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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-1 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 (iINKTs), 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-1 . However, LPS transfection did not induce p
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, somsetoirmmeds. Ilenadihngs tpo obcceystso kai I
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 (2i 4). Conventionally, the inflammasome

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

inflammatory cytokines such as interleukin-1 beta(lIL-1 ) and activates an infl

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) (2,61 9). Although anti-IL-1 therapies are a rece
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.

Alzheimer's
Parkinson's
Multiple sclerosis

Diabetes
Inflammatory bowel disease
SLE

Colitis Asthma

Rheumatoid
arthritis

Figure 1. Diseases linked to the activation of inflammasomes.
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1.1 Innate immune recognition of danger signals and infection

Cells have evolved many proteins, termed pattern recognition receptors (PRRSs), to sense a
wide range of cell homeostatic changes, pathogen-associated molecular patterns (PAMPS)
and danger-associated molecular patterns (DAMPSs). 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) (117 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

10
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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 U-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).

LBP

CD14-LPS TLR4-MD-2-LPS
complex complex

<
¢

CD14-mediated endocytosis

MyD88 dependent
pathway

v 4_|
- MyD88 independent

1 pathway

R oot B>
l . Proinflammatory L

cytokines e.g. Pro- Type-l interferons
IL-1B

Figure 2. Extracellular LPS recognition via TLR4. LPS recognised by a receptor complex at the cell surface
induces a signalling cascade resulting in the upregulation of proinflammatory cytokines. LPS,
Lipopolysaccharide; LBP, LPS binding protein; CD, cluster of differentiation; TLR, Toll-like receptor; MyD,
myeloid differentiation factor; TIRAP, TIR domain containing adaptor protein; NF, nuclear factor; AP,
Activator protein; TRIF, TIR domain-containing adaptor-inducing interferon beta; TRAM, Translocation-
associated membrane; IRF, Interferon regulatory factor; IL, interleukin.

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
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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-yB (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-yB 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 Il
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
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structures called outer-membrane vesicles (OMVSs). 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-1 a n-L-1® (b,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-1 a n18 whiich 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 Ninjl is
associated with increased susceptibility to bacterial infection in mice highlighting the

importance of pyroptosis in host defence (49).
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NLRP3 Inflammasome

NLRP3
(SENSOR)

ASC
(ADAPTOR)

Figure 3. NLRP3 inflammasome assembly. Consists of NLRP3, ASC and pro-
caspase-1. LRR, Leucine-rich repeat; PYD, Pyrin domain; CARD, Caspase
activation and recruitment domain. (Created in Biorender).

Pro-caspase-1
(CASPASE)

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 interferongamma (IFN-0) pri mi ng or signalling
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
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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-1 processing indirec
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 1L-1

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-o pr oducti on which i s necessary to
bacterial infection. Caspase-1 knockout mice exhibit lower IL-18 secretion and subsequent

reductionof IFN-o | evel s i n the blood which makes them mo
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 Thl 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-9 . Further mor e, bacteria have developed e
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
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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).
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Figure 4. The non-canonical inflammasome pathway. TLR-independent recognition of LPS in an
intracellular context leads to cleavage of GSDMD by caspase activity (caspase 4 and 5 in human and caspase
11 in mice). This allows pore formation, cytokine release, pyroptosis and subsequent activation of the
canonical inflammasome. GBP, Guanylate binding protein; GSDMD, GasderminD; K, Potassium; NLRP3, NLR
family pyrin domain containing-3; LDH, Lactodehydrogenase, IL, Interleukin.

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-1andIL-1 b secretion through
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, Thl, Th2,
Th17 cells) that there is a complex innate lymphoid cell family that participates in the innate
immune network (79). The f oundi ng mmeanbee rl yonfp htohieds ec edilns 6 (I L
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 (82i 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-0  a n d liReMud 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 (88i 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
DAMPSs) 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 1d2* (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
epithelialkd er i ved 61 ndu €lbandIL-&8y(ILCLiH, L% and IL-33I(ILC2s), and IL-
23 (ILC3s) that then promote ILC proliferation and rapid secretion of large quantities of

appropriate cytokine (92,971 100).

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 CD56""9") that are non-cytotoxic and instead produce large
amountsof IFN-0 | i ke | L C1 s tiffled with retest and detaitbe 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 CD56""9" NK cells) has hampered their classification
as ILC1s despite expression of cell surface cytokine receptors and asharedIFN-o s ecr et or vy
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 (1047 106).

