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Abstract

Innate immune recognition of microbial components serves as a cornerstone in mediating an
effective immune response. Innate immune sensors and inflammasomes detect both
intracellular and extracellular microorganisms. The inflammasome is an intracellular signalling
complex comprising of a sensor, an adaptor protein ASC (known as apoptosis-associated
speck-like protein containing a caspase activation and recruitment domain) and the cysteine
protease caspase-1. Inflammasomes regulate secretion of the pro-inflammatory cytokines, IL-
1b and IL-18, and induction of a cell death pathway known as pyroptosis. Certain intracellular
bacteria require cytosolic access to activate the inflammasome, however, how extracellular

bacteria are sensed by the inflammasome in the cytoplasm remains largely unclear.

To understand the innate immune recognition of extracellular bacteria, a panel of clinically
important intracellular and extracellular bacteria were analysed. This analysis led to the
identification of an unknown secreted factor from the foodborne bacterium Bacillus cereus that
activated the inflammasome without gaining cytosolic access. The tripartite enterotoxin called
haemolysin BL (HBL) was identified as the novel activator of the NLRP3 inflammasome. |
further identified another tripartite toxin called non-haemolytic enterotoxin (NHE), which also

activated NLRP3 to induce inflammation and cell death.

Mechanistically, both multi-component toxins assembled in a specific and linear order on the
mammalian plasma membrane to form a lytic pore, which induces potassium efflux.
Remarkably, HBL and NHE operated synergistically to drive inflammation in a mouse model
of B. cereus infection. Administration of a small molecule NLRP3 inhibitor MCC950 inhibited
inflammation induced by HBL and NHE in vivo and rescued mice from B. cereus-induced
lethality. These data showcase the ability of a single inflammasome sensor to detect

structurally and functionally similar toxins from the same bacterium.
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Given that toxins as novel inflammasome activators can be readily identified, | further
conducted an unbiased screen of 34 toxins from phylogenetically diverse organisms from
different domains of life. This screen revealed that phospholipase C (PLC) from the human
bacterial pathogen Clostridium perfringens as an activator of the NLRP3 inflammasome. In
contrast to the known NLRP3-activating toxins which emanate an inflammasome-activating
signal from the plasma membrane, PLC activated the NLRP3 inflammasome intracellularly via
the endosome-lysosomal pathway. Mechanistically, PLC caused lysosomal membrane
destabilisation which triggered potassium efflux to initiate the assembly of the NLRP3
inflammasome, highlighting a convergence of signals between the lysosome and potassium
efflux in initiating cytosolic sensing of a bacterial phospholipase and innate immunity. Overall,
this research identified three novel activators of the inflammasome and their molecular
mechanisms in activating inflammation and cell death responses. Understanding the
molecular basis of host-pathogen interactions has the potential to contribute therapies which
target microbial virulence factors and/or the immune system in the treatment of infectious

diseases.
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1.1 Preface
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signaling. Journal of Leukocyte Biology, 103:233i 257. * Co-first authors.
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ANLRP3 inflammaaomeadcaliNddbRP3 i nfl ammaspomeo,
edited subsequent versions of the whole manuscript and addressed comments from co-
authors and external peer reviewers with assistance from senior author Prof. Si Ming Man.

2. Hayward, J*, Mathur, A*, Ngo, C and Man, SM (2018). Cytosolic Recognition of

Microbes and Pathogens: Infammasomes in Action. Microbiology and Molecular
Biology Reviews, 82(4). * Co-first authors.
Asane qu al first author, | wrote the sectijons ti
subsequent versions of the whole manuscript and addressed comments from co-authors
and external peer reviewers with assistance from senior author Prof. Si Ming Man.

