthy control tissue 

(Fig. 5.14B). These data demonstrate THIK-1 expression is elevated in NLRP3 associated 

neuroinflammatory diseases. Together with findings that THIK-1 regulates the NLRP3 
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inflammasome, it is possible that elevated THIK-1 expression in CNS enhances damaging NLRP3 

mediated inflammation contributing to neurodegenerative disease progression.  
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Figure 5.14 THIK-1 mRNA is upregulated in Alzheimer’s and Parkinson’s disease. 
(A) Data show expression fold change of THIK-1 mRNA in age-matched post-mortem temporal 
cortex tissue from Alzheimer’s disease patients classified as Braak stages III-IV and Braak 
stages V-VI versus control non-Alzheimer’s disease tissue (Braak stages 0-II) (n = 40, males = 
20, females = 20, per group). (B) Data show expression fold change of THIK-1 mRNA in age-
matched post-mortem substantia nigra and frontal cortex tissue from Parkinson’s disease 
patients versus control non-Parkinson’s disease tissue (n = 15, males = 6-8, females = 7-9, per 
group). Relative expression of THIK-1 mRNA in comparison to RPL13A and GAPDH mRNA 
was calculated using the 2-[delta][delta]Ct method. Data are presented as THIK-1 mRNA 
expression fold change versus control group. ***p<0.001, **p<0.01, *p<0.05 determined one-
way ANOVA with Dunnett’s post hoc analysis  
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5.3 Discussion  

These data reveal THIK-1 as a specific regulator of ATP-induced NLRP3 activation and suggest that 

in response to extracellular ATP THIK-1 is required for the activation of caspase-1 and subsequent 

IL-1β processing and release. In addition, THIK-1 inhibitors Tpa, CVN1 and CVN2 were found to 

attenuate NLRP3 activation by an additional mechanism beyond THIK-1 inhibition in some cellular 

systems.  

 

As previously mentioned, the K2P channels TWIK-2 and THIK-1 have been independently identified 

as potential regulators of ATP-induced NLRP3 activation (77, 78). Both studies suggest TWIK-2 and 

THIK-1 activation are regulated by purinergic receptors (P2X7 and P2Y12 respectively) (68, 78). 

TWIK-2 was conclusively demonstrated to be a positive regulator of NLRP3 activation and was the 

first study to highlight the involvement of K2P channels the regulation of the NLRP3 inflammasome 

(78). Although THIK-1 has been identified to regulate ATP-induced IL-1β release in hippocampal 

slices, whether this is mediated via regulation of NLRP3 was not determined (68). Consistent with 

prior studies (68) this present study demonstrates in THIK-1 KO macrophages that THIK-1 is required 

specifically for ATP-induced NLRP3 activation but is dispensable for activation in response to other 

canonical stimuli. These data together with previous work suggests THIK-1 and TWIK-2 K2P 

channels regulate NLRP3 activation downstream of ATP-induced activation of purinergic receptors 

 

It is well established that purinergic receptors play a role in NLRP3 activation. ATP activation of the 

P2X7 receptor induces K+ efflux and NLRP3 activation (283). Several studies suggest two 

complementing models for P2X7 cell permeabilization, the dilation of the P2X7 ionic pore and P2X7 

mediated opening of additional large conductance channels such as hemichannels and K+ channels 

(56, 78, 284–288). Prior research has also suggested other purinergic receptors other than P2X7 

can influence NLRP3 activation (278). In particular, the P2Y family of G-protein coupled receptors 

which are also stimulated by nucleotides such as ATP and ADP have been associated with NLRP3 

activation  suggesting P2Y receptors may also regulate NLRP3 activation (66, 67). Pharmacological 

inhibition of P2Y1 reduces nano-particle-induced NLRP3 activation (66). ADP and UTP may also 

induce NLRP3 activation via P2Y receptor activation (67). It is therefore possible ATP and its 

metabolites stimulate purinergic receptors which indirectly induce K+ efflux and NLRP3 activation 
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through downstream opening of K+ channels. This present study observed transfection with THIK-1 

siRNA and K2P channel inhibition to reduce ATP-induced NLRP3 activation without impacting P2X7 

receptor activity suggesting THIK-1 regulates NLRP3 activation downstream of P2X7 receptor 

activation. P2X7 depletion blocks ATP-dependent NLRP3 activation and is thus fundamentally 

required for ATP-induced NLRP3 activation (54, 289, 290). However, deletion of P2Y12 also reduces 