1.7.1 Natural killer (NK) cell development

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

bet ween conventional or Ocyt ot @roduadng ILOLK Inened, | s and
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 GATAS3 at a very early stage, derives from an

haematopoietic 1d2* ILC progenitor cell. It is suggested that pre-NKPs and refined NKP stages

di verge towards i mmat ur eowdNélitis entldarsifthfsisthenonly hi s 61 L Cl
developmental pathway since deficiencies in GATAS 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 (108i 110).
Furthermore, downstream commitment to either ILC1 or NK cell is thought to be dependent on
two master transcription factors, Thet 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 Thet”

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 CD56""" NK cells are suggested to further develop into mature CD56%™ 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-
2 product i ongrownimdevelopmgthem hssagotential 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-0 (124).IFN-0 i s reported to be protecti v
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
TcelswithlFN-o pl aying a c¢r uci al(104)oliteeestiaglysoveractivaion pr ot ect
of NK cells and subsequent excessive IFN-o pr oducti on i s known to dri v
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-0 0 # depelnding

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, specificallygamma-del ta T cells (o204 T cells) wupon i
(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

|l icense with the UK Home Office. C57BL/6J are ref
Fgd52S¢ee™ 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 manuf
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 CD11b"9") were sorted into 1XPBS/50%FCS by FACS. 7AAD

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

single staincontrols . Anti bodi es used were against the foll
GK1.5, CD8a, 53-6.7, CD19, eBiolD3, CD11c, N418, Grl, RB6-8C5, FceR1, MAR-1)

conjugated to PECy7, CDA45 (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, STEMCEL L Technol ogies, according to manuf ac:
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 i 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 10° cells/well in Opti-MEM (Gibco) +Aprotinin 1ug/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 10° cells per well. 2 hrs prior to seeding, plates were coated as per
manufacturerés protocols (STEMCELLTechnol ogi es,
appropriate volume of Immunocult base media and supplement and allowed to expand for 14

or 28 days. After expansion, cellswerere-s eeded in 96 wel | plates in 10
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 pl of bacteria per well (depending on
volume of cell culture media). After 1 hour of incubation with NK cells, gentamicin was added
at 20 pg/ml to kill extracellular bacteria. The plate was then incubated for a further 4 hours at
37°C 5% CO; 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 16hrsforlIFN-o  ( Abcl onal Bi otechnol ogy, 10 ng/ ml)
37°C 5% CO..

VX-765 caspaseinhibi t or was added (50 €M) for 30 mins pri:
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 gqPCR 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 1in 10 dilution. Cells were incubated at 37°C 5% CO 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 |
cells were still adhering to the plate, 100 ¢l o 1
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 | treatment (Qiagen RNase-free

DNase set). Following RNA isolation cDNA was immediately synthesised according to
manufacturerés instructions (lnvitrogen, superscil
triplicate using Tagman 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 thedeltaC;( pCt ) met hod. Data was expressed as
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 l' ysis controls. To coc¢
lyse cells and provide a reference control. The plate was incubated for 5 - 10 minutes at 37°C.

15-20 ¢l of supernatant was removed to a new pl at e
prepared as per manufacturero6s protocol (substr at
wells were included that contained media only. An equal volume of the newly made substrate

was added to eachwell (15-20¢l ) and all owed to incubate at r oc¢
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 (15-2 0 ¢ | 1M

HCI). 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).

2.81L-1 Enzyme-Linked Immunosorbent Assay (ELISA)

TomeasurelL-1 b r el elabs eElLIISLA detection kit (lnvitrogen)
(high-affinity binding plate, Greiner) were treated withIL-1 b capt ur e anti body (i n
as per manufactur er 6 sat4°Gfsra minimumiofd®éhss priofton vi t r ogen)
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-1 standards (2000 pg
pg/ ml starting concentration) added in duplicate,
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 €| added) .

