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Abstract 

The non-canonical inflammasome (NCI) is a crucial intracellular lipopolysaccharide (LPS) 

sensor and inflammatory activator in the host immune response to bacteria. This caspase-

activating platform indirectly induces secretion of proinflammatory cytokines such as IL-1ꞵ and 

promotes a lytic form of cell death termed pyroptosis. The study of the NCI has mainly 

included the use of macrophages, neutrophils and epithelial cells which have all been reported 

to possess functional NCI activity. However, there are many lymphoid cell populations involved 

in the immune response to bacteria including invariant natural killer T cells (iNKTs), natural 

killer cells (NKs) and CD8+ T cells that so far have not been investigated for NCI activity. In 

this study, we utilised primary cells from mouse spleen and human blood to assess NCI 

activation in NK cells. In the context of intracellular bacterial infection NK cells can utilise their 

known cytotoxic and cytokine producing functions to resolve infection. Overactivation of this 

proinflammatory state in NK cells has been linked to increased sepsis disease severity. 

However, so far the NCI has not been implicated in these responses for NK cells. Our 

preliminary results presented in this thesis demonstrate that both mouse and human NK cells 

express inflammasome related genes at the transcriptional level but that only human NK cells 

are able to fully activate the NCI in response to intracellular LPS transfection through secretion 

of IL-1ꞵ. However, LPS transfection did not induce pyroptotic cell death in NK cells. Only with 

infection experiments using Salmonella Typhimurium could pyroptosis be induced. Further 

work is needed to unravel the cell specific mechanisms underpinning this phenotype. As such, 

our research indicates that lymphoid cell populations merit further investigation in the field of 

inflammasome biology.  
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1.0 Introduction 

Inflammatory diseases affect millions of people worldwide. A potential contributing factor in 

these conditions is dysregulated innate immune responses which can lead to abnormal 

cytokine secretion, sometimes leading to ‘cytokine storm’. In this process a medley of 

inflammatory signals exacerbate the disease state and contribute to autoinflammation and 

chronic disease (1). The key 'player' in this overactivated cell phenotype is the inflammasome 

which drives many inflammatory disease pathologies (2–4). Conventionally, the inflammasome 

is described as an inflammatory caspase-activating platform which allows for processing of 

inflammatory cytokines such as interleukin-1 beta (IL-1ꞵ) and activates an inflammatory, 

protective form of cell death called pyroptosis (5). Pyroptosis is a lytic form of cell death which 

is vital in the immune response to infection. However, overactivation of inflammasomes and 

uncontrolled pyroptosis directly causes increased disease severity, cytokine storm and 

autoinflammation in a whole host of disease conditions including rheumatoid arthritis, lupus, 

sepsis and COVID19 (Figure 1) (2,6–9). Although anti-IL-1ꞵ therapies are a recent 

development in treating aspects of chronic inflammation, (10) it is vitally important that more 

work is undertaken to understand the inflammasome pathway, the inflammatory cell death it 

triggers, and which cell types are especially affected. 
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1.1 Innate immune recognition of danger signals and infection 

Cells have evolved many proteins, termed pattern recognition receptors (PRRs), to sense a 

wide range of cell homeostatic changes, pathogen-associated molecular patterns (PAMPs) 

and danger-associated molecular patterns (DAMPs). They include the C-type lectin receptor 

(CLRs), NOD-like receptors (NLRs), Toll-like receptors (TLRs),  RIG-I-like receptors (RLR), 

and the AIM2-like receptors (ALRs) (11–15). Additionally, guanylate-binding proteins (GBPs) 

have also been recently suggested to be a novel class of PRR (16,17). PRRs recognise a 

range of DAMPs and PAMPs with diverse and unique biochemical properties, ranging from 

lipids, to nucleic acids and proteins, with TLRs and NLRs receiving particular focus. TLRs are 

present at the cell surface and on endosomes and respond to a wide range of extracellular 

and intracellular signals (18). NLRs are found in the cytoplasm and orchestrate the response 

to extracellular and intracellular PAMPs and DAMPs. Crucially, activation of TLRs and cell 

surface cytokine receptors by extracellular cytokines, PAMPs, and DAMPs provide the priming 

signal required for the transcriptional upregulation of many proinflammatory proteins, such as 

inflammasome-related proteins (including inflammatory caspases, cytokines and NLRs) 

(19,20). Recognition of DAMPs and PAMPs by a subset of NLRs and TLRs can activate 

signalling immune platforms called inflammasomes. Each sensor protein is activated by 

specific PAMP/DAMP(s) and can initiate specific signal transduction pathways 

Inflammasomes are subdivided into 2 different types; the canonical inflammasome, which 

activates the signalling protease caspase-1 and the non-canonical inflammasome (NCI), which 

activates the signalling protease caspase-4 and -5 in humans. Common sensor proteins that 

form canonical inflammasomes include NLRP1, NLRP3, AIM2, NLRC4 and Pyrin which each 

respond to different PAMP/DAMPs (5). Both priming at the cell surface and activation of 

sensors in the cytosol are important for full inflammasome assembly, activation and 

subsequent effector function. The NCI inflammasome activation is facilitated by GBPs and is 

specialised in responding to lipopolysaccharides (LPS), one of the most extensively studied 

PAMPs.  

1.2 Lipopolysaccharide (LPS) recognition 

Lipopolysaccharide is a key PAMP and has been studied extensively. LPS recognition 

generates immune responses in various organisms, from plants, invertebrates to higher 

vertebrates (21).  LPS is a conserved component of gram-negative bacteria surface 

membranes and as such is a prominent inflammatory signal that is recognised by most cells in 

the body (22). LPS is very abundant (over 2 x 10^6 molecules/ bacteria) and is the main 

component of the bacterial outer membrane. LPS is composed of 3 chemically unique 

https://paperpile.com/c/PqbXPt/y8cX+KQPb+esgh+3a64+9bPR
https://paperpile.com/c/PqbXPt/xJPC+7z7J
https://paperpile.com/c/PqbXPt/86xO
https://paperpile.com/c/PqbXPt/3vHl+6cXk
https://paperpile.com/c/PqbXPt/L6NJ
https://paperpile.com/c/PqbXPt/07I0
https://paperpile.com/c/PqbXPt/arX9
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structures. The O-antigen is the outer part and is a glycosylated polymer of repetitive 

polysaccharides units. This structure is highly-variable amongst gram-negative bacteria and is 

believed to mediate immune evasions under certain situations. The middle counterpart, the 

core domain, is composed of various oligosaccharide chains that link the third part (lipid A) 

through α-linked 3-deoxy-d-manno-oct-2-ulosonic acid (Kdo). Charges on the sugars present 

in the core domain are believed to be recognised by a few immune receptors (16). Finally, 

Lipid A anchors LPS in the outer bacterial membrane. This domain is highly hydrophobic and 

composed of 5-7 acyl chains, with variations between bacteria subspecies. Lipid A 

modification is a common strategy bacteria use to avoid immune recognition (21). It was 

originally thought that LPS recognition could only take place at the cell surface in a TLR4-

dependent manner (Figure 2).  

 

In this process LPS is bound by LBP (lipopolysaccharide- binding protein) in the extracellular 

space and delivered to CD14 (cluster of differentiation 14) at the plasma membrane which 

trafficks LPS to TLR4. TLR4 exists in preformed dimers that bind the lipid A counterpart of LPS 

in complex with MD-2 (Myeloid differentiation factor 2). TLR4 detection in certain murine 

https://paperpile.com/c/PqbXPt/xJPC
https://paperpile.com/c/PqbXPt/07I0
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backgrounds was found to be protective with TLR4-MD-2 complexes dimerising to allow 

intracellular signal transduction (23). This occurs by two distinct mechanisms. The first occurs 

at the plasma membrane and involves MyD88 directed signalling which induces expression of 

proinflammatory cytokines such as IL-6 (interleukin-6) and TNF⍺ (tumour necrosis factor 

alpha) via NF-ⲕB (24). The second occurs by CD14-mediated endocytosis of the LPS-TLR4-

MD-2 complex and utilises TRIF signalling which induces expression of type-I interferons via 

IRF3 (Figure 2) (13,25). TRIF signalling also contributes to NF-ⲕB signalling however this is 

delayed compared to MyD88. Therefore, LPS can directly promote upregulation of a plethora 

of proinflammatory cytokines. 

In addition, secretion of newly produced type-I interferon by the cell (induced by IRF3) can act 

in an autocrine manner to further induce proinflammatory gene expression by interaction with 

its receptor (IFNAR1) at the plasma membrane (26,27). Therefore, LPS recognition at the 

plasma membrane can elicit a positive feedback loop to boost expression of protective 

inflammatory genes. As a result, pathogens such as Mycobacterium tuberculosis have 

developed mechanisms to prevent this type-I interferon autocrine signalling in order to 

increase bacterial proliferation within the host cell (28). 

Despite this important role for TLR4 in LPS recognition, it is now known that LPS recognition 

can occur in a TLR4-independent fashion. For example, the lipid A moiety of LPS can be 

directly recognised in the cytoplasm by a newly described complex called the NCI (13,29,30). 

Intracellular bacteria proliferate within the host cell by distinct mechanisms (31,32). A well-

characterised example of this is Salmonella. Salmonella invades epithelial cells within a 

membrane structure called the Salmonella-containing vacuole (SCV), utilises a membrane 

bound vacuole, and escapes into the host cytosol where it can hyper-proliferate. Salmonella 

uses a range of effectors that support cellular invasion and intracellular survival (33). Within 

the vacuole, Salmonella hijacks host autophagy chaperone components to supply itself with 

nutrients (34). Furthermore, to aid its growth in the cytosol Salmonella utilises the type III 

secretion system 1 to release SipA prior to escape from the vacuole. SipA enables Salmonella 

to evade host defence mechanisms and replicate in the cytosol upon escape from the vacuole 

(35). In contrast, Shigella flexneri survives and proliferates in the cytosol by quickly exiting its 

vacuole and evades the host immune response by shielding the lipid A moiety of LPS through 

a complex O-antigen modification (36) and various bacterial effectors targeting 

inflammasomes components (37,38).  

Both of these examples illustrate the necessity of the host cell to recognise bacterial LPS 

within the cytosol. Extracellular bacteria, such as E.coli, generate membrane-derived 

https://paperpile.com/c/PqbXPt/CSUb
https://paperpile.com/c/PqbXPt/Yv9X
https://paperpile.com/c/PqbXPt/ktUr+esgh
https://paperpile.com/c/PqbXPt/6zsO+iN2E
https://paperpile.com/c/PqbXPt/HF7w
https://paperpile.com/c/PqbXPt/iR9y+cQSA+esgh
https://paperpile.com/c/PqbXPt/YM3i+VPzR
https://paperpile.com/c/PqbXPt/sKrt
https://paperpile.com/c/PqbXPt/pQQy
https://paperpile.com/c/PqbXPt/gcdS
https://paperpile.com/c/PqbXPt/kPrZ
https://paperpile.com/c/PqbXPt/3dNf+JnGT
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structures called outer-membrane vesicles (OMVs). These LPS-containing vesicles can be 

delivered inside cells and be detected by intracellular immune receptors. This intracellular 

recognition pathway is important in mediating immune responses to infection (39). Thus, the 

canonical inflammasome pathway (extracellular detection) and the non-canonical pathway 

(intracellular detection) are both relevant in the early response to LPS (40,41).  

1.3 The canonical inflammasome 

Intracellular sensor proteins such as NLRP3 (Nod-like receptor protein 3) contain conserved 

domains which allow oligomerisation and recruitment of the adaptor protein ASC (apoptosis-

associated speck-like protein) and the inflammatory caspase-1 (4). Two crucial protein-protein 

interaction domains used to form an inflammasome are the pyrin domain (PYD) (found on 

most inflammasome sensor proteins) and the caspase-activation and recruitment domain 

(CARD). The canonical inflammasome forms when these domains interact by either sensor-

adaptor-caspase complex or sensor-caspase complex. Upon direct or indirect DAMPs and 

PAMPs sensing, inflammasome-activating PRRs oligomerise and recruit ASC. ASC forms a 

large structure called the speck, which allows for the recruitment and activation of caspase-1. 

The NLRP3 inflammasome is an example of a sensor-adaptor-caspase complex (Figure 3) 

(42). The purpose of these multi-protein complexes is to provide a platform for inflammatory 

caspase activation by proximity-induced activation (43). Caspases are cysteine proteases that 

cleave proteins after aspartic acid residues. Inflammatory caspases exist as zymogen 

caspases (caspase-1/4/5/11) and consist of a CARD domain, a large subunit (p20) and a 

small subunit (p10) as shown in Figure 3 (44,45).  

Upon recruitment to the inflammasome complex via CARD-CARD interactions, caspase-1 

proteins proteolytically cleave each other, releasing the CARD domain, to generate 

catalytically active caspases (p33/p10 form) (46) . These mature caspases can then cleave 

downstream targets such as the pore-forming protein Gasdermin-D (GSDMD) and cytokines 

such as pro-IL-1ꞵ and pro-IL-18 (5,47). The N terminal mature form of GSDMD oligomerise 

and form pores in the plasma membrane to induce pyroptosis. The pore also allows release of 

mature IL-1ꞵ and IL-18 which can signal to surrounding cells and induce a proinflammatory 

phenotype (47,48). Pyroptosis is characterised by cell swelling and subsequent plasma 

membrane rupture regulated by the protein Ninjurin-1 (Ninj1) which is necessary for the final 

membrane rupture stage of pyroptosis. Macrophages from Ninj1 knockout mice exhibit 

increased cell swelling and impaired membrane rupture. In addition, a lack of Ninj1 is 

associated with increased susceptibility to bacterial infection in mice highlighting the 

importance of pyroptosis in host defence (49). 

https://paperpile.com/c/PqbXPt/KLFN
https://paperpile.com/c/PqbXPt/cJaC+0cql
https://paperpile.com/c/PqbXPt/nEZM
https://paperpile.com/c/PqbXPt/Q3xU
https://paperpile.com/c/PqbXPt/8oEL
https://paperpile.com/c/PqbXPt/KNPC+jxIc
https://paperpile.com/c/PqbXPt/8Mk0
https://paperpile.com/c/PqbXPt/sSyB+L6NJ
https://paperpile.com/c/PqbXPt/sSyB+p89C
https://paperpile.com/c/PqbXPt/VIks
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1.4 The non-canonical inflammasome (NCI) pathway 

The NCI specifically senses intracellular LPS either on the surface of intracellular bacteria with 

the assistance of interferon-inducible guanylate-binding proteins (GBPs) or by recognising free 

LPS in the cytosol (16,29,50).  Free LPS can be delivered to the cell cytosol through release of 

LPS-containing OMVs by bacteria, which activate caspase-11 in the cytosol (39). Caspase-11 

in mice and caspase-4 and 5 in human are the inflammatory caspases specifically activated by 

the NCI and are activated in the same way as caspase-1: by proximity-induced dimerisation 

that mediates auto-cleavage to generate catalytically active proteases (in this case the 

p32/p20 form by cleaving between the p20 and p10 subunits) (51).  