NLRP3 activation in response to ATP (291). Together, previous findings and this study suggest P2X7 

and P2Y12 may both be required for ATP-induced NLRP3 activation, potentially in part through 

regulation of K+ currents through K2P channels such as THIK-1 and TWIK-2.  

 

Despite THIK-1 being identified as a regulator of NLRP3 activation specifically in response to ATP 

in BMDMs, THIK-1 inhibitors were observed to still inhibit NLRP3 in THIK-1 KO cells. These findings 

show THIK-1 inhibitors Tpa, CVN1 and CVN2 are capable of inhibiting NLRP3 independently from 

their THIK-1 activity. The most likely explanation for these findings would be that these compounds 

also inhibit the only other K2P channel found in Chapter 1 to be expressed by BMDMS, TWIK-2, 

which is structurally similar to THIK-1 (69). However, TWIK-2 knockdown has previously been shown 

to have no effect on imiquimod or nigericin induced NLRP3 activation in BMDMs, showing TWIK-2 

is dispensable for NLRP3 activation in response to these stimuli (78). The present study found Tpa, 

CVN1 and CVN2 to each inhibit either imiquimod and/or nigericin induced activation suggesting Tpa, 

CVN1 and CVN1 inhibit NLRP3 activation independently from inhibiting TWIK-2. Furthermore, the 

findings that THIK-1 inhibitors regulate NLRP3 activation in response to the K+ efflux independent 

stimuli imiquimod suggests the inhibitors regulate NLRP3 activation independently from action at any 

K+ channels in this system. In addition to K+ channels, Cl- channels have also been found to regulate 

NLRP3 activation (82, 86).  Thus, THIK-1 inhibitors may also inhibit NLRP3 activation through 

inhibition of Cl- channels such as the CLIC channels which are known to regulate NLRP3 activation 

in addition to inhibiting THIK-1 (82, 86). However, it was out of the scope of this thesis to identify the 

mechanism by which THIK-1 inhibitors attenuate NLRP3 activation in THIK-1 KO BMDMs in 

response to certain stimuli. Further work would need to be performed to fully elucidate any additional 

mechanisms that are contributing to the NLRP3 attenuating activity observed. The data gathered in 

this study suggests THIK-1 represents a viable target for limiting ATP-induced NLRP3 activation.  

 



  Chapter 5 

 158 

NLRP3 has been implicated in contributing to damaging neuroinflammation in a number of diseases 

including the neurodegenerative diseases AD and PD (9, 281). A recent association study used 

whole exome sequencing to identify gene variants associated with familial late onset AD (282). Of 

the several genetic variants found to significantly associate with AD was a rare variant in KCNK13. 

This finding provides the first genetic link between THIK-1 and AD suggesting THIK-1 may play a 

role in AD pathology. In support of these previous findings, the present study found THIK-1 mRNA 

expression to be upregulated in brain tissue from both AD and PD patients. Together these studies 

provide genetic evidence to suggest changes in THIK-1 expression or variations in the THIK-1 gene 

may play a role in neurodegenerative disease pathology. Taking into consideration the findings that 

THIK-1 regulates NLRP3 activation, NLRP3 is associated with AD and PD pathology and THIK-1 is 

genetically associated with AD it is possible THIK-1 contributes to AD and PD pathology through 

enhancing damaging NLRP3 mediated inflammation. Future studies should investigate the role of 

THIK-1 in animal models of AD and PD to fully establish the potential of THIK-1 as a therapeutic 

target for limiting pathological inflammation in neurodegenerative diseases. Given the limitations of 

available THIK-1 inhibitors due to lack of selectivity for THIK-1 the best approach would be to use 

THIK-1 KO mice for in vivo studies. Building on these findings, follow up studies could cross THIK-1 

KO mice with APP/PS1 transgenic mouse AD models and evaluate how THIK-1 KO impacts markers 

of inflammation within the brain and cognitive deficits in the animals.  