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

Detection antibodywasad ded (in ELI SA diluent, according to
incubated at room temperature for 1 hour. Following washing, the plate was incubated with

avidn-HRP (according to manufacturerds instructions)
Aftera final wash 40 ¢l of TMB solution (HRP substr
room temperature until 2/ 3 of the standards exhil
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 15,0009 for 10 mins, r.t.
The upper phase was discarded, 1.6x volume of methanol added, vortexed, centrifuged
(15,0009 10 mins, r.t.), supernatant discarded, and the pellet allowed to air dry for 30 mins.
Subsequently, the pellet was resuspended in 25ul 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 25pl 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
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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 pl
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 gPCR, 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.
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3.0 Results

3.1 RNASequencing analysis reveals expression of inflammasome-related genes in
lymphoid cells

Itis 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 (1371 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
Irfl and Irf7. This upregulation is reduced considerably, close to that seen at O 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 NIrp3 and Il1b via NF-yB 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 ouT cell) displayed in the Figure 5B,
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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.
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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.

o N
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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 o i 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
RNASe(q 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 gPCR 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 gPCR 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).
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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*CD11b"9". These samples were then subjected to qPCR analysis for known genes
related to the NCI.
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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.

gPCR experiments revealed that, in the absence of conventional inflammasome priming
methods, NK cells (NK1.1%) exhibited similar basal levels of Caspl and Casp4 (gene encoding
murine Caspase-11) compared to macrophages (CD11b"9") (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, NIrp3 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 forIL-1 b p r imgcaadssecretion. In addition, the presence of GSDMD and Ninj1
was interesting as both are required for pyroptotic cell death downstream of NCI activation.
However, lI1b 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 gPCR with both TIr4 and Ifngrl manifesting similar or increased
expression respectively compared to macrophages (Figure 9A). Therefore, the use of LPS or
IFN- 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 Prfl 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 TNFU was also included |
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 gPCR data of
relative gene expression to Gapdh n=10. F gPCR 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 Caspl, Casp4, Gbp2b, Gbp2, Gbp3, Gbp4, Gbp5, Pycard, Ninj1,
Gsdmd and NIrp3 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 TIr4, Cd14, Gzma, Prfl 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 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 gPCR
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 gPCR
data of relative gene expression to Gapdh n=5-6. Analysis by Wilcoxon signed rank test. ns = not
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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-1 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 gPCR that NK cells expressed genes
for the pore forming protein GSDMD and membrane rupture regulator Ninj1. Similarly, there
was no increase in IL-1 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-1 secretion (Figure 12D).
Macrophages have been shown to release IL-1 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-1 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.
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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
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5hrs treatments n=3.DIL-1 b EL | S A C$ pudfied WH Mmouse macrophage 14hr treatments
n=4.EIL-1b ELI SA from FACS purified WT mbBbldbé HKI ¢
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 Caspll and GSDMD (8). Murine NK cells were primed with IFN- 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-1 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 gPCR.

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 g°PCR 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.
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gPCR 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 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- instead as the main priming agent. IFN- 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- 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- priming in both cell types
(Supplementary Figure 4 and 5).
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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-1 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-1 was
significantly increased with LPS transfection in NK cells suggesting that pro-IL-1 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-1 secretion as expected, however more
replicates are needed for this observation to be statistically significant (Supplementary Figure
6). The increase in IL-1 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 gPCR 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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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-1 b
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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.
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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-1
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 maturationfromIFN-o pr oduci ng to cytoto
(14471 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 CD56"¢ NK cell populations (1471 149).

CD56 is described as being 6brighté or 6dimé for
colleagues suggested that 90% of human blood NK cells are CD56%™ 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 gPCR (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
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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
cytotoxicityandIFN-0  pr oduct i on s angpvenuefor tutere workgl5). mi s
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

donorsforlFN-o pri med neutrophils and NK cells. A

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.
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A key component of NCI activation in both species is the use of extracellular priming. The use

ofLPSandIFN-o as pri ming agents failed to induce

related gene expression in the gPCR experiments (Figure 10, 11, 15 and Supplementary
Figure 5). In contrast to the mouse data, human gPCR 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-

sign

1 and results in better antimicrobial responses

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-1 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- , -b F N r rfiaM Ibe necessary to induce gene expression via NFyB 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- pr i mi n gusedassapraming agent in experiments with murine NK cells instead
of LPS to try and induce inflammasome components, IL-1 secretion and

release upon LPS transfection. However, priming with IFN- did not induce

ncr e,

t his |

(Supplementary Figure 3). Autocrine IFN- signalling downstream of TLI

reported to upregulate proinflammatory gene expression (26). However, the effect of IFN- [

ambiguous and studies have widely reported its immunomodulatory and anti-inflammatory

effects including an inhibitory effect on IL-1 production and canoni cal i n

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). ConsideringIL-1 b s ecr et i onFigurel6B)bser ved