Currently, the mechanism of assembly of the NCI is not fully understood but GBPs are thought 

to be important in early NCI formation and are suggested to be the intracellular LPS sensor 

along with caspase-4 and 5 (caspase-11 in mice). GBP genes are directly upregulated as a 

consequence of interferon gamma (IFN-γ) priming or signalling and thus follow the dogma 

associated with inflammasome activation where priming is thought to be required (50). 

Interferon-inducible GBPs have been shown to be crucial for host immunity to infection and 

https://paperpile.com/c/PqbXPt/iR9y+xJPC+XDKk
https://paperpile.com/c/PqbXPt/KLFN
https://paperpile.com/c/PqbXPt/bZmU
https://paperpile.com/c/PqbXPt/XDKk
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genetic deletion of GBP genes in mice has been shown to increase susceptibility to bacterial 

pathogens (50,52). In addition, GBPs have been reported to release bacteria hiding in 

pathogen-containing vacuoles into the cytosol and form a multi-protein platform on the 

bacterial surface consisting of a hierarchical network of GBP proteins (17). Furthermore, 

human GBP1 has been shown to directly bind LPS and thus acts as a sensor of intracellular 

bacterial infection. This binding of GBPs to LPS is thought to disrupt the bacterial surface coat 

and allow caspase-4 (or 11) recruitment and subsequent LPS binding and caspase activation 

(16). In infection, GBPs have been shown to lyse Salmonella-containing vacuoles to expose 

the bacteria to the cell cytoplasm (53). However, in contrast to canonical inflammasome 

activation, caspase-11 (as well as caspase 4 and 5 in human) has been shown to bind LPS, 

specifically the lipid A region, without the need for a sensor or adaptor protein (25,29).  

This suggests a distinct mechanism must exist for NCI oligomerisation and activation. 

However, the effect of caspase-11 auto-cleavage is very similar to caspase-1. It has been 

reported that NCI activation is sufficient to induce pyroptosis in the absence of caspase-1 and 

that caspase-11 can directly cleave GSDMD to trigger pyroptosis (Figure 4) (54,55). However, 

the ability of caspase-4 and 5 (or 11) to directly cleave proinflammatory cytokines remains 

contentious and it is widely accepted that it instead induces IL-1ꞵ processing indirectly via the 

canonical inflammasome. The accepted mechanism is that caspase-mediated cleavage (4, 5, 

or 11) of GSDMD triggers potassium efflux that activates the NLRP3 inflammasome which in 

turn results in caspase-1 dependent cleavage of proinflammatory cytokines including IL-1ꞵ 

and IL-18 (Figure 4) (56). 

Caspase-4 is also able to cleave IL-18 directly, and thus (in combination with caspase-1 

cleavage of IL-18) stimulate IFN-γ production which is necessary to control intracellular 

bacterial infection. Caspase-1 knockout mice exhibit lower IL-18 secretion and subsequent 

reduction of IFN-γ levels in the blood which makes them more susceptible to intracellular 

bacterial infection (57,58). In the context of mucosal immunity, caspase-4 mediated IL-18 

cleavage is important to control bacterial pathogens by enabling recruitment and activation of 

natural killer cells (NK cells) to the site of infection (59). IL-18 secretion promotes adaptive 

immune responses by boosting Th1 responses through activation of CD8+ T cells. IL-18 also 

acts on NK cells, increasing surface expression of the cell death ligand FasL and enabling the 

secretion of IFN-γ. Furthermore, bacteria have developed effectors that specifically target 

caspase-4 to enable survival in the gut epithelium. Shigella flexneri utilises the effector OspC3 

to directly inhibit caspase-4 activity characterised by an inability to induce pyroptosis and thus 

allowing Shigella to proliferate within epithelial cells of the gut (60). This effector is believed to 

directly modify caspase-4 and -11 (38). Shigella has also been described to use an E3 

https://paperpile.com/c/PqbXPt/jWSK+XDKk
https://paperpile.com/c/PqbXPt/7z7J
https://paperpile.com/c/PqbXPt/xJPC
https://paperpile.com/c/PqbXPt/pw7m
https://paperpile.com/c/PqbXPt/iR9y+ktUr
https://paperpile.com/c/PqbXPt/3Oea+5LdK
https://paperpile.com/c/PqbXPt/l52b
https://paperpile.com/c/PqbXPt/ImAO+O6Yv
https://paperpile.com/c/PqbXPt/qEOb
https://paperpile.com/c/PqbXPt/cZZk
https://paperpile.com/c/PqbXPt/JnGT
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ubiquitin ligase to target GSDMD and GBPs for degradation and thus prevent pyroptosis and 

bacterial release from the cell (37,61). Activation of caspase-11 and caspase-1 has also been 

shown to restrict growth of Salmonella within the cell independantly of pyroptosis (62).  

Caspase-5 activation is less understood but has been shown to have a role during infections 

(63). Caspase-5 cleaves GSDMD and IL-1⍺ (64).  

 

 

The NCI is thought to have both protective and detrimental effects during bacterial infection. In 

most cases activating this inflammasome is vitally important in clearance of bacterial infection. 

However, caspase-11 activation can be damaging to the host in the absence of caspase-1 

activity and cleavage of downstream proinflammatory cytokines (65). Furthermore, caspase-11 

has been linked to increased disease severity in the context of sepsis and is thought to exhibit 

different cell-type specific roles (66). Other proteins are thought to contribute to this such as 
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high mobility group box 1 (HMGB1). HMGB1 has been reported to be required for caspase-11-

dependent lethality in sepsis by delivering LPS into the cytosol for caspase-11 recognition and 

subsequent activation (67).  

1.5 The non-canonical inflammasome pathway in macrophages and neutrophils 

Inflammasomes are present in many specific cell types. However, the main research focus has 

surrounded myeloid cells such as macrophages and neutrophils. Initial papers discussing 

intracellular LPS recognition by caspase-1 and IL-1β secretion through GSDMD pores used 

macrophages in their experiments. Furthermore, GBPs have been shown to lyse SCVs and 

release bacteria into the cytoplasm in epithelial cells (30,48,53). Interest has grown into NCI 

functions in neutrophils in recent years due to their ability to release neutrophil extracellular 

traps (NETs) and induce a neutrophil-specific form of cell death called NETosis in response to 

intracellular LPS (68). NETs are DNA-based structures that capture bacteria to allow 

clearance by other immune cells. NETs are thought to have a positive role in bacterial 

clearance in the context of sepsis (69). However, studies have reported that overactivation of 

NETosis and reduced clearance of NETs contribute to autoimmunity, tissue damage and 

sepsis severity (70,71). Furthermore, overactivation of the NCI is directly linked to this 

phenotype and inhibition of GSDMD is reported to alleviate the disease severity associated 

with sepsis (68,72). This overactivation is thought to be worsened by type-I interferon 

dependent upregulation of caspase-11 and GSDMD (8). 

1.6 The non-canonical inflammasome pathway in epithelial cells.  

Over recent years, functions of the NCI have emerged as central to control gram-negative 

bacteria infections in epithelial cells. During infections, epithelial cells are amongst the first cell 

types to encounter bacteria and are often the point of entry into the body (73). Following 

epithelial cells infection, many gram-negative bacteria can access the cytosol where their LPS 

is detected by GBPs and elicit the formation of the NCI (16,17). In murine and  humans, 

caspase-4/11 activation in these cells is important to decrease bacterial burden in a GSDMD-

independent manner (62). In epithelium, caspase-4 activation leads to pyroptosis and to the 

maturation and secretion of IL-18. NCI is also promoting the extrusion and death of infected 

cells from the epithelium, promoting bacterial clearance (74). Caspase-4 activation has been 

reported in the gut, the skin and the lung epithelium and restrict pathogens proliferation 

(16,17,75,76). Research has mostly  focussed on inflammasome activity in the gut epithelium. 

It has been reported that intestinal epithelial cells express most inflammasome components 

and that inflammasome activity in these cells is important for tissue homeostasis. However, 

the role of inflammasomes in pathogen exposure in the gut is not fully understood with reports 
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of delections of inflammatory caspases being both beneficial and detrimental depending on the 

study (77). The NAIP-NLRC4 canonical inflammasome has been linked to expulsion of 

epithelial cells of the gut during Salmonella infection as a necessary compromise to maintain 

epithelial cell barrier function (74). 

During Burkholderia thailandensis infection of epithelial cells, the NCI restricts the formation of 

large multinucleated cells, limiting pathogen proliferation (78). NCI also reduces bacterial 

spreading by controlling cell-to-cell spreading of pathogens such as Shigella and Burkholderia 

(61).  

Epithelial cell expulsion and NETosis are good examples that inflammasome activation has 

different tissue and cell-type specific functions. As such it would be worthwhile to examine NCI 

activity in other cell types. 

1.7 The innate lymphoid cell family 

Although macrophages and neutrophils are a key component of innate immune responses 

during bacterial infection, both having the capacity to induce early effector responses, 

including cytokine release via the NCI, it is interesting to speculate as to the role of other less 

well characterised cells. Indeed, in the last decade it has been shown that rather than 

lymphoid lineage cells only forming an adaptive response (B cells, CD8+ T cells, Th1, Th2, 

Th17 cells) that there is a complex innate lymphoid cell family that participates in the innate 

immune network (79). The founding member of these ‘innate lymphoid cells’ (ILCs) was 

actually identified in 1975 as the natural killer (NK) cell, as CD3-CD56+ in human and NK1.1+ in 

mouse (80). Initially, NK cells were thought to exist as cytotoxic cells, expressing killer-cell 

immunoglobulin-like receptors (KIRs) to first detect and then eliminate pathological (infected or 

cancerous) cells. Their cytotoxicity was shown to derive from the release of anti-microbial 

components such as perforin, granzyme A and granzyme B. However NK cells also rapidly 

and robustly release large quantities of proinflammatory cytokines (81). 

Since the publication of a number of articles in and around 2010 (82–84), it has become clear 

that NK cells exist in a developmental network with the potential to produce different types of 

ILC depending on the host insult . Thus, it is now thought that ILCs constitute both cytotoxic 

and non-cytotoxic cell types. They are classified into three sub-groups termed type 1, 2 and 3 

innate lymphoid cells (ILC1s, ILC2s and ILC3s) which are thought to roughly mirror the 

function of their adaptive immune system counterparts T helper type 1 (Th1), T helper type 2 

(Th2) and T helper 17 (Th17) cells respectively (85,86). This classification has been attributed 

to their similar cytokine profiles and functionality. Under this nomenclature, type 1 ILCs 
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constitute cytotoxic NK cells and cytokine-secreting ILC1s, with evidence currently lacking as 

to whether this represents a continuum of cell states or two distinct lineages (87). ILC1s are 

thought to secrete IFN-γ and TNF⍺ like and be important in intracellular bacterial and viral 

infections, but also with a possible role in anti-tumour responses. ILC2s secrete IL-4, IL-5, IL-9 

and IL-13 like Th2 cells and have been implicated in helminth infection, tissue repair and 

allergy (88–91). Finally, ILC3s are characterised by their secretion of IL-17A cytokine like Th17 

cells and are involved in extracellular antibacterial immunity, chronic inflammation, and in 

autoimmune diseases such as multiple sclerosis (85,92).  

The defining features of this family of ILCs, distinguishing them from T cells and other innate 

cell populations, are an inability to directly recognise both danger signals (PAMPs and 

DAMPs) and peptide antigen due to the lack of PRRs and TCR (T-cell receptor) on their cell 

surface. These cells also lack the expression of any other mature cell surface markers, and 

are therefore often defined as lineage negative (Lin-) (93). It has been shown that ILC 

development derives from a shared Id2+ (DNA-binding inhibitor 2) progenitor cell that is distinct 

from T cell development, with differentiation occurring both in the adult bone marrow and foetal 

and adult thymus (94,95). In addition, rather than constantly circulating via the blood and 

lymph like conventional T cells, they largely differentiate directly in tissues. Indeed, they have 

been identified in most tissues in both mice and humans, including skin, liver, lung, fat, 

intestine, and tonsil (96). It is thought that this tissue network allows an immediate response to 

epithelial-derived ‘inducer’ cytokines, IL-15 and IL-18 (ILC1s), IL-25 and IL-33 (ILC2s), and IL-

23 (ILC3s) that then promote ILC proliferation and rapid secretion of large quantities of 

appropriate cytokine (92,97–100). 

Although a growing number of mouse models allows us to more easily dissect the 

development, relatedness, and function of ILC1s versus NK cells, alongside the other ILC 

family members, the relationship between these cell types in humans is less well understood. 

Subsets of NK cells (human CD56bright) that are non-cytotoxic and instead produce large 

amounts of IFN-γ like ILC1s have been identified, with recent and detailed flow cytometric 

analysis revealing three different populations of NK-related cells (conventional NK cells, 

Nkp44+CD56+, intraepithelial ILC1s, Nkp44-CD103+, and helper ILC1s, Nkp44-, non-cytotoxic) 

(101,102). However, the ability of mixed populations of NK cells to become cytotoxic and 

produce granzyme and perforin (human CD56bright NK cells) has hampered their classification 

as ILC1s despite expression of cell surface cytokine receptors and a shared IFN-γ secretory 

phenotype (103). Thus, the dual functionality of NK cells (cytotoxic and proinflammatory 

cytokine producing) makes them an interesting cell type to study other mechanism of innate 
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responses in, particularly as they are so critical to the host response in viral and intracellular 

bacterial infection (104–106). 

1.7.1 Natural killer (NK) cell development 

As mentioned previously, it is still unknown as to the exact developmental relationship 

between conventional or ‘cytotoxic’ NK cells and ‘helper’ or cytokine-producing ILC1s. In mice, 

data suggests the initial site of ILC1 development to be the bone marrow, with immature cells 

being released for further maturation stages in sites such as the liver (87). A number of recent 

reports using multi-colour transcription factor reporter mice have identified a working paradigm 

by which ILC development, requiring GATA3 at a very early stage, derives from an 

haematopoietic Id2+ ILC progenitor cell. It is suggested that pre-NKPs and refined NKP stages 

diverge towards immature NK cells from this ‘ILCP’, however it is unclear if this is the only 

developmental pathway since deficiencies in GATA3 still allowed for some mature NK cells 

(85,94,107) . 