 

The present study identifies THIK-1 as a regulator of NLRP3 activation in mouse macrophages and 

microglia in response to the canonical stimuli ATP. Data show THIK-1 is required for NLRP3 

dependent caspase-1 activation and IL-1β release in response to ATP. These results demonstrate 

that multiple K+ channels may be involved in ATP driven NLRP3 activation and highlight the 

therapeutic potential of targeting K+ channels to limit aberrant NLRP3-induced inflammation in 

disease.  In support of this expression of THIK-1 was demonstrated to be elevated in both AD and 

PD. THIK-1 represents a viable therapeutic target for limiting NLRP3 inflammasome activation in 

peripheral and CNS diseases.  
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6.1 Introduction  

The NLRP3 inflammasome is a multi-protein complex which drives caspase-1-dependent processing 

and secretion of the pro-inflammatory cytokines IL-1β and IL-18, and pyroptotic cell death. A 

commonly reported mechanism contributing to NLRP3 inflammasome activation is potassium ion 

(K+) efflux across the plasma membrane. Identification of K+ channels involved in NLRP3 activation 

remains incomplete. The NLRP3 inflammasome contributes to inflammation in many diseases and 

thus understanding mechanisms regulating NLRP3 is an area of intense research interest.  

Identifying K+ channels regulating NLRP3 inflammasome activation may provide effective therapeutic 

targets for liming NLRP3 induced inflammasome in disease.  

 

The aim of this PhD was to identify K+ channels regulating NLRP3 inflammasome activation. Firstly, 

genetic screening and pharmacological approaches were utilized to identify potential K+ channels 

involved in regulation of NLRP3 activation. Secondly, following identification of potential NLRP3 

regulating K+ channels, the impact of selective K+ channel inhibitors on NLRP3 activation were 

characterized. Finally, genetic engineering approaches were used to determine the selectivity of K+ 

channel inhibitors used and confirm the role of an identified K+ channel in NLRP3 activation. 

 

6.2 THIK-1 is a target for limiting NLRP3 activation    

NLRP3 has emerged as a key player in a wide range of inflammatory disease, ranging from 

peripheral diseases such as atherosclerosis, metabolic conditions including type-2 diabetes and 

even CNS diseases such as AD (292). As such understanding the mechanisms by which NLRP3 

activation is regulated has become an area of intense research interest. Improving our understanding 

of NLRP3 regulatory mechanisms could potentially identify novel targets for manipulating NLRP3 

activation in disease.  

 

The association of NLRP3 with a diverse array of seemingly unrelated diseases has driven huge 

interest within the scientific community in discovering NLRP3 modulating compounds. In recent 

years, several inhibitors of the NLRP3 inflammasome pathway have been identified (293). However, 

no NLRP3 inhibitors are currently approved for clinical use. Current therapies for NLRP3 associated 
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diseases are limited IL-1β targeting compounds (294). However, IL-1β release can be driven by other 

inflammasomes and inflammasome independent pathways, therefore directly targeting IL-1β can 

have unwanted immunosuppressive effects. Therefore, developing NLRP3 specific inhibitors may 

provide therapeutic benefit to a wide-ranging number of patients with an array of different NLRP3-

associated conditions.  

 

Several studies have proposed mechanisms to explain how such a diverse range of stimuli converge 

on NLRP3 activation. One proposed mechanism is a decrease in intracellular K+ which is important 

for multiple NLRP3 activating stimuli (44, 45). Therefore, suggesting the targeting of K+ efflux may 

represent a pathway for limiting NLRP3 inflammasome activation. Recent findings have identified 

K2P channels as potential regulators of a K+ sensitive process required for NLRP3 activation (68, 

78). The K2P channel TWIK-2 has been shown to inhibit NLRP3 activation in peripheral 

macrophages in response to ATP (78). An additional K2P channel, THIK-1 has also been associated 

with IL-1β release in response to ATP in hippocampal slices but not conclusively shown to regulate 

NLRP3 activation (68). It was clear a more thorough characterization of the role of THIK-1 in NLRP3 

activation was required. 