3. Tuipulotu, DE, Mathur, A, Ngo, C, and Man, SM (2021). Bacillus cereus: epidemiology,

virulence factors and host-pathogen interactions. Trends in Microbiology, 29 (5),

458-471,
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versions of the whole manuscript and helped the first author in addressing comments from
co-authors and external peer reviewers with assistance from senior author Prof. Si Ming

Man.
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1.2 Innate immunity and pattern recognition receptors

The innate immune system is an evolutionarily ancient host defence system, found in plants,
invertebrates, and mammals, that can respond to invading microbes and endogenous stress
signals. The innate immune system relies on detection of specific and conserved determinants
displayed by microbes and endogenous signals, called pathogen-associated molecular
patterns (PAMPs) ! and damage-associated molecular patterns (DAMPS), respectively 2.
Some examples of PAMPs are lipoproteins, flagellin, and toxins; and of DAMPs are ATP,
nuclear proteins, chaperon proteins and uric acid crystals 3. PAMPs and DAMPs are sensed
by germline-encoded pattern recognition receptors (PRRs) ®. PRRs include Toll-like receptors
(TLRs) 4, C-type lectin receptors (CLR) °, Retinoic acid-inducible gene (RIG-1)-like receptors
(RLRs) and Nucleotide-binding oligomerisation domain (NOD)-like receptor (NLRs) 7. These
PRRs are expressed on immune and non-immune cells, including macrophages, dendritic
cells, neutrophils, NK cells, platelets, epithelial and endothelial cells 8 These PRRs
orchestrate host responses through the production of inflammatory cytokines, chemokines,
interferons and antimicrobial molecules *. In addition, stimulation of PRRs by PAMPs and
DAMPs results in initiation of programmed cell death pathways such as apoptosis, pyroptosis

and necroptosis °.

To mediate an effective immune detection of PAMPs and DAMPs, PRRs monitor both
extracellular and intracellular spaces !. Concerted activation of multiple PRRs enables the
host to respond to diverse stimuli and amplify the immune response for rapid clearance of
infection or damage °. Owing to the central role of PRRs in mediating an innate immune
response, PRRs are controlled by transcriptional and post-translational regulation L.
Dysregulation and dysfunction of PRRs can result in either decrease or increase of the
immune response such as inflammation. Indeed, genetic polymorphisms found in several PRR
genes are associated with development of inflammatory, metabolic and neurological

disorders.
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TLRs are found on the surface and endosomal compartment of the cell . TLRs present on the
plasma membrane, such as TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10, recognise cell
surface-associated microbial antigens 2. TLR2/1 and TLR2/6 sense bacterial and parasitic
lipoproteins and TLR4 and its co-receptors MD2 and CD14 recognise polysaccharide (LPS)
of Gram-negative bacteria . In contrast, endosomal TLRs, such as TLR3 and TLR9,
recognise nucleic acids **. TLR3 senses double stranded RNA, whereas TLR9 binds to single
stranded DNA (ssDNA) containing unmethylated CpG. Engagement of the TLRs with their
cognate ligand initiates a signal transduction which modulates gene transcription, epigenetic
programming, translation of mRNA, metabolism, cytoskeleton activity and cell viability . TLR
responses are also associated with production of pro-inflammatory and anti-inflammatory
cytokines, interferons (IFNs), anti-microbial products, molecules for tissue repair, and
chemokines *. The spectrum of biological activities regulated by the TLR network and

signalling highlight their importance as key players of innate immunity.

RLRs sense viral infection and launches an anti-viral response by upregulating the
transcription of type | IFNs and other interferon-stimulated genes (ISGs) °. Members of the
RLRs family includes RIG-I, melanoma differentiation-associated protein 5 (MDA5) and
laboratory of genetics and physiology 2 (LGP2) . RLRs are localised in the cytosol where
they recognise viral RNA 7. However, recent studies have revealed that RIG-I can detect host
RNA which are unusual, mislocalised or misprocessed *°81° Notably, certain viruses can
hijack the host transcriptional machinery leading to mislocalisation of cellular non-coding
RNAs, downregulation of RNA binding proteins and unmasking of endogenous retroviral
elements 1% The ability of RLRs to mediate detection of viral and host RNA highlights the

protective functions of RLRs in infection and sterile pathologies.

Another important class of PRRs are CLRs, which are predominately expressed on immune
cells and interact with pathogens that harbour glycan moieties such as mannose, fucose and

glucan carbohydrate structures ?°. CLRs exists as both transmembrane and soluble proteins
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21 CLRs are expressed on both myeloid- and lymphoid- lineage cells. Examples of myeloid-
lineage cells include dendritic cells, monocytes, macrophages, and neutrophils, whereas
lymphoid-lineage cells include NK cells ?°. The prominent CLRs expressed on myeloid-lineage
cells include Dectin -1 and -2, Mincle, and mannose receptor 2. CLR-mediated recognition
can fine-tune the adaptive immune response either by antigen presentation of internalised
pathogen or through secretion of pro- or anti- inflammatory cytokines and chemokines 2. In
addition to recognition of microbial ligands containing carbohydrate moieties, CLRs can
recognise damage-associated host ligands such as oxidised phospholipids, heat-shock

proteins and ribonucleoproteins 3.