Initial commitment to the immature NK cell lineage has been linked to the expression of NK1.1, 

CD122 (IL-15 receptor), and KIRs (CD94/NKG2D and Ly49), with expression of CD11b, 

CD49b, and a downregulation of CD27 also being required at later stages (108–110). 

Furthermore, downstream commitment to either ILC1 or NK cell is thought to be dependent on 

two master transcription factors, Tbet and Eomes (Eomesdermin homolog), with T bet (T-box 

transcription factor) expression found in both cell types, and Eomes found only in NK cells 

(111). Although the relationship between these two proteins is complex, overexpression of 

Tbet in mice gave an increase in Eomes- NK/ILC1s, whilst ectopic overexpression of Eomes 

led to expansion of the Eomes+ conventional NK cells (112). In addition, deletion of Eomes 

under the control of Vav-Cre led to a significant reduction in cytotoxic NK cells, whereas Tbet-/- 

mice appear to prevent ILC1 development in the bone marrow (113,114). 

In humans it has been suggested by Mjosberg et al (2018) that three distinct lineages of 

mature ILC1s exist (conventional NK cells, intraepithelial ILC1s, and helper ILC1s) (102). 

However, lineage commitment of these subsets is unclear as in vitro experiments suggest 

human ILCs to be highly plastic. For example, data suggests that ILC2s and ILC3s may both 

have the ability to downregulate GATA3 and RORgammat, respectively and upregulate NK 

cell-related functions (115,116). Exposure of human NK cells to a cocktail of interleukins and 

type-I interferons furthers their differentiation via JAK/STAT signalling cascades (117). In 

humans CD56bright NK cells are suggested to further develop into mature CD56dim NK cells that 

express CD16 and exhibit a more cytotoxic phenotype characterised by granzyme and perforin 

production (101,117). Thus further work is needed on human NK and ILC1 populations. 
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1.7.2 NK cell function 

NK cells have wide ranging functions from antiviral responses to their use as a potential 

antitumor immunotherapy (106,118,119). NK cells are experts of immune surveillance and 

patrol the body for signs of cell stress and infection. They express a variety of cell surface 

proteins that bind to markers of cell stress on neighbouring cells. One example is NKG2D 

which binds to a whole host of cell surface glycoproteins that indicate if a cell is undergoing 

stress or is infected with a pathogen. Upon binding to one of its ligands, NKG2D can elicit 

cytotoxic effects of NK cells. However, other costimulatory molecules are required or 

accessory cytokines such as IL-2 or IL-15 for full NK cell activation (120). IL-2, IL-15 and IL-18 

are well documented to activate NK cells and encourage maintenance and proliferation 

(121,122). NK cell receptor-ligand interactions induce granzyme and perforin release which 

can trigger apoptosis of the target cell (123). Due to their impressive cytotoxic effects and IFN-

γ production, interest has grown in developing them as a potential immunotherapy to target 

tumours (103,119). In addition, neutralising antibodies against HIV have been developed to 

allow NK cell mediated killing through antibody dependent cellular cytotoxicity (ADCC) (118). 

Evidently, NK cells are crucial for immune protection against infection and destruction of 

transformed or stressed cells. Research into their antitumor function is ongoing to assess their 

potential use as a cancer immunotherapy. 

1.7.3 The role of lymphoid cells in bacterial responses 

Currently, most of the research into the NCI is conducted using cell lines, macrophages, 

neutrophils and epithelial cells. However there are many other cell types that are important in 

the host response to bacterial infection that have not been shown to possess active NCI. NK 

cells have been shown to produce inflammatory cytokines in the context of bacterial infection, 

mainly through secretion of IFN-γ (124). IFN-γ is reported to be protective in bacterial infection 

and depletion of NK cells prior to induction of sepsis in mice resulted in higher bacterial burden 

and lower macrophage phagocytic activity (125,126). This phenotype could be observed in 

Shigella infection of mice lacking NK cells and other lymphoid cell populations including B and 

T cells with IFN-γ playing a crucial role again in protection (104). Interestingly, overactivation 

of NK cells and subsequent excessive IFN-γ production is known to drive sepsis, indicating the 

potential downside of NK cell activity during infection (127). Some lymphoid populations have 

killer functionality which can be utilised in bacterial infection. CD8+ T cells can kill cells 

infected with intracellular bacteria and even directly kill Mycobacterium tuberculosis through 

secretion of granulysin (128). Furthermore, innate T cells are thought to respond early on in 
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bacterial infection and facilitate clearance of bacteria from infected tissue (129). Removal of 

one type of innate T cell, invariant natural killer T cell (iNKT), has been shown to increase 

susceptibility to bacterial infection. The ability of iNKT cells to release IFN-γ or IL-4 depending 

on the type of bacterial infection exhibits their inherent diversity among subsets and their 

importance during early immune responses (130). Early studies identified the expansion of 

innate T cells, specifically gamma-delta T cells (γδ T cells) upon injection of bacteria in mice 

(131). Their ability to respond to intracellular bacterial infection has since been reported 

including their ability to respond to Mycobacterium tuberculosis infected cells by secretion of 

granzyme A (132). 

In summary, there are several cell types that contribute to immune responses against invasive 

bacteria (133). Inflammasome activity in many of these cells is currently poorly characterised. 

As such it is important to establish whether inflammasome activation in these cells can 

contribute to bacterial clearance, or be disadvantageous and contribute to disease phenotypes 

including sepsis. NK cells are currently believed to express no functional inflammasome and to 

mediate inflammatory responses only downstream of inflammasome activation in myeloid and 

epithelial cells (134,135).  

1.8 Project outline 

We hypothesised that lymphoid cells could express functional NCI components in the context 

of cytosolic LPS delivery or during intracellular bacterial infection. To test this hypothesis, initial 

work focussed on analysing existing RNA-sequencing data to find promising candidate cell(s) 

expressing inflammasome components for further experiments. After an appropriate cell type 

was selected the decision was taken to examine NCI activation in both primary human and 

mouse cells. For physiological relevance, we conducted human work using fresh blood-

isolated immune cells. Work with primary mouse cells brought with it the opportunity to 

examine the NCI pathway in primary tissue-resident cell populations (liver) which would not 

have been possible for human studies. In addition, due to the different NCI caspases present 

between mouse and human (caspase-11 in mice, caspase-4 & 5 in human) and differences in 

GBPs expression (7 GBPs in human, 11 in mice), we hypothesised the existence of species 

specific activity. Furthermore, humans express IL-37, an anti inflammatory IL-1 family cytokine 

that is cleaved by caspases which could provide a species specific target for the NCI in 

lymphoid cells (47).  
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2.0 Materials and methods 

Details of the materials used are listed in Supplementary tables 1, 2 and 3. 

2.1 Animals 

All mice were bred in specific pathogen free conditions in the BSF facility, at the University of 

York. Mice were matched for age, sex, and background strain and all experiments were 

conducted on surplus tissue, with the approval of the local AWERB committee, and under 

license with the UK Home Office. C57BL/6J are referred to as ‘wild type’ (WT) mice in figures. 

Fgd5ZSGreen/+ were from Jackson Laboratories and originally generated and described by Gazit 

R. et al (2014), and were backcrossed onto the C57BL/6J strain. WT mice were maintained in-

house (136). 

2.2 Mouse tissue and processing 

Following dissection, spleen was compressed through 70 u filter membranes, which were 

washed with 1xPBS/2%FCS (foetal calf serum), to achieve a single cell suspension. Cells 

were centrifuged at 300g for 5 mins and the pellet resuspended in RBC lysis buffer 

(ammonium chloride, 5 mins, r.t.). Final resuspension, following centrifugation, was in 

1xPBS/2%FCS. Cells were then used for cell purification either by FACS or by negative 

magnetic bead separation (EasySep, STEMCELLTechnologies), according to manufacturer’s 

instructions) For bead separation single spleen samples were pooled to attain sufficient 

numbers of output cells and were from that point treated as one biological replicate (n=1). This 

method was used for all 14 hr treatments and 3 hr priming plus 5 hr treatment experiments 

unless otherwise stated in the figure legend. 

For fluorescence-activated cell sorting, murine NK cells (CD45+lineage-NK1.1+) and 

macrophages (CD45+CD3-CD11bhigh) were sorted into 1xPBS/50%FCS by FACS. 7AAD 

(Invitrogen) was used as a live/dead stain. Compensation beads (Invitrogen) were used for 

single stain controls. Antibodies used were against the following molecules: 'lineage’ (CD4, 

GK1.5, CD8a, 53-6.7, CD19, eBio1D3, CD11c, N418, Gr1, RB6-8C5, FceR1, MAR-1) 

conjugated to PECy7, CD45 (clone 30F11) conjugated to Alexa700, CD11b (clone M1/70) 

conjugated to BV510, CD3 (clone 145-2C11) conjugated to PE, and NK1.1 (clone PK136) 

conjugated to BV421. Following sorting, cells were either plated at the stated density or 

prepared for qPCR (quantitative polymerase chain reaction). 
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2.3 Human donors and tissue processing 

Up to 36 ml blood was taken from healthy human donors anonymously, with the approval of 

the Biology Ethics Committee, University of York (reference DB202111). No details of age, sex 

or lifestyle were recorded except for details about current medication which was shared at the 

discretion of the donor. For initial experiments each donor was assigned a unique letter (e.g. 

A, B). For later experiments this was substituted for a character code with the format D000 and 

recorded by the blood collection team. To ensure no overlap in donors between the two 

naming systems and prevent donor duplication, they were analysed separately for data 

presentation. Blood was collected in a heparin coated tube containing 2mM EDTA to prevent 

coagulation. 

Human NK cells and neutrophils were purified either directly from human blood using magnetic 

separation negative selection kits (EasySep, STEMCELL Technologies) or from PBMCs 

obtained by Ficoll separation and subsequent magnetic separation using negative selection 

kits (EasySep, STEMCELL Technologies, according to manufacturer’s instructions using 

DPBS/2%FBS/2mM EDTA as a diluent). When necessary, PBMCs were differentiated to 

macrophages for downstream functional assays. Briefly, after Ficoll separation PBMCs were 

plated in HMDM media (RPMI1640 (Gibco)/10%FBS/1%Penicillin/Streptomycin and 1% 

glutamine with Macrophage-Colony stimulatory factor 1 (M-CSF1 (Proteintech); 50 ng/ml)) in a 

sterile dish (non-tissue culture coated) for 1 week. On day 6 of differentiation, cells were 

harvested with a 16G needle in cold sterile DPBS and replated at a concentration of 25,000 

cells per well in tissue-culture coated 96-well plates in HMDM media. 

Between 50,000 – 150,000 whole blood cells or PBMCs were taken prior to the separation 

step to act as a comparison. After separation neutrophils and NK cells from all donors were 

assessed for purity, based on the percentage of CD45+ (clone X, conjugated to X) cells that 

were expressing neutrophil or NK cell markers (CD11b, clone X, conjugated to FITC or CD56, 

clone X, conjugated to FITC). For mice only NK cells NK1.1 was used to check purity. 7AAD 

was used as a live/dead control. Samples were run on BD Fortessa, CytoFLEX S or CytoFLEX 

375 and analysed in FlowJo or CytExpert softwares. 

Cells were eventually resuspended at 50,000-200,000 NK cells per well in a 96 well or 12 well 

plate with either Opti-MEM alone or X-VIVO15 plus IL-2 (100ng/ml). X-VIVO15 plus IL-2 was 

used in later experiments as it was found to increase cellular viability. Neutrophils were 

seeded in a 12-well plate at 1 x 106 cells/well in Opti-MEM (Gibco) +Aprotinin 1µg/ml (Sigma). 
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2.4 Human NK cell expansion and Salmonella infection 

Following magnetic separation NK cells were plated for expansion in non-tissue culture treated 

6-well plates at 1 x 106 cells per well. 2 hrs prior to seeding, plates were coated as per 

manufacturer’s protocols (STEMCELLTechnologies, Immunocult). Cells were seeded in an 

appropriate volume of Immunocult base media and supplement and allowed to expand for 14 

or 28 days. After expansion, cells were re-seeded in 96 well plates in 100μl of Immunocult 

media (50,000 cells per well). When used directly, NK cells were resuspended in X-VIVO15 

medium (Lonza) supplemented with IL-2 (100 ng/mL). 

Salmonella typhimurium serovar ST4174 was grown overnight in 3ml LB media at 37°C, 220 

rpm in a shaking incubator. After overnight incubation, bacteria were diluted 1 in 40 with LB 

and incubated for 2.5 hrs at 37°C, 220 rpm shaking to get late log phase Salmonella. Bacteria 

were then centrifuged at 1800 g for 2 mins at room temperature (RT) and washed with DPBS. 

For stationary phase Salmonella, the sample was not diluted and used directly after the 

overnight growth culture. For optical density (OD) measurement samples were diluted 1 in 10 

with sterile DPBS and OD measured at 600 nm. All experiments used Salmonella with a 

multiplicity of infection (MOI) of 50 by adding 10 - 40 µl of bacteria per well (depending on 

volume of cell culture media). After 1 hour of incubation with NK cells, gentamicin was added 

at 20 µg/ml to kill extracellular bacteria. The plate was then incubated for a further 4 hours at 

37°C 5% CO2 and cells were prepared for analysis in the LDH assay. 

2.5 Cell priming and treatment 

Following mouse or human cell preparation, priming was undertaken in 96 well plates for a 

minimum of 3hrs where culture media was supplemented with ultrapure LPS EK (Invivogen, 

100 ng/ml) or 16hrs for IFN-γ (Abclonal Biotechnology, 10 ng/ml). Cells were incubated at 

37°C 5% CO2. 

VX-765 caspase inhibitor was added (50 μM) for 30 mins prior to other treatments to allow 

effective inhibition of caspases to occur. For treatments cells were used in serum-low or serum 

free media (Opti-MEM or X-VIVO15) to reduce serum interference. For macrophages, cells 

were resuspended in Opti-MEM for 5hr treatments to reduce serum interference. 

In most instances following priming, cells were either prepared for qPCR experiments directly 

or treated with lipofectamine LTX only (Invitrogen, 1 in 40 in Opti-MEM) or lipofectamine plus 

ultrapure LPS EK (10 ug/ml in Opti-MEM, vortexed for 30 seconds, lipofectamine added for 10 
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mins, r.t.). Lipofectamine only and lipofectamine plus LPS transfection mixes were added to 

cell plates at a 1:10 dilution by slowly pipetting across the surface of the well with 

centrifugation at 500g room temperature for 5 minutes. For untreated cells, Opti-MEM was 

added at an equal volume to other cell treatments. For extracellular LPS treatment, ultrapure 

LPS was diluted 1 in 40 with Opti-MEM, vortexed for 30 seconds and added to the cell plate at 

a 1 in 10 dilution. Cells were incubated at 37°C 5% CO2 for 5-14 hrs as detailed in the figure 

legend. 