 

In this work, evidence was gathered to support findings that K2P channels play an important role in 

regulating ATP-induced NLRP3 activation. Using RNA-sequencing databases, pharmacological K+ 

channel inhibitors and genetic engineering techniques, the K+ channel THIK-1 was identified as 

specific regulator of ATP-induced NLRP3 activation in peripheral macrophages and data gathered 

using THIK-1 inhibiting compounds suggest that this may occur through a mechanism independent 

of ASC oligomerization. THIK-1 was also found to selectively regulate the NLRP3 inflammasome 

pathway and did not impact the activation of other inflammasomes or NF-κB mediated NLRP3 

priming. As discussed previously data in this thesis together with previous work suggest K2P 

channels THIK-1 and TWIK-2 regulate NLRP3 activation downstream of ATP-induced activation of 

purinergic receptors (Fig. 6.1). These data suggest THIK-1 may represent a novel therapeutic target 

for limiting ATP mediated NLRP3 inflammasome activation in peripheral inflammatory diseases 

without interfering with other inflammatory pathways. The ATP-P2X7-NLRP3 inflammasome 

activation pathway has been associated with a number of peripheral inflammatory diseases, 
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including diabetes, depression and cardiovascular disease (295, 296).  Hence, THIK-1 may 

represent a potential therapeutic target for limiting inflammation in peripheral diseases in which ATP-

P2X7-NLRP3 signaling is a contributor to pathology. 

 

 

 

 

 

 

 

 

Figure 6.1 THIK-1 and TWIK2 regulation of NLRP3 activation. 
Activation of NLRP3 requires an initial priming step which is triggered by the binding of PAMPs and 
DAMPs, such as LPS to PRRs, triggering NF-κB dependent transcription of NLRP3, pro IL-1β and pro 
IL-18. Priming also triggers PTMs of NLRP3 enabling rapid NLRP3 regulation. Following priming ATP 
can trigger NLRP3 activation through direct binding to and activating the P2X7 receptor. In addition, 
extracellular ATP can be converted to ADP by the ecto-ATPase CD39 which subsequently activates an 
additional purinergic receptor, P2Y12. Activation of purinergic receptors P2X7 and P2Y12 has been 
shown to induce activation of two-pore domain K+ channels THIK-1 and TWIK-2.  Activation of THIK-1 
and TWIK-2 facilitates the efflux of K+ from the cell, triggering a decrease in intracellular K+ concentration 
which stimulates activation of the NLRP3 inflammasome. 
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Although, THIK-1 in this thesis and TWIK-2 in previously published work (78) were found to be 

specific regulators of ATP induced NLRP3 activation in peripheral macrophages, this thesis 

discovered THIK-1 to regulate ATP in addition to nigericin induced NLRP3 activation in CNS resident 

microglia. THIK-1 may therefore play a broader role in NLRP3 inflammasome regulation in microglial 

NLRP3 activation than peripheral macrophages.  These findings could potentially be explained by 

the observation that THIK-1 mRNA expression appears to be higher in microglia when compared to 

peripheral macrophages. As THIK-1 regulates NLRP3 activation in response to multiple stimuli in 

microglia in comparison to just ATP in peripheral macrophages, targeting THIK-1 may be more 

effective at inhibiting NLRP3 activation in CNS inflammatory disease than peripheral disease.  

 

Two examples of neurodegenerative diseases heavily associated with NLRP3 are AD and PD (292). 

Genetic depletion of NLRP3 in both AD and PD animal models has previously been demonstrated 

to protect against the development of disease pathology (7, 297). Thus indicating, inhibition of 

NLRP3 may be represent a viable treatment option for AD and PD patients. In this thesis, THIK-1 

was identified as a novel regulator of the NLRP3 inflammasome in CNS resident microglial cells. 