A family of PRRs that has gained attention from the scientific community is the cytosolic NLR
family of proteins. NLRs are generally defined by a tripartite domain architecture comprising
of a C terminal LRR, a middle nucleotide-binding domain (NBD, also known as the NACHT
domain) and a variable N-terminal domain %4, The N-terminal domains include pyrin (PYD;
found in NLRP), caspase activation and recruitment domain (CARD; found in NLRC and
NOD), baculoviral inhibitory of apoptosis repeat (BIR; found in NAIP), or transactivator domain
(found in CIITA) 2. The NLRs called NOD1 and NOD2 can recognise peptidoglycan derived
from bacterial species. NOD1 detects diaminopimelic acid produced primarily by Gram-
negative bacteria 2, whereas NOD2 binds to muramyl dipeptide, a component of both Gram-
positive and Gram-negative bacteria ?°. Activation of NOD1 and NOD?2 results in activation of
mitogen-activated protein kinase (MAPK) and nuclear factor-kB (NF-kB) pathways, leading to
transcriptional modulation of genes encoding inflammatory cytokines, such as tumour necrosis
factor (TNF) 25, Certain members of the NLR family are known to form a cytosolic signalling
hub called the inflammasome 2. The inflammasomes detect several microbial and
endogenous determinants triggering inflammation and a programmed cell death pathway

called pyroptosis (discussed in section 1.3).
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1.3 Inflammasomes

Inflammasomes are cytosolic multimeric signalling complexes that coordinate host immune
responses to invading pathogens and host-derived danger signals. Less than two decades
into its discovery, the inflammasome has become one of the centrepieces of immunology and
has continued to inspire research into pattern recognition and innate immunity. A central
feature of the inflammasome is its ability to respond to pathogens and danger signals from
within the host cytoplasm and emanate a rapid inflammatory and cell death response. Binding
between a single entity of ligand and an inflammasome sensor can induce a cascade of
oligomerisation events, culminating in inflammation and cell death that define the physiological
outcomes in the host. These outcomes are either beneficial, such as immunity to infection, or
detrimental, including development of inflammatory, metabolic and neurological diseases and

cancer.

To achieve a beneficial outcome, the inflammasome induces a protective response, either by
induction of inflammation and cellular recruitment via IL-1b and IL-18, or physical destruction
or removal of the infected cell via pyroptosis. Enhancement of these protective responses can
be achieved by heightening the inflammasome activity through pharmacological modulation,
such as anti-viral therapies . However, timely negative regulation of these protective
responses helps in the prevention of a hyper-activated inflammasome that, if left uncontrolled,
can cause tissue damage and chronic inflammatory disorders. Experimental therapies that are
able to attenuate inflammasome hyperactivation have been successful in the treatment of
endotoxaemia and autoinflammatory disorders °, suggesting that inmunomodulators of the
inflammasome are a promising armamentarium that may be applied more widely in the clinics.
For example, inhibition of the inflammasome may be beneficial to curtail overt inflammatory

responses in sepsis that often lead to rapid lethality 2°.
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1.3.1 General mechanisms of inflammasome activation

Formation of the inflammasome is initiated by cytosolic PRRs, capable of recognising PAMPs
and DAMPs. In most cases, activated PRRs bind and engage the inflammasome adaptor
protein apoptosis-associated speck-like protein containing a caspase activation and
recruitment domain (ASC) in order to recruit and activate the cysteine protease caspase-1 *°.
Several families of PRRs known to form inflammasomes include, the nucleotide-binding
domain and leucine-rich repeat receptors (NLRs), the absent in melanoma 2-like receptors
(ALRs) and tripartite motif (TRIM). NLRP1 was first described to form an inflammasome
complex in 2002 3!, sparking interests to determine which other PRRs might also form
inflammasome complexes. Since then, NLRP3, NLRC4, AIM2, Caspase-11 and Pyrin have
also been shown to initiate formation of an inflammasome complex 32 ; while less thoroughly
characterised, there is also evidence that human NLRP2, NLRP7 and IFI16, and mouse