2.6 RNA extraction, cDNA preparation, and quantitative PCR 

Wells containing cells were gently resuspended and transferred to microcentrifuge tubes for 

RNA extraction (Arcturus Picopure RNA isolation kit, following manufacturer’s instructions). If 

cells were still adhering to the plate, 100 μl of trypsin was added to each well, incubated at 

37°C for 10 - 15 minutes, quenched with an equal volume of DPBS/2% FBS and cells 

subsequently removed. Samples were stored at -80°C before later being isolated (Arcturus 

Picopure RNA isolation kit), with the addition of a DNAse I treatment (Qiagen RNase-free 

DNase set). Following RNA isolation cDNA was immediately synthesised according to 

manufacturer’s instructions (Invitrogen, superscript IV). For qPCR all samples were run in 

triplicate using Taqman primers against specified targets (Supplementary Table 3). Gapdh 

was used as the housekeeping gene for both mouse and human samples and values were 

normalised using the delta Ct (ΔCt) method. Data was expressed as fold change. 

2.7 Lactate Dehydrogenase (LDH) assay 

Lactate Dehydrogenase (LDH) was used to measure lytic death using the LDH cytotoxicity 

detection kit according to manufacturer instructions (Takara). For functional assays a few wells 

were selected for 100% cell lysis controls. To control wells, 4 μl of Triton (10%) was added to 

lyse cells and provide a reference control. The plate was incubated for 5 - 10 minutes at 37°C. 

15 - 20 μl of supernatant was removed to a new plate for LDH assay. LDH substrate was 

prepared as per manufacturer’s protocol (substrate plus catalyst). In each experiment control 

wells were included that contained media only. An equal volume of the newly made substrate 

was added to each well (15 - 20μl) and allowed to incubate at room temperature in the dark for 

10 - 15 minutes or until 100% lysis control wells exhibited a prominent colour change. 

Subsequently an equal volume of stopping solution was added to each well (15 - 20μl 1M 

HCl). The plate was immediately read by spectrophotometer and absorbance measured at 490 

nm and 650 nm. For analysis, the absorbance values at 650 nm were subtracted from the 

absorbance values at 490 nm to normalise background. In addition, absorbance values were 
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normalised to the media only wells. Values were expressed as a percentage of the 100% lysis 

control average (% LDH release to control). 

2.8 IL-1𝛃 Enzyme-Linked Immunosorbent Assay (ELISA) 

To measure IL-1β release, IL-1β ELISA detection kit (Invitrogen) was used. ELISA plates 

(high-affinity binding plate, Greiner) were treated with IL-1β capture antibody (in coating buffer, 

as per manufacturer’s instructions, Invitrogen) at 4°C for a minimum of 16hrs prior to 

experiment. Antibody was discarded and the wells washed with 1xPBST (Phosphate buffered 

saline +0.05% Tween). Wells were then blocked for 1 hour at room temperature (ELISPOT 

diluent, Invitrogen). Blocking buffer was then removed and IL-1ꞵ standards (2000 pg/ml or 150 

pg/ml starting concentration) added in duplicate, with a 2/3 serial dilution over 12 wells. 40 μl 

of supernatant was added to the ELISA plate with media alone as a control (note for 

macrophage and neutrophils supernatant was diluted to ensure measurements were kept in 

the range of the standard curve and 40 μl added). The ELISA plate was sealed and incubated 

at 4°C overnight. Samples were then discarded and plate washed with 1xPBST.  

Detection antibody was added (in ELISA diluent, according to manufacturer’s instructions) and 

incubated at room temperature for 1 hour. Following washing, the plate was incubated with 

avidin-HRP (according to manufacturer’s instructions) for 30 minutes at room temperature. 

After a final wash 40 μl of TMB solution (HRP substrate) was added and allowed to develop at 

room temperature until 2/3 of the standards exhibited a colour change. 20 μl of stop solution 

was then added (1M sulfuric acid) and absorbance measured at 450 nm. For analysis sample 

absorbance values were normalised to media only wells and standard curve generated in 

pg/ml to which all samples were compared and then multiplied by dilution factor. 

2.9 Sample preparation and western blot analysis 

Protein was concentrated from cell supernatant samples by methanol-chloroform precipitation. 

Methanol (100%) was added in a 1:1 ratio followed by chloroform in a 1:3 ratio to  the 

supernatant/methanol mix. Samples were vortexed and centrifuged at 15,000g for 10 mins, r.t. 

The upper phase was discarded, 1.6x volume of methanol added, vortexed, centrifuged 

(15,000g 10 mins, r.t.), supernatant discarded, and the pellet allowed to air dry for 30 mins. 

Subsequently, the pellet was resuspended in 25µl of Nupage 1X SDS lysis buffer (2% SDS, 

66mM Tris pH 7.6). 

Cells were lysed directly in the wells of the cell culture plate with 25µl per well of boiling 

Nupage 1X SDS Lysis buffer and extracted with thorough scraping. Some samples were 

prepared by pooling lysates and supernatants together. This was performed by lysing cells in 



 

28 

preheated supernatant Nupage mix. Cell supernatant and lysate were frozen at -80°C for later 

use. 

Prior to SDS-PAGE analysis, samples were heated to 95°C for 5 mins, vortexed and 15 µl 

loaded on 12% or 15% polyacrylamide gels for electrophoresis without quantification. Samples 

were run at 150V for 60 - 90 minutes. Following electrophoresis, samples were transferred to 

nitrocellulose membranes by semi-dry transfer (TransBlot turbo 7mins, 25V, 2.5A). 

Membranes were blocked in 5% milk in TBST for 30mins on a shaker and stained with primary 

antibody in 5% milk in TBST plus 0.2% sodium azide overnight on a roller. Membranes were 

subsequently washed three times in TBST, shaking, and stained with appropriate HRP-

conjugated secondary antibody for 2 hours, r.t., on an orbital shaker. Following further washing 

steps with TBST, membranes were treated with HRP substrate and developed (ChemiDoc). 

Loading control was assayed using mouse anti-Histone-3 antibody (Biolegend). Membranes 

were stripped with 30% hydrogen peroxide (37°C 30mins), washed, blocked (5% milk in TBST 

5 mins on shaker), and stained with a new primary antibody as above. 

2.10 RNA sequencing analysis 

Raw RNA sequencing data was obtained from the GEO database. The data was filtered for 

genes relevant to the NCI and the mean expression values log transformed. Heat maps were 

generated in R Studio using the pheatmap() package. Clustering was automatically applied to 

the gene list. 

2.11 Statistical analysis 

All qPCR, LDH and ELISA statistical analysis and plots were generated using GraphPad Prism 

9. Due to a low number of biological replicates non-parametric tests were conducted as data 

could not fit a normal distribution. For cell type comparisons unpaired Mann-Whitney tests 

were conducted and p-values recorded. For comparisons between treatments paired Wilcoxon 

signed rank tests were used and p-values recorded. Statistical analysis was displayed on plots 

by use of the following notation: test ns = not significant, * = p<0.05, ** = p<0.01, *** = 

p<0.001. 

  



 

29 

3.0 Results 

3.1 RNASequencing analysis reveals expression of inflammasome-related genes in 

lymphoid cells 

It is clear from a wealth of literature that both canonical and non-canonical inflammasome 

pathways are operative and functionally relevant in macrophage lineages in both mouse and 

human. Recent work from our lab has focussed on the role of the non-canonical 

inflammasome in these cell populations and we now wanted to investigate the presence or 

absence of this pathway in unconventional lymphoid cells. Initial analyses therefore focussed 

on investigating which cell types could express components of the inflammasome pathway. 

Publicly available RNAsequencing (RNAseq) data from the gene expression omnibus were 

used (137–139). Data sets were chosen that involved LPS treatment or bacterial infection to 

relate to the NCI. The data sets were then filtered for inflammasome-related genes and heat 

maps were generated (Figure 5).  

Figure 5A shows the effect of LPS priming (PAMP), compared to the oxidised lipid PGPC 

(DAMP, binds Caspase 11 directly, released from dying cells inducing IL-1beta secretion), and 

Alum (not a classical PAMP or DAMP), in bone marrow cultured murine dendritic cell 

populations (DC1s and DC2s). Here it is shown that for both DC1 and DC2 a number of 

inflammasome-related genes are upregulated, including GBPs, Interferon gamma receptor, 

GSDMD and multiple IRFs, in response to LPS and PGPC. Co-treatment with LPS and PGPC 

induced a similar inflammasome gene expression profile and, for the DC1 subset, also further 

exacerbated the increase in gene expression of some inflammasome related genes. Thus, the 

data suggest that cell types related to macrophages, with the ability to directly recognise 

PAMPs and DAMPs, can upregulate the inflammasome following exposure to LPS. 

In a subsequent RNAsequencing dataset (137) samples were taken from before and after 

treatment of LPS intravenously in mice, where cells were sorted from the spleen at 3, 18, and 

72 hrs post-treatment (Figure 5B). After 3 hours several inflammasome-related genes were 

upregulated as expected in macrophage populations, including Casp4 (gene encoding murine 

Caspase-11), Gbp2, and Gbp4 as well as some interferon regulatory factors (IRFs) such as 

Irf1 and Irf7. This upregulation is reduced considerably, close to that seen at 0 hrs, at the 18 

and 72 hr timepoints.  LPS is a known inflammasome priming signal that has been shown to 

upregulate key inflammasome genes such as Nlrp3 and Il1b via NF-ⲕB as well as activating 

the NLRP3 inflammasome-independent of gene upregulation in macrophages (19). 

Interestingly, this pattern of inflammasome gene upregulation is also mirrored in the 

unconventional lymphoid populations (NK, iNKT, and γδT cell) displayed in the Figure 5B, 

https://paperpile.com/c/PqbXPt/kNfE+ggI0+ICSt
https://paperpile.com/c/PqbXPt/kNfE
https://paperpile.com/c/PqbXPt/3vHl
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with upregulation being maximal also at the 3 hr timepoint.  For example, Casp4 and Gbp2, as 

well as other Gbp genes (Gbp3, 4, 7, 8, and 9) are upregulated. This suggests the potential for 

an active non-canonical inflammasome pathway in these unconventional lymphoid cells, 

similar to the pathway activated in macrophage and DC populations. Additionally, it seems that 

LPS could be a suitable priming agent for further in vitro experiments to test inflammasome 

activation in lymphoid cells. 

 

A 

 

B 

 
                                     
                                   C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. LPS treatment and intracellular bacterial infection upregulate inflammasome related 
gene expression in myeloid and lymphoid cell populations.  A Data generated from GSE156159 
(138). Dendritic cells differentiated from mouse bone marrow treated with LPS, PGPC and/or alum in 
vitro for high throughput RNA-sequencing. B Ex-vivo global transcriptomic RNA-seq analysis from 
GSE143943 (137). WT naive mice with intravenous injection (i.v.) of LPS. Cells sorted and lysate 
processed 0, 3, 18 and 72 hrs post i.v. C Data generated from GSE112483 (139). Lung tissue 
explants from human donors were infected with M. Tuberculosis by submerging in bacterial 
suspension for 30mins. Subsequently processed for cell sorting 20-24hrs post infection and RNA 
extraction performed for RNA-sequencing analysis. 
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Additionally, it was also vital to establish whether lymphoid cell populations could upregulate 

inflammasome genes in humans, and in the event of an intracellular pathogen infection. Thus, 

a further RNASeq dataset was analysed (139) where human lung explant tissue was exposed 

to Mycobacterium tuberculosis infection.  The heatmap in Figure 5C shows the expression of 

inflammasome-related genes before and after M. tuberculosis treatment in a number of 

different lung cell types, including macrophages, non-haematopoietic cells, iNKT cells and NK 

cells. Here again, macrophages show expression of non-canonical inflammasome genes, with 

upregulation of NINJ1, IL1B, and GBP1 after infection. This pattern is broadly repeated in NK 

cells and γδT cells, with gene expression overall being lower for this gene set in human iNKT 

cells. This indicates a similar expression of the non-canonical pathway in at least some human 

lymphoid populations, as our data show in mouse populations. Here, NK cells are of particular 

interest as they are part of the innate response, alongside macrophages and DCs. 

Therefore, it was decided to focus on NK cells for all further experiments based on the 

RNASeq data, using macrophages (and neutrophils in human samples) as a positive control 

for non-canonical inflammasome activation. NK cells upregulated inflammasome genes 

consistently across all three datasets and have been linked to bacterial infection. This includes 

studies describing their role in clearing bacteria via perforin release and expelling intracellular 

bacteria via lytic granules (140,141). Furthermore, molecules such as NKp46 have been 

indicated as potential receptors for bacterial antigen and thus activate NK cell cytotoxic 

functions (105). To pursue our interest in inflammasome activation in this cell type, gene 

expression analyses were undertaken in vitro using purified NK cells from mouse and human 

tissue (spleen and peripheral blood respectively) by qPCR to assess whether conventional 

methods of inflammasome priming were effective. To assess activation of the non-canonical 

inflammasome in NK cells, functional assays were performed in vitro using LPS transfection as 

the activator which has been widely used previously in other cell types (54,68). 

3.2 Mouse NK cells do not express a functional non-canonical inflammasome 

To validate some of the findings relating to NK cells in the RNASeq analysis, mouse splenic 

NK cells were purified using two different methods as depicted in Figure 6A. WT Mouse 

spleens were dissected and immune cell populations purified by FACS or use of EasySep 

purification kits (STEMCELL Technologies) for qPCR or functional assays respectively. The 

decision to use EasySep kits for functional assays was taken to maximise cell numbers for the 

downstream experiments. Due to the unknown effectiveness of the kits at purifying these 

immune cell populations flow cytometry was performed on samples pre and post purification to 

ensure high purity was maintained (Figure 6B).  

https://paperpile.com/c/PqbXPt/ICSt
https://paperpile.com/c/PqbXPt/yc6s+fFiG
https://paperpile.com/c/PqbXPt/nXzt
https://paperpile.com/c/PqbXPt/1p9G+3Oea
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A 

B  

Figure 6. Experimental setup and flow cytometry gating strategy for mouse NK cell purity 
checks. A Workflow for mouse experiments B Example flow cytometry strategy for setting gates to 
assess NK cell purity post negative selection. APC-A700 =CD45, PB450 = NK1.1, PerCP = 7AAD 
(live/dead stain). 
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Results of the purity tests are displayed in Figure 7 and ranged from 60-84% for NK cells. 