THIK-1 could therefore represent a target to limit NLRP3 activation in NLRP3 associated CNS 

diseases such as AD and PD. In support of the potential of THIK-1 as a therapeutic target, this work 

demonstrated THIK-1 to be upregulated in the brains of AD and PD patients suggesting THIK-1 is 

associated with AD and PD pathology. A recent study provided further evidence that THIK-1 is 

involved in AD pathology. A rare variant in the KCNK13 gene was associated with familial late onset 

AD (282). Together these data provide genetic evidence linking THIK-1 with AD and PD. Increased 

expression or variations in the THIK-1 gene may therefore contribute to neurodegenerative disease 

pathology through enhancing damaging NLRP3 mediated inflammation. Selective targeting of THIK-

1 could therefore represent a mechanism by which to inhibit NLRP3 activity with the CNS without 

impacting other inflammasomes, or NF-κB, inflammatory signaling and therefore avoiding the 

immunosuppressive effects that may occur from other therapeutic interventions such as directly 

targeting IL-1β  (298, 299). 

 

Furthermore, within the CNS, THIK-1 is highly expressed in microglia, with low expression also 

observed in oligodendrocytes but no expression is found in neurons or astrocytes (300). Almost 
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exclusive expression of THIK-1 in microglia suggests selective inhibitors of THIK-1 will not bind to 

neuronal or astrocytic receptors which could promote unwanted side effects. THIK-1 therefore 

represents a target in which to exclusively inhibit microglial NLRP3 activation without impacting the 

function of other CNS cells.  

 

However, although THIK-1 was found to regulate caspase-1 activation and IL-1β in response to 

NLRP3 activation in microglia, THIK-1 inhibiting compounds consistently enhanced ASC speck 

formation in peripheral macrophages. If inhibiting THIK-1 also enhances ASC speck formation in 

microglia as it does in peripheral macrophages this may pose a significant barrier in the effectiveness 

of THIK-1 inhibitors as a therapeutic intervention for neuroinflammatory diseases. A previous study 

identified ASC specks as potential drivers of Aβ pathology in AD (203). The study found that in AD, 

NLRP3 becomes activated in microglia resulting in the formation of ASC specks which are released 

into the extracellular space. In both AD patients and APP/PS1 transgenic mouse models of AD, ASC 

specks were observed to interact with Aβ within the brain (203). Furthermore, in vitro and in vivo 

studies in APP/PS1 mice observed ASC specks released from microglia in response to NLRP3 

activation to contribute to the seeding and spreading of Aβ pathology. These data suggest ASC 

specks actively contribute to Aβ pathology in AD. Therefore, if inhibition of THIK-1 does enhance 

ASC speck formation in microglia in response to NLRP3 activation this may promote greater ASC 

speck release. Elevated extracellular ASC speck levels may then result in enhanced seeding and 

spreading of Aβ pathology in patients with AD. Despite THIK-1 inhibition enhancing ASC speck 

formation, it is unlikely these specks would firstly, be released from the cell and secondly, drive Aβ 

pathology. Although ASC specks were enhanced by THIK-1 inhibition, the specks formed were 

arrested in an inactive state, incapable of cleaving and activating caspase-1. This suggests these 

inactive ASC specks would not be released in response to NLRP3 activation as caspase-1 induction 

of GSDMD mediated pyroptosis would be inhibited. Therefore, enhancing intracellular ASC specks 

may not result in increased release of ASC specks. Furthermore, the specks formed during THIK-1 

inhibition and blockage of K+ efflux are functionally distinct from fully active ASC specks, suggesting 

these inactive specks may also lack the full pathological profile of active ASC specks and be unable 

to seed Aβ pathology. Together this suggests although ASC specks may be enhanced in microglia 

in response to THIK-1 inhibition and NLRP3 activation, these specks are unlikely to be released and 
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drive increased Aβ pathology in AD. Furthermore, ASC speck contribution to disease pathology was 

found to be a unique feature of AD, with ASC specks bound to Aβ undetected in post-mortem tissue 

from patients with other neurodegenerative diseases (203). In the unlikely event that enhanced 

formation of inactive ASC specks enhanced Aβ pathology in AD, THIK-1 inhibitors may be more 

effective in inhibiting NLRP3 activation in other NLRP3 associated neurodegenerative diseases such 

as PD.  