NLRP6, NLRP9b and NLRP12 can activate caspase-1 3%,

ASC is a bipartite protein consisting of an N-terminal pyrin domain (PYD) and a C-terminal
caspase activation and recruitment domain (CARD). Following PRR activation, ASC rapidly
oligomerises through homotypic PYD-PYD interactions into a large filamentous scaffold 37,
Inactive pro-caspase-1 monomers are recruited to ASC filaments through CARD-CARD
interactions and thereby brought into close proximity for optimal self-activation 3637, This
sensor-ASC-caspase-1 i nfl ammasome complex can be visualis
to 1 um in diameter within the cytoplasm of macrophages and other cell types such as de ndritic
cells, neutrophils and epithelial cells *42, Inflammasome specks released from pyroptotic cells
have even been found to act as DAMPs and amplify the inflammatory response “344,
Inflammasomes can be assembled on several organelles, such as the trans Golgi network,

perinuclear sites, or the microtubule-organising center (MTOC) 384549,

After recruitment to the inflammasome complex and undergoing self-activation, caspase-1

executes several key cellular functions that are characteristic hallmarks of inflammasome
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activation. Caspase-1 proteolytically processes the pro-inflammatory cytokines pro-IL-1b and
pro-IL-18 into their biologically active forms. In addition, caspase-1 cleaves the pro-pyroptotic
factor gasdermin D (GSDMD) °°%2, The N-terminal fragment of GSDMD oligomerises and
forms pores on the host cell membrane %7, leading to cell swelling, lysis and release of

cytoplasmic contents in an inflammatory form of cell death called pyroptosis.

Secretion of IL-1b and IL-18 and induction of pyroptosis have an instrumental role in eliciting,
magnifying and perpetuating inflammation and, in most cases, reducing overall pathogen
burden. Both cytokines serve as a bridge between innate and adaptive immunity: IL-1b is a
potent promoter of inflammation, immune cell extravasation and vasodilation with additional
capabilities in modulating adaptive immunity °8, while IL-18 triggers local inflammation, IFN-2
production in Natural Killer (NK) cells, CD4* Tul cells and CD8* cytotoxic T cells, and
augments the development of CD4" Tu2 cells *°. In addition to promoting the release of
cytokines and DAMPs, another overarching function of pyroptosis is to expel an infected cell
from the tissue 6! or to expel pathogens from infected macrophages 2%, Thus, the
inflammasome facilitates disruption of the replicative niche exploited by intracellular
pathogens and exposes them to potentially less favourable conditions. However, inappropriate
IL-1b and IL-18 release can drive sterile inflammation and contribute to the development of

autoimmune and inflammatory disease.

While the downstream consequences of activation of inflammasomes are inflammation and
cell death, the molecular mechanisms governing the regulation of ligand detection and
activation of each inflammasome sensor are distinct, often in nuanced ways. An extensive
overview of the unique molecular mechanisms governing the different inflammasome

complexes are outlined in the sections below.
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1.3.2 NLRP1 inflammasome

Human NLRP1 was the first protein identified to form an inflammasome complex 3. This
inflammasome complex contains NLRP1, ASC, caspase-1 and caspase-5 3. The human
NLRP1 protein is composed of a PYD domain, a nucleotide-binding domain (NBD), a leucine
rich repeat (LRR), a function-to-find (FIIND) domain, and a CARD domain 3. Unlike human
NLRP1, mice carry three NLRP1 paralogs (NLRP1a, NLRP1b and NLRP1c), all of which lack
a PYD domain ®. Mouse NLRP1b and rat NLRP1 are activated by the anthrax lethal toxin
secreted by the human bacterial pathogen Bacillus anthracis %%, The anthrax lethal toxin is
composed of a receptor binding component known as protective antigen and a zinc
metalloprotease called lethal factor (Fig. 1.1). The protective antigen binds to two host cell
surface receptors; tumour endothelium marker-8 (TEM8 also known as anthrax receptor 1)
and capillary morphogenesis protein-2 (CMG2 also known as anthrax receptor 2) 770,
Endocytosis of the receptor-toxin complex facilitates the translocation of the lethal toxin from
the extracellular space into the cytosol %72, The low pH of endosomes mediates maturation
of the protective antigen channel, transferring the lethal factor from the endosome to the