Percentages were based on the CD45+ gated cell population. Higher purity was expected 

from the kits, so this presented a challenge for further experiments. FACS purified 

macrophages and NK cells were used for RNA extraction and cDNA preparation. Splenic NK 

cells were sorted as CD45+lineage-NK1.1+. As a control population where the non-canonical 

inflammasome is known to be active, we also sorted splenic macrophages as 

CD45+CD11bhigh. These samples were then subjected to qPCR analysis for known genes 

related to the NCI. 

 

A B 

 
Figure 7. Flow cytometry purity checks show high variability in purity for EasySep purified 
human NK cells. A Purity of EasySep purified mouse splenic NK cells. Purity assessed based on 
NK1.1 (BV421) expression as a % of CD45+ cells n=5-6. PBMC fraction used as a pre-purification 
comparison. B Purity of EasySep purified human Neutrophils and NK cells from peripheral blood. 
Purity based on CD11b (FITC) or CD56 (FITC) expression as a % of CD45+ cells for Neutrophils 
and NK cells respectively. PBMC fraction used as a pre-purification comparison n=15-16. 

 

qPCR experiments revealed that, in the absence of conventional inflammasome priming 

methods, NK cells (NK1.1+) exhibited similar basal levels of Casp1 and Casp4 (gene encoding 

murine Caspase-11) compared to macrophages (CD11bhigh) (Figure 8A). This was 

encouraging as caspase expression would be crucial for functional assays in these cells. 

Interestingly, NK cells showed higher basal levels of several GBP genes including Gbp3, Gbp4 

and Gbp5 (Figure 8B-C). GBPs are a known intracellular LPS sensor and have been shown 

to be important in recruiting caspases to the bacterial cell surface for activation (17). Presence 
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of both GBPs and caspases in NK cells indicated a that NK cells may be able to form caspase-

activating platforms in response to LPS. The surprisingly high level of GBP expression in NK 

cells compared to macrophages suggested a potential heightened ability to sense LPS in the 

cytosol and thus was a key finding in this experiment. Furthermore, other inflammasome-

related genes were expressed with no significant differences to macrophages including 

Gsdmd, Nlrp3 and Ninj1 (Figure 8D-E). NLRP3 recruits the adaptor ASC to form the canonical 

inflammasome downstream of NCI activation (Figure 3 and 4) and therefore would be 

required for IL-1β processing and secretion. In addition, the presence of GSDMD and Ninj1 

was interesting as both are required for pyroptotic cell death downstream of NCI activation.  

However, Il1b expression exhibited significantly lower expression compared to macrophages 

suggesting priming might be needed in this case (Figure 8F). Thus, splenic mouse NK cells 

seem to express many components of the NCI in an unprimed state. However, we decided to 

investigate gene expression post priming to examine whether inflammasome related genes 

could be further induced. 

To determine which kind of priming would be effective, expression of cell surface receptors 

was also examined by qPCR with both Tlr4 and Ifngr1 manifesting similar or increased 

expression respectively compared to macrophages (Figure 9A). Therefore, the use of LPS or 

IFN-𝞬 as priming agents seemed appropriate. However, levels of Cd14 were lower compared 

to macrophages in unprimed NK cells so not all LPS receptors were expressed to similar 

levels (Figure 9B). As priming NK cells to express inflammasome related genes has not been 

reported before, we decided to use LPS as it is known to upregulate inflammasome-related 

genes in other cell types. To assess the purity of the cells, NK cell markers were also included 

in the analysis including Gzma and Prf1 which both demonstrated significantly increased 

expression compared to macrophages (Figure 9C-D). This was expected as the cells were 

FACS purified based on expression of NK1.1 which is a well-known marker of murine NK cells. 

Other cytokine receptors were also included in the gene expression analysis including type-I 

interferon receptor and IL-18 receptor with the latter exhibiting high basal expression in murine 

NK cells (Supplementary Figure 1). Again, as NK cells are known to require accessory 

cytokines such as IL-18 during immune responses, this finding was to be expected. The 

proinflammatory cytokine TNFα was also included in qPCR experiments but showed low basal 

expression compared to macrophages (Supplementary figure 1). This increased the need to 

examine the effect of priming on expression of these genes to ensure that these NK cells 

could still elicit proinflammatory gene expression when exposed to TLR agonists. 
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Figure 8. Unprimed murine NK cells express inflammasome related genes. A-E qPCR data of 
relative gene expression to Gapdh n=10. F qPCR data of Il1b relative gene expression to Gapdh 
n=5-6. Analysis by Mann Whitney test ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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It was decided to examine the effect of LPS priming on inflammasome related gene 

expression levels in murine NK cells. LPS seemed a sensible candidate as the cells expressed 

basal Tlr4. Furthermore, LPS is a known inflammasome priming agent and is a likely PAMP to 

be associated with intracellular bacterial infection in the context of NCI activation. 

Macrophages and NK cells were primed for 3hrs with LPS prior to RNA extraction and reverse 

transcription. Analysis revealed that the primed had no effect on inflammasome related gene 

expression in NK cells with Casp1, Casp4, Gbp2b, Gbp2, Gbp3, Gbp4, Gbp5, Pycard, Ninj1, 

Gsdmd and Nlrp3 exhibiting no significant change in expression with priming (Figure 10D-I).  

In addition, LPS priming had no significant effect on LPS receptor or NK cell marker 

expression with Tlr4, Cd14, Gzma, Prf1 and Tnf levels remaining unchanged (Figure 11). This 

suggested that use of LPS as a priming agent was not effective in NK cells and that a different 

priming agent or altered timepoint for priming may be necessary. Macrophages were also 

included as a positive control in these experiments as they are known to upregulate 

inflammasome related genes in response to LPS. Surprisingly, macrophages also showed no 

change with LPS priming except for Gbp2, Gbp3, Gbp4 and Gbp5 (Figure 10A-C and 

Supplementary Figure 2). As such, repeated experiments with a longer LPS priming step or 

higher LPS concentration may be appropriate. 
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Figure 9. Murine NK cells express LPS and IFN-γ surface receptors. A-D qPCR data 
of relative gene expression to Gapdh n=8-10. Analysis by Mann Whitney test ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 10: LPS priming has no effect on inflammasome related gene expression in murine 
NK cells. A-C Macrophage qPCR data of relative gene expression to Gapdh n=6. D-I NK qPCR 
data of relative gene expression to Gapdh n=5-6. Analysis by Wilcoxon signed rank test ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 11. LPS priming has no effect on murine NK cell marker gene expression. A-C qPCR 
data of relative gene expression to Gapdh n=5-6. Analysis by Wilcoxon signed rank test. ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 

 

Alongside gene expression analyses, functional assays were also performed to assess NCI 

activity in purified mouse splenic NK cells. Initially, cells were left unprimed and then subjected 

to 14 hours of LPS transfection with supernatant taken for LDH assay and IL-1𝛃 ELISA 

(Figure 12A - F). Cell lysate was also taken for western blot analysis (Figure 12G). LDH 

assays showed no significant difference in cell death upon LPS transfection in NK cells 

(Figure 12B). This was surprising given the findings by qPCR that NK cells expressed genes 

for the pore forming protein GSDMD and membrane rupture regulator Ninj1. Similarly, there 

was no increase in IL-1𝛃 secretion (Figure 12E). Both findings suggested that the NCI could 

not be induced in murine NK cells. Macrophages did exhibit an increase in cell death upon 

14hr LPS transfection (Figure 12A) but no increase in IL-1𝛃 secretion (Figure 12D). 

Macrophages have been shown to release IL-1𝛃 secretion. As there was a high basal level of 

death after 14hrs in untreated cells it was decided to switch to an earlier time point (5hrs) and 

seed NK cells in different media designed to support NK cell growth (X-VIVO15). The rationale 

was that these changes would reduce the basal death observed and maintain NK cell viability. 

Cells were primed for 3hrs with LPS and then subjected to 5hrs of LPS transfection. However, 

a similar phenotype was observed with no change in cell death between treatments for NK 

cells and negligible levels of IL-1𝛃 secretion (Figure 12C and F). The 5 hr transfection time 
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point did alleviate the high basal death seen previously but no changes were observed upon 

LPS transfection. 

 

A B C 

D E F 

G 

Figure 12. Non-canonical inflammasome is not functional in murine NK cells due to 
suspected inactive Caspase-11 isoform. Analysis by Wilcoxon signed rank test, ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 A LDH assay from FACS purified WT mouse 
macrophage 14hr treatments n=4. B LDH assay from FACS purified WT mouse NK cells 14hr 
treatments n=4. C LDH assay from EasySep purified WT mouse NK cells 3hrs LPS priming and 



 

41 

5hrs treatments n=3. D IL-1β ELISA from FACS purified WT mouse macrophage 14hr treatments 
n=4. E IL-1β ELISA from FACS purified WT mouse NK cells 14hr treatments n=4. F IL-1β ELISA 
from EasySep purified WT mouse NK cells 3hrs LPS priming and 5hrs treatments n=3. G Western 
blot with cell lysates from EasySep purified Fgd5+ mouse NK cells +/- 3hrs LPS priming. 
Treatments were run for 5hrs prior to cell lysate extraction. Stained with antibodies against 
Caspase-11, GBP2 and Caspase-1 (H3 as a loading control). X = Unexpected band. LPS TR = 
LPS transfection. VX = VX-765 caspase inhibitor. Lipo = Lipofectamine only control. 

 

We hypothesised that a different priming agent may be required to elicit inflammasome 

activation in NK cells. Type-I interferon and IL-12 released by other cell types including 

dendritic cells have been shown to be important for NK cell activation and cytotoxicity. As 

such, mice deficient in type-I interferon receptors have impaired functionality (142,143). 

Furthermore, type-I interferon is a known inflammasome priming agent in mice that 

upregulates Casp11 and GSDMD (8). Murine NK cells were primed with IFN-𝛃 for 3hrs prior to 

LPS transfection (5hrs) instead of LPS priming. However, the same phenotype was observed 

with no change in LDH release or IL-1𝛃 secretion after LPS transfection (Supplementary 

Figure 3). Collectively, the data suggested that the NCI was not present in an active state 

despite appropriate gene expression observed by qPCR.  

To further understand this, western blots were undertaken to see if components of the 

pathway could be activated such as Caspase-11, which requires self-cleavage to a p32/p10 

fragment to become catalytically active. As seen in Figure 12G, the full length caspase-11 

could not be detected (43kDa). However, a protein was observed with a low molecular weight. 

This was observed twice with two different antibodies against Caspase-11. Interestingly, the 

protein was more apparent after LPS priming. However, GBP proteins could not be detected 

suggesting the platform for Caspase-11 activation on cytosolic LPS cannot form. 

3.3 Human NK cells shows activation of the non-canonical inflammasome, but with 

varying responses to LPS transfection and Salmonella infection  

Alongside experiments into mouse splenic NK cells, peripheral blood was taken from healthy 

human donors. A similar experimental setup was utilised to the mouse experiments to see if 

any species differences could be observed. However, all qPCR experiments used samples 

purified using the EasySep column purification method (Figure 13A). Again, purity checks 

were performed by flow cytometry (Figure 13B). Surprisingly, there was far more variability in 

the purity of the human NK cell collections compared to mice with purity ranging from 35-97% 

(%CD56+) for humans. However, neutrophil purity remained consistently high in human 

samples, ranging from 94-99%(%CD11b+) (Figure 7). This led us to believe that a different 

marker may be needed to assess human NK cell purity by flow cytometry. 

https://paperpile.com/c/PqbXPt/KW0W+7FY5
https://paperpile.com/c/PqbXPt/he0g
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qPCR experiments were undertaken regardless, revealing that human NK cells express similar 

levels of inflammasome related genes to neutrophils (known to have active NCI) including 

CASP1, CASP4, GBP1, GBP2 and GSDMD (Figure 14). However, NK cells had reduced 

expression of NLRP3, PYCARD and CASP5 compared to neutrophils. Crucially, NK cells 

showed expression of GZMA (NK cell marker) and a lack of TLR4 expression indicating that 

they cannot be primed or respond to extracellular LPS. Therefore, we hypothesised that LPS 

recognition could only take place intracellularly. 
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Figure 13. Human experimental setup and flow cytometry gating strategy for human NK 
cells and Neutrophils. A Human experiment workflow. B Example flow gating strategy for purity 
checks post negative selection. CD11b FITC and CD56 FITC used as markers of Neutrophils and 
NK cells respectively. 
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Figure 14. Human NK cells express inflammasome related genes. A-F qPCR data of relative 
gene expression to GAPDH n=4-6. Analysis by Mann Whitney test ns = not significant, * = p<0.05, 
** = p<0.01, *** = p<0.001 

 

For priming experiments, it was decided to include LPS priming as a negative control (for NK 

cells) and use IFN-𝛄 instead as the main priming agent. IFN-𝛄 has been used in other studies 

to prime the NCI and was demonstrated to be important in host defence against Salmonella 

infection (16). However, no changes in Caspase or GBP gene expression were observed 

(CASP1, CASP4, GBP1, GBP2) in human neutrophils or NK cells upon IFN-𝛄 priming (Figure 

15). However, this could be due to a low sample number (n=4) or an insufficient length of 

priming (3hrs). Similarly, other inflammasome related genes (NLRP3, GSDMD, CASP5, 

PYCARD) as well as TLR4 and GZMA were unaffected by IFN-𝛄 priming in both cell types 

(Supplementary Figure 4 and 5). 

https://paperpile.com/c/PqbXPt/xJPC
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Figure 15. LPS and IFN-γ priming do not increase Caspase or GBP expression in human NK 
cells. A-B qPCR data of relative gene expression to GAPDH in human neutrophils n=4. C-D qPCR 
data of relative gene expression to GAPDH in human NK cells n=4. Analysis by Wilcoxon signed 
rank test. ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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Supernatant was taken from human peripheral blood NK cells transfected with LPS for LDH 

assay and IL-1𝛃 ELISA to assess NCI activity (3hrs LPS priming followed by 5hrs LPS 

transfection). No change in LDH levels could be detected upon LPS transfection indicating that 

pyroptosis is not induced in human NK cells (Figure 16A). However, secretion of IL-1𝛃 was 

significantly increased with LPS transfection in NK cells suggesting that pro-IL-1𝛃 had been 

cleaved by active caspases (Figure 16B). It was decided to include macrophages as a control 

cell type for these experiments which were differentiated from PBMCs. Macrophages exhibited 

an observational increase in LDH release and IL-1𝛃 secretion as expected, however more 

replicates are needed for this observation to be statistically significant (Supplementary Figure 

6). The increase in IL-1𝛃 secretion in NK cells in response to LPS transfection were verified by 

western blot. 