 

Furthermore, it is worth noting that the benefits of reducing NLRP3 mediated inflammation in AD 

through attenuating NLRP3 inflammasome activation with THIK-1 inhibiting compounds may 

outweigh the potential detrimental impact of enhanced ASC speck driven Aβ pathology. Aβ burden 

within the brain has consistently been shown to poorly correlate with AD severity (301). This suggests 

Aβ plaques themselves are not intrinsically damaging in AD patients. Recent research suggests 

sustained neuroinflammatory responses in AD patients provides the missing link between Aβ 

deposition and AD pathogenesis (302). IL-1β is one inflammatory cytokine in particular that is heavily 

associated with AD progression (303). Therefore, it appears inflammatory responses such as NLRP3 

driven IL-1β release are the drivers of AD pathology in response to Aβ deposits. Consequently, by 

inhibiting NLRP3 and IL-1β mediated neuroinflammation, THIK-1 inhibitors would remove the active 

driver of AD pathology and therefore potentially reduce cognitive deficits in AD patients. Finally, the 

assumption that inhibition of THIK-1 enhances ASC speck formation is based on the findings that 

THIK-1 inhibiting compounds enhances ASC speck formation in a macrophage cell line. THIK-1 

regulation of NLRP3 activation was found to differ between peripheral macrophages and microglia. 

THIK-1 inhibition in microglial cells therefore may not result in increased ASC speck formation 

despite doing so in peripheral macrophages. It is possible that selective inhibition of THIK-1 may 

inhibit NLRP3 activation within the CNS without increasing ASC speck formation.  In summary, this 

thesis provides data to suggest THIK-1 is a potential target for selectively limiting NLRP3 activation 

in diseases such as AD. However, more research is required to explore the limitation of THIK-1 as a 

therapeutic target, such as the effect of THIK-1 inhibition on ASC speck formation and the impact 

this has on Aβ pathology.  
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6.3 Limitations of THIK-1 inhibiting compounds 

Genetic depletion studies confirmed THIK-1 as a regulator of NLRP3 inflammasome activation. The 

findings that THIK-1 inhibiting compounds also inhibited NLRP3 activation would suggest their 

inhibitory action is mediated through THIK-1. However, THIK-1 inhibitors used: Tpa, CVN1 and CVN2 

were all found capable of inhibiting NLRP3 activation in the absence of THIK-1 in response to certain 

stimuli in BMDMs. These findings show these compounds are able to inhibit NLRP3 activation in 

response to particular stimuli via inhibiting THIK-1 in addition to other uncharacterised mechanisms 

of action. Yet, inhibitors did not further inhibit ATP induced NLRP3 activation in THIK-1 KO cells 

suggesting the inhibitors do inhibit NLRP3 activation in response to ATP via blocking THIK-1. 

Therefore, the THIK-1 inhibiting compounds used were useful tool compounds to initially identify 

potential K+ channels regulating NLRP3 activation. Identification of potential K+ channels involved in 

NLRP3 activation allowed for targeted KO studies to validate THIK-1 as a regulator of the NLRP3 

inflammasome. However, the future use of the compounds in studying the specific role of THIK-1 in 

NLRP3 activation is however, limited. The inhibitors utilised were all shown as effective NLRP3 

inhibiting compounds. These compounds do therefore demonstrate the potential in developing 

selective THIK-1 inhibiting compounds which could be used to regulate THIK-1 dependent NLRP3 

activation in peripheral and CNS resident immune cells. 