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.
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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 cytotoxicand IFN-o pr oduci ng functions. Certain cell
and dendritic cells, have been shown to resist cell death whilst still secretingIL-1 b i n r esponse
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-1 secretion i s a asomeactivaton kigurel®df i nf |
suggests that human NK cellscansecretelL-1 b i n response to LPS transf
variability in quality of the accompanying IL-1 st anda SupplementaryeBgurg 9)

which may affect the results observed. This could be due to repeated freeze-thaw cycles of

aliquotedIL-1 b st andard or variability in pipetting qua
density (OD) at 450nm was low even at high concentrationof IL-1 b st andar d which co
due to the quality of the plate reader available to measure absorbance accurately. Other

secreted factors should also be considered alongside IL-1 b when | ooking at NK ce¢

To further investigate the effects of LPS transfection on IL-1 secretion and LDH r €
cells, siRNA against caspase-4 could be utilised to add evidence that the NCI is driving the
increase in LDH and IL-1 . I nhi bitors of the canonical pat hwa
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,
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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-1 signal .-1LDédoahd bé& observed fr-éonbydi rect aci
caspase-4 mediated activation of NLRP3 via potassium efflux (Figure 4). The gPCR data

suggests that NIrp3 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-0 s e ¢ (124).i o n

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
(highIFN-0 )  wh i ¢ hCD%6%Y9% sulbsét er cytotoxic (high granzyme and perforin) which
are the CD56™ subset (90% of human blood) (101). Planned future experiments include the
use of retained supernatant from the above experimentstotestforIFN-o an d
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-2 ,
granzyme, perforin, IL-1 , IL-1  , -18lard IL-37. Due to variability in IL-1 ELI SA readout s
between donors for the human experiments, a sensitive bead array system would be more

appropriate to assess IL-1 l evel s for these human sampl es.

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- or IFN- (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-1 secretion observed for murine NK cE¢e
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.
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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, gPCR 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 NLRCA4.
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 itis
unclear whether the LDH response observed could be attributed to flagellin recognition by
NLRCA4.

IRF3 is required for IFN- expression downstream of TLR4 signal
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- |l evel s were reduced in
mice (165). LPS and IFN- pri ming of i edxpressiomeosidbbmknked te this

phenotype. It would be interesting to include IRF3 and other IRFs in gPCR analysis of NK cells

to examine if these key inducers of IFN- are present . -Sequericihgedatano r e , RNA
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-

autocrine signalling as well (27). Therefore it would be interesting to validate the phenotype

observed with RNA-sequencing by gPCR 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 gPCR 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).

54


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

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 inIFN-o | evel s. I n contrast, dsebpdnet i on of
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-0 whi ch <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-2

(169). However a study by Kim et al suggested that in the context of secondary bacterial
infection post sepsis,IFN-0 act s i n an i mmunosuppressive capaci
increased survival of bacteria in the host. Interestingly, in this situation iINKTs were reported to

drive this immunosuppressive phenotype through mTOR activation in NK cells resulting in

higher susceptibility to bacterial infection. Deletion of the iINKT population or inhibition of

mMTOR 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-o t hought to contribute towards sepsis, their
Figure 16 may contribute to their accumulation and overactive phenotype associated with

sepsis severity. Indeed, caspase-4 directed cleavage of IL-1 as digwel6 wauld 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).
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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-1 in response tc
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.

gPCR 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-1 processing by the NL
inflammasome. As such, any IL-1 s @ agbsetved would have to be due to the action of

another inflammasome. This opens up the possibility that caspase-4 could cleave IL-1

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-o priming in NK cells but another priming agent
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
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in NCl-mediated IL-1 producti on. I n conjunction with
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.
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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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Supplementary figure 2. LPS priming does not impact gene expression in murine macrophages.
A-G gPCR 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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Supplementary figure 3. IFN-b  pri med murine NK cells do not

Samples were primed for 3hrs with IFN-b followed by 5hrs of LPS transfection. A LDH assay with
WT mouse splenic NK cells n=2. B IL-1b 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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Supplementary figure 4: Human neutrophils show no change in gene expression in response
to LPSorIFN-0 pr i @D IgRCR 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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Supplementary figure 5. Human NK cells show no change in gene expression in response to

LPS or IFN-2
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p r i WD WRCR 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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Supplementary figure 6. Human macrophages exhibit trends toward increased IL-1 b s ecr
and LDH release in response to LPS transfection. Human macrophages differentiated from
peripheral blood PBMCs n=2 ALDHassay.BIL-1 b ELI SA. Analysis by Wi
= 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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