Western blots with NK cell lysates were able to detect full length Caspase-1 and Caspase-4 in 

human NK cells as well as GBP1 and GSDMD (Figure 16C and D) which could not be 

observed in murine NK cells. In addition, GSDMD cleaved fragments could also be observed 

with multiple human donors. However, cleaved GSDMD was present in wells without LPS 

transfection therefore the effect cannot be attributed to NCI activation. Crucially, no TLR4 

protein could be detected by western blot confirming the previous findings by qPCR that 

human NK cells lack the extracellular LPS receptor. 

For some donors Caspase-4 cleavage could also be observed in cell supernatant 

(Supplementary Figure 7) however this finding could not be repeated. Donor variability had a 

significant impact throughout the studies. Interestingly, Caspase-5 could not be detected by 

western blot even by repeating with another different primary antibody.  
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A B 

 
C                                                                                                               D 

 
Figure 16. Inflammasome pathway partially active in human NK cells with LPS transfection. 
A LDH assay with Triton as 100% positive control. Human NK cells with 3hrs LPS priming followed 
by 5hrs of treatment (n=6). B IL-1β ELISA. Human NK cells with 3hrs LPS priming followed by 5hrs 
of treatment (n=10). C Western blot with human NK cell lysate from 2 donors. Cells were unprimed 
followed by 5hrs treatment. LPS transfection was performed for wells with Lipofectamine and LPS 
(++). D Same as C but with 2 different human donors. Statistical analysis for LDH and ELISA by 
Wilcoxon signed rank test ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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To relate the research more towards bacterial infection, experiments were conducted using 

Salmonella instead of LPS transfection. An increase in LDH release was observed in 

Salmonella infection of NK cells compared to untreated cells (Figure 17). However, more 

biological replicates are required to increase the statistical power for this finding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Human NK cells die by pyroptosis in 
response to log-phase Salmonella infection. Unprimed 
expanded human NK cells with 5hr Salmonella infection 
(n=4). Analysis by Wilcoxon signed rank test ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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4. Discussion 

The above research provides an insight into NCI function in NK cells. Although still preliminary, 

the results suggest unexpected functions for the NCI in these cells. Gene expression of 

inflammasome related genes was observed in both mouse and human NK cells (Figure 8 and 

14). However, functional activity was restricted to human NK cells characterised by IL-1ꞵ 

production (Figure 16). The identification of a possible caspase-11 isoform provided an 

explanation for the lack of response seen in mouse NK cells (Figure 12) and identified a novel 

level of regulation. Interestingly, we fail to detect pyroptosis, suggesting that human NK cells 

may avoid it like neutrophils and dendritic cells which utilise ESCRT machinery for membrane 

repair. Thus, the results provide evidence for a potential species-specific induction of the NCI 

in NK cells. 

 

The work brought with it many challenges. As cells were isolated from fresh blood, the 

efficiency of the purification used was critical to allow the removal of other cell types 

expressing inflammasomes (e.g. neutrophils, monocytes). Central to this was the necessity to 

examine the purity of the cells used for the research. CD56 FITC was chosen as the human 

NK cell marker for the flow cytometry purity checks. It is widely reported that increasing CD56 

expression is a marker of human NK cell maturation from IFN-γ producing to cytotoxic function  

(144–146). As such, post-purification high CD56 expression was expected. However, during 

the flow cytometry purity checks there was only a subtle shift observed post purification 

compared to the use of NK1.1 BV421 for murine NK cells or CD11b FITC for neutrophils 

(Supplementary Figure 8). Considering that good shifts were observed for the murine NK 

cells, it is unlikely that the human purification kit would be more ineffective at purifying NK 

cells. As such, another marker of NK cells may be appropriate for purity checks such as 

NKp80 or NKp46 with the former reported to identify CD56neg NK cell populations (147–149). 

CD56 is described as being ‘bright’ or ‘dim’ for different NK cell subsets. In addition, Vivier and 

colleagues suggested that 90% of human blood NK cells are CD56dim which may explain the 

low shift observed in Supplementary Figure 8 and subsequent low numbers for purity post 

purification (Figure 7) (101). Further optimisation of the CD56 antibody may also be required 

to assess different concentrations of staining prior to analysis. Or indeed switching to another 

fluorophore for CD56 may be appropriate. 

 

During human flow cytometry purity checks, antibodies were used against TLR4 (data not 

shown), which seemed to confirm our previous findings by qPCR (Figure 14 and 

Supplementary Figure 5) and western blot (Figure 16C) that human NK cells express 

negligible amounts of TLR4. Other studies suggest that NK cells express very low levels of 

https://paperpile.com/c/PqbXPt/FRJD+EiIc+9G2j
https://paperpile.com/c/PqbXPt/9lM6+MnJt+V3tl
https://paperpile.com/c/PqbXPt/F4J0
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TLR4 but that upon stimulation with accessory cytokines mouse and human NK cells can 

respond to TLR4 agonist FimH characterised by increased cytotoxicity and cytokine production 

(124,150). As such the use of accessory cytokines for the above experiments would be useful 

to properly assess TLR4 expression in purified NK cells. 

 

Throughout the experiments, donor to donor variability was a common feature. The need to 

gather data from many human donors is paramount in order to observe any significant trends. 

Variability could be impacted by the age, genetic variability and lifestyle of the donor and affect 

the numbers of purified immune cells from blood which impacted the scope of the 

experiments. To this end, NK cells were expanded using Immunocult media (STEMCELL 

technologies) to try and increase NK cell numbers for functional assays. Although this protocol 

allows for cellular amplification, we did not compare with unexpanded cells to confirm that 

features of interest were not impacted or changed during the expansion. Although allowing us 

to use more cells, this approach still had limitations and did not allow us to genetically 

investigate the function of NCI genes. Attempts to perform siRNA in these primary cells were 

unsuccessful (data not shown). In the future it would be useful to use iPSC-derived NK cells or 

an NK cell-like cell line to increase the cell numbers and give greater scope to the 

experiments. It has been reported that NK cells derived from iPSCs exhibit functional 

cytotoxicity and IFN-γ production so provide a promising avenue for future work (151). 

CRISPR-Cas9 technology could be used to investigate caspase-4 roles in iPSC-derived NK 

cells. Furthermore, this would help to reduce donor to donor variability seen throughout 

experiments. Supplementary Figures 4&5 and Figure 15 displayed high variation between 

donors for IFN-γ primed neutrophils and NK cells. A couple of donors consistently exhibited 

high gene expression across all genes which was inconsistent with other donors. Therefore, a 

greater sample size is required for these qPCR experiments to distinguish any anomalous 

data. 

 

Comparisons have been made in the experiments between mouse splenic NK cells and 

human peripheral blood NK cells but the composition of NK cells in the spleen can differ 

significantly from blood in terms of the type of NK cells present (152). Single cell RNA 

sequencing studies have shown that NK-cell specific genes differ between mouse and human 

and that NK cell subsets differ between spleen and blood, with more active NK cells resident in 

the spleen rather than the blood for both mice and human (152). Therefore it would be 

interesting to investigate direct tissue comparisons between species for our experimental 

setup. However, access to human tissues for such investigations is restricted. 

 

https://paperpile.com/c/PqbXPt/Ixwv+RpXJ
https://paperpile.com/c/PqbXPt/Gk3e
https://paperpile.com/c/PqbXPt/WzTG
https://paperpile.com/c/PqbXPt/WzTG
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A key component of NCI activation in both species is the use of extracellular priming. The use 

of LPS and IFN-γ as priming agents failed to induce significant changes of inflammasome 

related gene expression in the qPCR experiments (Figure 10, 11, 15 and Supplementary 

Figure 5). In contrast to the mouse data, human qPCR data suggested a lack of TLR4 

expression in NK cells which would explain the lack of responsiveness to LPS priming (Figure 

14). As such it may be necessary to switch to another known inflammasome priming agent 

such as Pam3CSK4 or TNF⍺ in an attempt to boost gene expression. Pam3CSK4 is a TLR2 

agonist that has been shown to upregulate proinflammatory cytokine production including IL-

1ꞵ and results in better antimicrobial responses in neutrophils against antibiotic resistance 

bacteria (153). A study by Yokose et al demonstrated that TNF⍺ priming along with a 

secondary stimulus (monosodium urate) resulted in caspase-1 activation and IL-1ꞵ secretion 

in neutrophils (154). However, the lack of response seen by priming the above qPCR 

experiments may just be due to the length of priming. Priming for more than 3hrs with TLR 

agonists, IFN-ꞵ, IFN-γ or TNF⍺ may be necessary to induce gene expression via NFⲕB and 

IRFs. Therefore simply changing the time point may be sufficient in this case. Furthermore, NK 

cell activation is known to rely on accessory cytokines such as IL-2, IL-15 and IL-18 secreted 

from neighbouring cells (such as dendritic cells), therefore it may be necessary to treat cells 

with a cocktail of these cytokines in concert with traditional inflammasome priming agents to 

induce a response at the transcription level (124,155). 

 

IFN-ꞵ priming was also used as a priming agent in experiments with murine NK cells instead 

of LPS to try and induce inflammasome components,  IL-1ꞵ secretion and  increaseLDH 

release upon LPS transfection. However, priming with IFN-ꞵ did not induce this phenotype 

(Supplementary Figure 3). Autocrine IFN-ꞵ signalling downstream of TLR4 activation is 

reported to upregulate proinflammatory gene expression (26). However, the effect of IFN-ꞵ is 

ambiguous and studies have widely reported its immunomodulatory and anti-inflammatory 

effects including an inhibitory effect on IL-1ꞵ production and canonical inflammasome 

activation (156). Therefore it may not be effective at inducing inflammasome-related gene 

expression in murine NK cells. 

 

Another central component of the NCI pathway is pyroptotic cell death. LDH assay data in 

Figure 16A shows a lack of lytic cell death in human NK cells upon LPS transfection in 

contrast to macrophages (Supplementary Figure 6) which are known to exhibit NCI activation 

in response to LPS transfection (30). Considering IL-1β secretion is observed (Figure 16B), 

pyroptosis would be expected as well. However, it is well documented that certain cell types 

express repair machinery that can keep cells viable even after GSDMD pore-formation. 

https://paperpile.com/c/PqbXPt/0ypB
https://paperpile.com/c/PqbXPt/zARB
https://paperpile.com/c/PqbXPt/Ixwv+Giev
https://paperpile.com/c/PqbXPt/6zsO
https://paperpile.com/c/PqbXPt/03J7
https://paperpile.com/c/PqbXPt/cQSA
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Studies have shown that ESCRT-III repair machinery is activated upon calcium influx from the 

GSDMD pore and acts to maintain the viability of the plasma membrane and avoid pyroptosis 

(157). If a similar mechanism exists in NK cells then pyroptosis may not be detectable, and NK 

cell numbers would be maintained during infection which could be beneficial to the host by 

maintaining cytotoxic and IFN-γ producing functions. Certain cell types, such as neutrophils 

and dendritic cells, have been shown to resist cell death whilst still secreting IL-1β in response 

to defined inflammasome activators (158,159). The molecular basis for the latter is unknown 

but similar phenomena may happen in NK cells.  

 

Live imaging approaches were undertaken (data not shown) as a substitute for LDH assay to 

assess cell death in human NK cells. This technique requires more optimisation as well as a 

way to quantify the level of cell death observed. However, interesting changes in morphology 

could be observed for LPS transfected NK cells suggesting that transfection resulted in 

changes to plasma membrane functionality. In future experiments it would be worthwhile to 

use imaging approaches to validate that Salmonella is able to directly infect the NK cells such 

as confocal microscopy with GFP-tagged Salmonella Typhimurium serovar SL13414. 

Furthermore, due to the lack of LDH release observed in the above experiments with LPS 

transfection (Figure 12 and 16) it would be interesting to use an imaging approach to observe 

cell death and GSDMD pore formation. A previous study utilised a GFP-tagged GSDMD that 

conserved its pore forming and pyroptotic functions (160). This would provide a good insight 

into whether the NCI is active in the NK cells and able to catalyse cleavage of GSDMD 

particularly in an experimental setup with and without the NLRP3 inhibitor MCC950. 

 

Aside from pyroptosis, IL-1ꞵ secretion is a core marker of inflammasome activation. Figure 16 

suggests that human NK cells can secrete IL-1β in response to LPS transfection. There was 

variability in quality of the accompanying IL-1ꞵ standard curves (Supplementary Figure 9) 

which may affect the results observed. This could be due to repeated freeze-thaw cycles of 

aliquoted IL-1β standard or variability in pipetting quality during serial dilution. The optical 

density (OD) at 450nm was low even at high concentration of IL-1β standard which could be 

due to the quality of the plate reader available to measure absorbance accurately. Other 

secreted factors should also be considered alongside IL-1β when looking at NK cell activation. 

 

To further investigate the effects of LPS transfection on IL-1ꞵ secretion and LDH release in NK 

cells, siRNA against caspase-4 could be utilised to add evidence that the NCI is driving the 

increase in LDH and IL-1ꞵ. Inhibitors of the canonical pathway could also be used to assess 

whether caspase-4 activity alone is sufficient to drive pyroptosis. Commonly used inhibitors 

include the NLRP3 inhibitor MCC950 which specifically targets the NACHT domain of NLRP3, 

https://paperpile.com/c/PqbXPt/ZGpu
https://paperpile.com/c/PqbXPt/wwZt+2Gs6
https://paperpile.com/c/PqbXPt/Kl9R
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thus inhibiting subsequent caspase-1 activation (161). Therefore, MCC950 could be used in 

the NK cell experimental setup to help distinguish which inflammasome is responsible for LDH 

and IL-1ꞵ signal. LDH and IL-1ꞵ could be observed from direct action of caspase-4 or by 

caspase-4 mediated activation of NLRP3 via potassium efflux (Figure 4). The qPCR data 

suggests that Nlrp3 expression is low in mouse and human (Figure 8 and 14) so the effects 

seen may already be completely NCI driven. However, with the addition of accessory 

cytokines such as IL-2, IL-12, IL-15 and IL-18 NK cell expression levels of canonical 

inflammasome components could increase. This is worth investigating further as NK cells have 

been reported to require a combination of these accessory cytokines in order to respond to 

TLR agonists and induce IFN-γ secretion (124). 