 

Development of more selective inhibitors will be critical in validating the potential of THIK-1 as a 

single therapeutic target for NLRP3 associated pathology. Testing currently available THIK-1 

inhibitors in disease models could potentially lead to misleading results. Inhibitors used and particular 

Tpa was found to inhibit the NF-κB inflammatory signaling pathway which plays a critical role in 

inflammatory signaling in health and disease independently of THIK-1 inhibition. Inhibiting such a 

pivotal mediator of inflammatory signaling is likely to have an effect in inflammatory disease models. 

The current inhibitors could therefore have beneficial effects in disease models completely 

independent of THIK-1 inhibition. Generating selective, nontoxic THIK-1 inhibitors which regulate 

inflammatory pathways exclusively via THIK-1 inhibition will be fundamental in determining the 

prospective use of selective THIK-1 inhibitors in disease. 
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6.4 Future directions 

The identification of THIK-1 as a specific regulator of ATP-induced NLRP3 activation suggest THIK-

1 may represent a potential therapeutic target for limiting NLRP3 mediated inflammation in disease. 

However, further experimental work is required to determine whether THIK-1 regulates NLRP3 

inflammasome activation in vivo. To first determine if THIK-1 regulates NLRP3 in vivo an LPS, ATP 

intraperitoneal injection model in mice could be used. Using THIK-1 KO and WT control mice, LPS 

followed by ATP could be injected interperitoneally to induce NLRP3 activation and IL-1β release as 

shown in previous studies (290). The peritoneal cavity could then be lavaged and tested by ELISA 

for the presence of cleaved IL-1β. Comparing IL-1β from WT and THIK-1 KO mice would identify 

whether THIK-1 regulates ATP-induced NLRP3 activation in vivo as well as in vitro. 

 

If THIK-1 is found to regulate NLRP3 in vivo, following studies should investigate the relevance of 

THIK-1 to pathology in NLRP3 associated diseases. Following findings in this thesis that THIK-1 

mRNA is upregulated in AD and that NLRP3 has previously been associated with AD pathology (7), 

the role of THIK-1 in AD mouse models could be investigated.  The APP/PS1 transgenic mouse 

model of AD could be a potential model to investigate the role of THIK-1 in AD pathology. NLRP3 

has been found to contribute to amyloid plaque burden, microglial activation and cognitive deficits 

APP/PS1 mice (7). To study the role of THIK-1 in AD pathology, APP/PS1 mice could be crossed 

with THIK-1 KO mice to generate APP/PS1/kcnk13-/- mice. The impact of THIK-1 on amyloid burden, 

microglial activation and cognitive deficits displayed by the APP/PS1 model could then be 

investigated. These experiments would determine whether THIK-1 contributes to NLRP3 associated 

disease pathology in vivo. In addition, these experiments would determine if THIK-1 depletion 

enhances ASC speck formation and release as well as the effect this has on Aβ pathology. The 

results of these studies would provide essential data to aid in determining whether THIK-1 is a viable 

therapeutic target for limiting NLRP3 inflammasome activation in disease.  

 

Following these studies using THIK-1 KO mice, if THIK-1 is found to contribute to NLRP3 activation 

in vivo, selective THIK-1 inhibiting compounds could then be tested in these models. This would 

determine whether THIK-1 is a viable target for pharmaceutical intervention to reduce NLRP3 

induced inflammation in disease.  
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6.5 Summary  

This thesis identifies THIK-1 as a regulator of NLRP3 activation in mouse macrophages and microglia 

in response to the canonical stimuli ATP. Consistent with previous work (23) this work shows the 

formation of ASC specks can occur without downstream activation of caspase-1 and IL-1β cleavage. 

THIK-1 was found to be required for NLRP3 dependent caspase-1 activation and IL-1β release in 

response to ATP. These results demonstrate that multiple K+ channels may be involved in P2X7 

dependent NLRP3 activation and highlight the therapeutic potential of targeting K+ channels to limit 

aberrant NLRP3-induced inflammation in disease. In addition, THIK-1 expression was found to be 

associated with the development of neurodegenerative disease. THIK-1 represents a viable 

therapeutic target for limiting NLRP3 inflammasome activation in peripheral and CNS diseases 
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