 

It would be interesting to assess whether the NK cells purified for the experiments above 

express markers of cytotoxicity. NK cells are generally thought of as either cytokine producing 

(high IFN-γ) which are the CD56bright subset or cytotoxic (high granzyme and perforin) which 

are the CD56dim subset (90% of human blood) (101). Planned future experiments include the 

use of retained supernatant from the above experiments to test for IFN-γ and 

granzyme/perforin production from NK cells to observe any changes upon LPS transfection, 

such as hyperactivation observed by increased granzyme secretion. The experiment would 

involve the use of a bead array in a multiplex format to assess production of various secreted 

factors including NK cell markers and markers of inflammasome activation such as: IFN-γ, 

granzyme, perforin, IL-1⍺, IL-1ꞵ, IL-18 and IL-37. Due to variability in IL-1ꞵ ELISA readouts 

between donors for the human experiments, a sensitive bead array system would be more 

appropriate to assess IL-1ꞵ levels for these human samples. 

 

Mouse western blot data suggested the presence of an inactive caspase-11 isoform (Figure 

12). Caspase-11 has been reported to only be active in murine macrophages if they are 

primed with stimuli such as LPS, IFN-𝛄 or IFN-𝛃 (162). There is also a known caspase-11 

isoform with a molecular weight of 10.7kDa. We saw more protein upon LPS priming and at 

the known molecular weight of the isoform with two separate antibodies. It was assumed that 

we had indeed detected an inactive Caspase-11 isoform. This provided justification that the 

non canonical pathway could not be active in mouse splenic NK cells. This would explain the 

lack of cell death and IL-1ꞵ secretion observed for murine NK cells and suggests species 

differences between mice and humans for inflammasome activation (Figure 12 & 16). It would 

be important to confirm the identity of this isoform using another technique such as mass-

spectrometry. 

 

https://paperpile.com/c/PqbXPt/8snF
https://paperpile.com/c/PqbXPt/Ixwv
https://paperpile.com/c/PqbXPt/F4J0
https://paperpile.com/c/PqbXPt/YCEs
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Another experimental change could be to use LPS EB instead of LPS EK for transfection. LPS 

EB is more representative of true bacterial LPS and could elicit a more representative 

phenotype. Furthermore, to get closer to the biological situation during infection, outer 

membrane vesicles (OMVs) have been shown to activate caspase-11 in the cytosol and could 

therefore be used in experiments with NK cells to assess NCI activation (39). For some 

experiments, Salmonella Typhimurium was used instead of LPS transfection which exhibited 

an increased trend in LDH release for human NK cells 5hrs post infection with log phase 

Salmonella (Figure 17). However, this increase could be attributed to another inflammasome 

such as the NLRC4 inflammasome which is activated in response to bacterial flagellin and 

utilises caspase-1 for pyroptosis induction (163,164). Interestingly, qPCR data in Figure 14 

and Supplementary Figure 5 indicate a lack of PYCARD (gene encoding ASC) in human NK 

cells. There is debate around whether ASC is required for full NLRC4 activation, with 

suggestions that it is needed for effective cytokine processing downstream of NLRC4. 

However due to the presence of a CARD domain in NLRC4, it is reported to bind caspase-1 

directly through CARD-CARD interactions and thus bypass ASC (42,158).  As such it is 

unclear whether the LDH response observed could be attributed to flagellin recognition by 

NLRC4. 

 

IRF3 is required for IFN-ꞵ expression downstream of TLR4 signalling and has implications in 

endotoxic shock. Mice deficient in IRF3 have been shown to have better survival outcomes 

after high dose injection of LPS. In the same study IFN-ꞵ levels were reduced in IFR3 deficient 

mice (165). LPS and IFN-ꞵ priming of inflammasome gene expression could be linked to this 

phenotype. It would be interesting to include IRF3 and other IRFs in qPCR analysis of NK cells 

to examine if these key inducers of IFN-ꞵ are present. Furthermore, RNA-sequencing data in 

Figure 5 suggests LPS treatment in mouse spleen or Mycobacterium tuberculosis infection of 

human lung explants induces IRF1 gene expression, which has been shown to induce IFN-ꞵ 

autocrine signalling as well (27). Therefore it would be interesting to validate the phenotype 

observed with RNA-sequencing by qPCR in the above experimental setup. 

  

Due to variances in human NK cell purity (Figure  7), it would be useful to examine gene 

expression of NK cell markers by qPCR from purified human NK cell samples. One possible 

candidate is KLRK1 (encodes NKG2D) which is a known activating receptor on the surface of 

NK cells crucial for clearance of infected host cells (120). In addition, PAD4 could be included 

as a neutrophil marker for the same experiment. PAD4 is central in Neutrophil NETosis as it 

citrullinates histones required for NET formation (166,167). 

 

https://paperpile.com/c/PqbXPt/KLFN
https://paperpile.com/c/PqbXPt/PwOY+aM3D
https://paperpile.com/c/PqbXPt/Q3xU+wwZt
https://paperpile.com/c/PqbXPt/FMtZ
https://paperpile.com/c/PqbXPt/iN2E
https://paperpile.com/c/PqbXPt/ZMyK
https://paperpile.com/c/PqbXPt/ULqj+ycIL
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Additionally, expulsion of bacteria via NK cell degranulation presents a novel mechanism in 

the host defence to intracellular bacterial infection and provides evidence that NK cells can be 

directly infected by bacteria (140). Therefore, activation of the NCI in NK cells would be 

possible as bacteria would be exposed to GBPs and caspase-11/4 in the cytosol.  

 

The role of NK cells in sepsis remains inconclusive with studies offering contrasting data. 

Studies have reported that an increased number of NK cells results in an overactive 

inflammatory phenotype which contributes to sepsis disease progression, particularly through 

a substantial increase in IFN-γ levels. In contrast, depletion of NK cells in sepsis has been 

shown to prevent clearance of bacteria and as such further disease progression (127). NK 

cells are thought to contribute to LPS induced shock through release of IFN-γ which can 

exacerbate the proinflammatory phenotype. This is thought to be dependent on exposure of 

NK cells to accessory cytokines such as IL-12 and IL-15 (121,168). Furthermore, studies have 

shown that depletion of NK cells in mice prolongs survival in pneumococcal pneumonia and 

this is dependent on interaction with iNKT cells. Inhibition of iNKT activation in this study 

resulted in elevated levels of NK cells in the spleen and subsequent increased levels of IFN-γ 

(169). However a study by Kim et al suggested that in the context of secondary bacterial 

infection post sepsis, IFN-γ acts in an immunosuppressive capacity characterised by 

increased survival of bacteria in the host. Interestingly, in this situation iNKTs were reported to 

drive this immunosuppressive phenotype through mTOR activation in NK cells resulting in 

higher susceptibility to bacterial infection. Deletion of the iNKT population or inhibition of 

mTOR with rapamycin rescued the immune response and prevented the establishment of 

bacterial infection (137). These studies highlight a complex interplay between iNKTs and NK 

cells in the context of sepsis and post-sepsis recovery of the early immune response. 

 

Reports estimate the number of sepsis related deaths to potentially be as high as 5.3 million 

annually (170). As such there is an unmet clinical need for therapeutics to target this disease. 

Inflammasome activation is a key driver of sepsis disease progression with the NCI shown to 

drive this through its ability to sense intracellular LPS (171). With NK cell dependent release of 

IFN-γ thought to contribute towards sepsis, their lack of pyroptotic cell death as observed in 

Figure 16 may contribute to their accumulation and overactive phenotype associated with 

sepsis severity. Indeed, caspase-4 directed cleavage of IL-1ꞵ as seen in Figure 16 would add 

to this proinflammatory state observed in sepsis patients (172). To better link this study to 

human disease, use of tissue from sepsis patients would be beneficial and provide insight into 

NCI activation in humans. Studies have already implicated Caspase-11 activation in sepsis 

disease progression in mouse models (8). 

 

https://paperpile.com/c/PqbXPt/yc6s
https://paperpile.com/c/PqbXPt/MFNh
https://paperpile.com/c/PqbXPt/72N3+1ROB
https://paperpile.com/c/PqbXPt/sNjH
https://paperpile.com/c/PqbXPt/kNfE
https://paperpile.com/c/PqbXPt/jj33
https://paperpile.com/c/PqbXPt/FxTU
https://paperpile.com/c/PqbXPt/fzq5
https://paperpile.com/c/PqbXPt/he0g
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Recently, lymphoid cells have been found to possess functional inflammasome in response to 

Salmonella Typhimurium. Specifically, mouse group 3 innate lymphoid cells (ILC3s) were 

found to exhibit cell death upon S.Typhimurium infection. The researchers showed in a ILC3-

like cell line (MNK-3) that cell death occurred in a GSDMD and Caspase-1 dependent manner 

upon S.Typhimurium infection (173). This study demonstrates that lymphoid cells can express 

functional inflammasome, however they describe a lack of caspase-11 expression at the 

transcriptional level during Salmonella infection and suggest it is not activated. However, no 

studies have focussed on the pathway in humans. Figure 12 demonstrates a lack of NCI 

activation in mice, but Figure 16 shows that NK cells in humans possess components of the 

inflammasome pathway at the protein level and that they can secrete IL-1ꞵ in response to LPS 

transfection. As such, activation of the NCI may be species specific for NK cells. In addition, 

mice used for laboratory experiments are not regularly exposed to pathogens, unlike humans. 

Humans may therefore have a greater need for the NCI and are able to respond differently to 

mice. Furthermore, ILC3s are a different lymphoid population so direct comparison to NK cells 

cannot be made in this case. 

 

qPCR data in Figure 14 suggests a lack of NLRP3 and PYCARD (gene encoding ASC) in 

human NK cells which would remove the possibility of IL-1ꞵ processing by the NLRP3 

inflammasome. As such, any IL-1ꞵ secretion observed would have to be due to the action of 

another inflammasome. This opens up the possibility that caspase-4 could cleave IL-1ꞵ 

directly without the need for activation of caspase-1 through the NLRP3 inflammasome as 

shown in Figure 4. Western blot analysis would be needed here to assess whether NLRP3 is 

expressed at the protein level. Furthermore, induction of NLRP3 was not observed with LPS or 

IFN-γ priming in NK cells but another priming agent could be effective for NLRP3 induction. 

Also the use of IL-15, IL-12 and IL-18 cytokines as described previously may help to activate 

NK cells and drive expression of NLRP3 (155). Previous studies showed that gram-negative 

bacteria could upregulate caspase-11 through TRIF dependent induction of type-I interferon 

which in turn acts in an autocrine manner to upregulate caspase-11. Only then could the 

NLRP3 inflammasome be activated. The study theorised that caspase-11 could directly 

activate caspase-1 through formation of a heterodimer and thus bypass NLRP3 and ASC 

(however they provided no evidence for this) (174). Therefore, during bacterial infection NK 

cells may be able to behave in this way and bypass NLRP3-dependent caspase-1 activation. 

The use of an NLRP3 inhibitor such as MCC950 would be useful to examine this hypothesis in 

NK cells.  

NCI activation has been solely attributed to select types of cell including macrophages and 

neutrophils. The research presented in this thesis exhibits the potential contribution of NK cells 

https://paperpile.com/c/PqbXPt/FYRp
https://paperpile.com/c/PqbXPt/Giev
https://paperpile.com/c/PqbXPt/hSZE
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in NCI-mediated IL-1ꞵ production. In conjunction with recent studies into NK cell function in 

sepsis and canonical inflammasome activation in ILC3s (127,173), this work provides an 

alternative view on the role of lymphoid cells in infection. Further work is needed to uncover 

the exact mechanisms responsible and explain the lack of pyroptosis in NK cells. However, 

through the use of multiple techniques there is scope to uncover the functionality of the NCI in 

NK cells. For example; microscopy to examine cell death and intracellular infection, bead array 

to provide an insight into the secretome of NK cells transfected with LPS, as well as the use of 

siRNA for caspase-4 and caspase-1 knockdowns. In addition, the use of inhibitors for 

caspases or NLRP3 (VX-765 or MCC950 respectively) could add further mechanistic insight. 

The role of NK cells and the NCI in sepsis has been uncovered and as such need to be 

assessed as a whole to fully understand the pathways contributing to this disease state. In 

conclusion, lymphoid cell populations should be given more focus in inflammasome research. 

After all, the immune response to infection encompasses a range of cell types and therefore 

lymphoid cells should be included in any further study.  

https://paperpile.com/c/PqbXPt/MFNh+FYRp
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5.0 Appendices 

 

A B C 

D                                                                                    E 

 
Supplementary figure 1. Murine NK cells express high levels of IL-18 related genes. A-E qPCR 
data of relative gene expression to Gapdh n=4-10. Analysis by Mann Whitney test ns = not 
significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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A B C 

D E F 

 G  

Supplementary figure 2. LPS priming does not impact gene expression in murine macrophages. 
A-G qPCR data of relative gene expression to Gapdh n=6. Analysis by Wilcoxon signed rank test. ns = 
not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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A B 

Supplementary figure 3. IFN-β primed murine NK cells do not respond to LPS transfection. 
Samples were primed for 3hrs with IFN-β followed by 5hrs of LPS transfection. A LDH assay with 
WT mouse splenic NK cells n=2.  B IL-1β ELISA with WT mouse splenic NK cells n=2. Un = 
Untreated, Lipo = Lipofectamine only, LPS= Extracellular LPS treatment, LPS TR = LPS 
transfection, VX= VX-765 Caspase inhibitor. 
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A B C 

D E F 

Supplementary figure 4: Human neutrophils show no change in gene expression in response 
to LPS or IFN-γ priming. A-D qPCR data of relative gene expression to GAPDH n=4-6. Analysis by 
Wilcoxon signed rank test. ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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A B C 

D E F 

Supplementary figure 5. Human NK cells show no change in gene expression in response to 
LPS or IFN-γ priming. A-D qPCR data of relative gene expression to GAPDH n=4-6. Analysis by 
Wilcoxon signed rank test. ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 
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A B 

Supplementary figure 6. Human macrophages exhibit trends toward increased IL-1β secretion 
and LDH release in response to LPS transfection. Human macrophages differentiated from 
peripheral blood PBMCs n=2 A LDH assay. B IL-1β ELISA. Analysis by Wilcoxon signed rank test ns 
= not significant, * = p<0.05, ** = p<0.01, *** = p<0.001. Un = Untreated, Lipo = Lipofectamine only, 
LPS= Extracellular LPS treatment, LPS TR = LPS transfection, VX= VX-765 Caspase inhibitor. 
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Supplementary figure 7. Caspase-4 cleaved upon LPS transfection in human NK cells. Western 
blot with human NK cells (NK) or gamma-delta T cells (gd). Cell extract (lysate) and supernatant were 
run separately. Cells were unprimed followed by 14hrs treatment. FL= Full length. Cleaved proteins 
indicated by red boxes. 
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Supplementary figure 8. Weak shifts observed for human CD56 in flow cytometry purity 
checks. A Mouse unstained control gating for NK1.1+ cells. B Mouse PBMCs with flow antibody 
staining, gating for NK1.1+ cells. C Mouse NK cells with flow antibody staining, gating for NK1.1+ 
cells. D Human unstained control gating for CD11b or CD56+ cells. E Human PBMCs with flow 
antibody staining, gating for CD11b+ cells. F Human Neutrophils with flow antibody staining, gating 
for CD11b+ cells. G Human PBMCs with flow antibody staining, gating for CD56+ cells. H Human NK 
cells with flow antibody staining, gating for CD56+ cells. 
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Supplementary figure 9. Inconsistency for ELISA standard curves. A Mouse NK cell and 
Macrophage IL-1β ELISA standard curves. B Human NK cell IL-1β ELISA standard curves. C 
Human macrophage IL-1β ELISA standard curves. 

 

 

 

Supplementary Table 1: Table of materials 

Description Manufacturer Catalogue no Use 

Triton X-100 Sigma-Aldrich 9002-93-1 Detergent for LDH assay 100% 
lysis control 

LDH Dye solution (INT/Na-
lactate) 

Takada MK401-2 LDH substrate for LDH assay 

LDH catalyst Takada MK401-1 LDH catalyst for LDH assay 

DPBS (without calcium & 
magnesium) 

Corning 21-031-CV ELISA diluent, flow cytometry, 
tissue processing etc 

DPBS  Sigma Life 

Sciences  

D8537 ELISA diluent, flow cytometry, 

tissue processing etc 

IL-1b mouse ELISA kit Invitrogen 88-7013-88 IL-1ꞵ ELISA 

IL-1b human ELISA kit Invitrogen 88-7261-88 IL-1ꞵ ELISA 
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Skim milk powder Sigma-Aldrich - To make 5% milk in TBST for 
western blot blocking buffer 

Nupage LDS Sample buffer 
4X 

Novex (Life 
Technologies) 

NP008 Lysis buffer for western blot 

Nitrocellulose membranes 
(0.2µm) 

Bio-RAD - Membranes for western blot 

Trans-Blot Turbo 5X Transfer 
buffer 

Bio-RAD 10026938 Transfer buffer for western blot 
semi-dry transfer 

Broad range prestained 
protein marker 

Proteintech PL00002 Protein ladder for SDS PAGE 

Prime-step prestained broad 
range protein ladder 

Biolegend 773302 Protein ladder for SDS PAGE 

Immobilon Forte western HRP 
substrate 

Millipore WBLUF0500 Western HRP substrate 

Immobilon Crescendo western 
HRP substrate 

Millipore WBLUR0500 Western HRP substrate 

Hydrogen peroxide 35% Merck - Stripping western blot 
membranes 

Lipofectamine LTV plus 
reagent 

Invitrogen 15338-100 LPS transfection reagent 

Gentamicin Sigma-Aldrich - Antibiotic used for Salmonella 
infection experiments 

LPS-EK Ultrapure InvivoGen tlrl-peklps For LPS priming, Extracellular 
LPS treatments and LPS 
transfections 

VX-765 Selleckchem - Caspase inhibitor used in cell 
treatments 

Opti-MEM (1X reduced serum 
medium +L-glutamine, 
+HEPES -Phenol red) 

Gibco 11058-021 Media for cell culture and 
treatments 

Ficoll – PaquePLUS cytiva 17144002 Blood separation for EasySep 

and PBMC layer collection 

7AAD Invitrogen A1310 Live/dead stain for flow 

cytometry 

7-AAD Viability Staining 

Solution 

Biolegend 420404 Live/dead stain for flow 

cytometry 

X-VIVO15 Lonza BF02-060F NK cell culture medium 

STEMCELL EasySep Human 
NK Cell Isolation Kit 

STEMCELL 

Technologies 

17955 Purification of immune cells 
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STEMCELL EasySep Direct 

Human NK Cell Isolation Kit 

STEMCELL 

Technologies 

19665 Purification of immune cells 

STEMCELL EasySep Direct 

Human Neutrophil Isolation Kit 

STEMCELL 

Technologies 

19666 Purification of immune cells 

STEMCELL EasySep Mouse 

NK Cell Isolation Kit 

STEMCELL 

Technologies 

19855 Purification of immune cells 

STEMCELL ImmunoCult NK 
Cell Expansion kit 

STEMCELL 

Technologies 

100-0711 NK cell expansion 

STEMCELL SepMATE tubes STEMCELL 

Technologies 

85450 Blood separation 

EasySep Magnet STEMCELL 

Technologies 

18000 Purification of immune cells 

Interleukin-2 Human Sigma Life 

Sciences 

H7041-IOVG Supplement for NK cell culture 

Recombinant Human IL-2 Biolegend 791904 Supplement for NK cell culture 

High-affinity binding plate Greiner 2015477-1 96-well plate for ELISA 

IFN-γ AbClonal 

Biotechnology 

- Priming of immune cells 

HumanKine M-CSF 

(Recombinant Human) 

Proteintech Hz-1192 Differentiation of PBMCs to 

macrophages 

RPMI 1640 Gibco 31870-025 Macrophage culture medium 

UltraCompeBeads 
Compensation Beads 

Invitrogen 01-2222-42 Single stain controls for flow 

cytometry 

Arcturus PicoPure RNA 
Isolation Kit 

Applied 

Biosystems 

12204-01 RNA extraction and isolation 

Superscript IV First strand  Invitrogen 18091050 Reverse transcription of RNA to 

cDNA 

RNase-free DNase Set Qiagen 79254 Column DNase treatment during 

RNA isolation 

Ultrapure 0.5M EDTA pH 8.0 Invitrogen 15575-038 Added to culture media 

HEPES Solution Sigma 7365-45-9 Added to culture media 

Taqman Universal PCR 
Master Mix 

Applied 
Biosystems 

4304437 qPCR master mix 

MicroAMP Optical 96-well 
Reaction Plate with barcode 

Applied 
Biosystems 

4306737 qPCR plates 

IFN-b Mouse, His PROSPEC 
protein 
specialists 

cyt-651-a Priming of immune cells 
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Supplementary Table 2: Table of antibodies  

Antibody Clone Manufacturer Catalogue no Dilution 

Goat anti-mouse IgG Fc 
Secondary Antibody HRP 

- Invitrogen 31437 1:3333 

Goat anti-rabbit IgG Secondary 
Antibody HRP 

- Invitrogen 31460 1:3333 

Caspase-4 mouse monoclonal 
antibody 

- Proteintech 67398-1-Ig 1:2000 

Rat anti-mouse Caspase-11 ab 17D9 BD Pharmingen 564971 1:750 

Anti-Caspase-11 antibody [EPR 

22717-11] 

 

- Abcam ab246496 1:1000 

Caspase-5 (D3G4W) Rabbit 
mAb 

- Cell signalling 
Technologies 

46680 1:1000 

Caspase 1/p20/p10 polyclonal 
antibody 

- Proteintech 22915-1-AP 1:1000 

Mouse anti-H3 ab - Biolegend - 1:2000 

GSDMD antibody -100ug - Cusabio CSB-
PA009956LA01H
U 

1:2000 

GBP2 Rabbit Polyclonal 
antibody ab 

- Proteintech 11854-1-AP 1:1000 

FITC anti-human CD11b ICRF44 Biolegend 301329 1:200 

FITC anti-human CD56 MEM-188 Biolegend 304603 1:200 

Alexa 700 anti-mouse CD45 30-F11 Biolegend 103128 1:200 

APC anti-human CD45 HI30 Biolegend 304011 1:200 

BV421 anti-mouse NK1.1 PK136 Biolegend 108732 1:200 

GBP1 Rabbit polyclonal 
antibody 

- Proteintech 15303-1-AP 1:2000 
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TLR4 Mouse monoclonal 
antibody 

- Proteintech 66350-1-Ig 1:1000 

IL-37 Mouse monoclonal 
antibody 

- Proteintech 6029C-1-Ig 1:500 

IL-18 Rabbit polyclonal antibody - Proteintech 10663-1-AP 1:2000 

Anti-Caspase-5 antibody 
[EP876Y] - BSA and Azide free 

-  Abcam Ab247301 1:1000 

 

Supplementary Table 3: Table of Taqman primers (ThermoFisher) 

Gene name Target Taqman assay number Catalogue number 

Casp1 Mouse Mm00438023_m1 4331182 

Casp4 Mouse Mm00432304_m1 4331182 

Gbp2b Mouse Mm00657086_m1 4331182 

Gbp2 Mouse Mm00494575_m1 4331182 

Gbp3 Mouse Mm00497606_m1 4331182 

Gbp4 Mouse Mm00657752_m1 4331182 

Gbp5 Mouse Mm00463735_m1 4331182 

Il1a Mouse Mm00439620_m1 4331182 

Il1b Mouse Mm00434228_m1 4331182 

Il18 Mouse Mm00434225_m1 4331182 

Ifnar1 Mouse Mm00439544_m1 4331182 

Ifnar2 Mouse Mm00494916_m1 4331182 

Ifngr1 Mouse Mm00599890_m1 4331182 

Ifngr2 Mouse Mm00492626_m1 4331182 

Gsdmd Mouse Mm00509958_m1 4331182 

Ninj1 Mouse Mm00479014_m1 4331182 

Nlrp3 Mouse Mm00840904_m1 4331182 

Pycard Mouse Mm00445747_g1 4331182 

Hmgb1 Mouse Mm00849805_gH 4331182 

Tlr4 Mouse Mm00445273_m1 4331182 

Tnf Mouse Mm00443258_m1 4331182 
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Gzma Mouse Mm01304452_m1 4331182 

Prf1 Mouse Mm00812512_m1 4331182 

Il18r1 Mouse Mm00515178_m1 4331182 

Il18rap Mouse Mm00516053_m1 4331182 

Il18bp Mouse Mm00456733_m1 4331182 

Cd14 Mouse Mm00438094_g1 4331182 

Gapdh Mouse Mm99999915_g1 4331182 

CASP1 Human Hs00354836_m1 4331182 

CASP4 Human Hs01031951_m1 4331182 

CASP5 Human Hs07290189_m1 4331182 

GBP1 Human Hs00266717_m1 4331182 

GBP2 Human Hs00894837_m1 4331182 

GBP3 Human Hs00544385_m1 4331182 

GBP4 Human Hs00364728_m1 4331182 

GBP5 Human Hs00369472_m1 4331182 

IL1B Human Hs01555410_m1 4331182 

IL18 Human Hs01038788_m1 4331182 

IFNGR1 Human Hs00166223_m1 4331182 

IFNGR2 Human Hs00194264_m1 4331182 

GSDMD Human Hs00226875_m1 4331182 

NINJ1 Human Hs00982607_m1 4331182 

NLRP3 Human Hs00918082_m1 4331182 

PYCARD Human Hs00203118_m1 4331182 

TLR4 Human Hs00152939_m1 4331182 

TNF Human Hs00174128_m1 4331182 

GZMA Human Hs00989184_m1 4331182 

PRF1 Human Hs00169473_m1 4331182 

CD14 Human Hs00169122_g1 4331182 

IL37 Human Hs00367201_m1 4331182 

GAPDH Human Hs02758991_g1 4331182 
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6.0 Abbreviations 

Abbreviation Meaning 

γδT Gamma-delta T cell 

7AAD 7-aminoactinomycin D 

ADCC Antibody-dependent cellular cytotoxicity 

AIM2 Absent in melanoma 2 

ALRs AIM2-like receptors 

ASC Apoptosis-associated speck-like protein containing a CARD 

CARD Caspase activation and recruitment domain 

CD Cluster of differentiation 

cDNA Complementary deoxyribonucleic acid 

CLP Common lymphoid progenitor 

CLRs C-type lectin receptors 

DAMPs Danger-associated molecular patterns 

DC Dendritic cell 

DPBS Dulbecco’s phosphate buffered saline 

Eomes Eomesdermin homolog 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

ESCRT Endosomal sorting complex required for transport 

FACS Fluorescence-activated cell sorting 

FBS Foetal bovine serum 

FCS Foetal calf serum 

GATA3 GATA binding protein 3 

GBP Guanylate binding protein 

GFP Green fluorescent protein 

GSDMD Gasdermin-D 

HCl Hydrochloric acid 



 

73 

HMDM Human monocyte derived macrophages 

HMGB1 High mobility group box 1 

HRP Horseradish peroxidase 

Id2 DNA-binding protein inhibitor 2 

IFN-γ Interferon gamma 

IFNAR1 Interferon alpha and beta receptor subunit 1 

IL Interleukin 

ILCs Innate lymphoid cells 

iPSC Induced pluripotent stem cell 

iNKT Invariant natural killer T cell 

IRF Interferon regulatory factor 

JAK Janus family tyrosine protein kinase 

KIRs Killer-cell immunoglobulin-like receptors 

LB Luria-Bertani 

LBP Lipopolysaccharide binding protein 

LDH Lactate dehydrogenase 

LPS Lipopolysaccharide 

Ly6C Lymphocyte antigen 6C 

M-CSF Macrophage colony stimulating factor 

MD2 Myeloid differentiation factor 2 

MOI Multiplicity of infection 

mTOR Mammalian target of rapamycin 

MyD88 Myeloid differentiation primary response protein 

NAIP Neuronal apoptosis inhibitory protein 

NCI Non-canonical inflammasome 

NETs Neutrophil extracellular traps 

NFⲕB Nuclear factor kapa-light-chain-enhancer of activated B cells 

Ninj1 Ninjurin-1 

NK Natural killer cells 

NKG2D NKG2-D type II integral membrane protein 
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NKP NK lineage progenitor 

Nkp44 Natural cytotoxicity triggering receptor 2 

NLRC4 NLR family CARD domain containing protein 4 

NLRP3 NLR family PYD domain containing protein 3 

NLRs Nod-like receptors 

OD Optical density 

OMVs Outer membrane vesicles 

PAD4 Peptidylarginine deiminase 4 

PAMPs Pathogen-associated molecular patterns 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PBST Phosphate buffered saline tween 

PGPC 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine 

PRRs Pattern recognition receptors 

PYD Pyrin domain 

qPCR Quantitative polymerase chain reaction 

RBC Red blood cell 

RLRs RIG-I-like receptors 

RNA Ribonucleic acid 

RNAseq RNA sequencing 

SCV Salmonella-containing vacuole 

SDS Sodium dodecyl sulphate 

siRNA Small interfering ribonucleic acid 

SLE Systemic lupus erythematosus 

STAT Signal transducer and activator of transcription 

Tbet T-box transcription factor 

TBST Tris buffered saline tween 

TCR T-cell receptor 

Th T-helper cell 

TLRs Toll-like receptors 
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TNF⍺ Tumour necrosis factor alpha 

TRIF TIR-domain-containing adaptor-inducing interferon ꞵ 

WT Wild type 
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