cytosol 172,

In the cytosol, the lethal factor induces N-terminal proteolytic cleavage of the mouse NLRP1b

and rat NLRP1 to catalyse the activation of the NLRP1 inflammasome 567377 (Fig. 1.1). Mice

carry a susceptible and resistant form of NLRP1b ¢, and those carrying a susceptible variant

are protected against B. anthracis infection due to the ability of the susceptible variant to

respond to the lethal toxin compared to mice harbouring a resistant form "87°. Owing to the

presence of a CARD domain, mouse NLRP1b binds to and activate caspase-1, and induces
thesecretionoflL-1 b and i nduct i on nerhacrpphageas ptimaated with letimal mu r i
toxin &8, In this case, ASC is only required to amplify secretionof IL-1 b i n r esp-onse t

dose lethal toxin & (Fig. 1.1).
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While NLRP1 is best known for its role in sensing B. anthracis infection, it has also been
implicated in the host response to the protozoan Toxoplasma gondii. For instance, mice
deficient in NLRP1b and NLRP3 and infected with T. gondii produce less IL-1 b a nld,
harbour increased parasitic loads and succumb to the infection 82. These findings suggest that

NLRP1b in association with another NLR can synergistically mount an effective host response.

1.3.2.1 Mechanisms of NLRP1 inflammasome activation

Several studies have unravelled the biochemical mechanisms involved in assembly and
activation of the NLRP1 inflammasome. The FIIND domain of human NLRP1 undergoes
autoproteolytic cleavage at the Ser1213 residue 84, Further, studies using point mutations
and structural analysis revealed that the His1186 residue located within a loop proximal to the
cleavage site of the FIIND domain of human NLRP1 is essential for autoproteolytic cleavage
838 Mutagenesis studies targeting several residues within a fragment of mouse NLRP1b
revealed that cleavage of the FIIND domain results in recruitment of pro-caspase-1 .
Similarly, genetic disruption of the FIIND domain of mouse NLRP1b leads to impairment of
self-oligomerisation and activation of pro-caspase-1 &. These studies demonstrate that

cleavage of the FIIND domain contributes to activation of the mouse NLRP1b infammasome.

A model of functional degradation of mouse NLRP1b has been described. In this model,
autoproteolytic processing of the FIIND domain separates the NLRP1b protein into N-terminal
and C-terminal fragments, which remain non-covalently-associated 88’ The anthrax lethal
factor induces subsequent cleavage of NLRP1b and generates a destabilising neo-N terminus
887 The neo-N-terminal fragment is ubiquitinated by host E3 ligase UBR2, the ubiquitinating
protein UBR4, and the ubiquitin-activating enzyme UBA6, marking this fragment for
proteasomal degradation &8, Proteasomal degradation of the N-terminal fragment leads to
liberation of the C-terminal fragment 87, The CARD-containing C-terminal fragment initiates
a self-assembly process to form a functional NLRP1b inflammasome &', In addition, following

autoprocessing of FIIND, the N-terminal fragment can be directly ubiquitinated by ubiquitin E3
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ligase IpaH7.8 of Shigella flexneri, which leads to the activation of the NLRP1b inflammasome

87

1.3.2.2 Activators of the human NLRP1 inflammasome

Similar to the murine NLRP1b, human NLRP1 undergoes proteolysis within a specific N-
terminal linker region of unknown sequence between the PYD and NBD domains 8°. However,
human NLRP1 is unresponsive to the anthrax lethal factor and IpaH7.8 of S. flexneri 8. The
microbial activators of human NLRP1 have now been revealed. The rhinovirus C3 protease
can cleave human NLRP1 and activate the inflammasome in human immortalised
keratinocytes . The cleavage site of the C3 protease is a single site between Glu**°and Gly*3!
of human NLRP1 protein. This cleavage site is located after the PYD domain, a region that is
not conserved in rodents . Indeed, due to the lack of this region in mice, murine RAW
macrophages did not respond to the rhinovirus C3 protease . Mechanistically, both murine
NLRP1b and human NLRP1 undergo the N-terminal degradation pathway to liberate the
CARD-containing C-terminal fragment 8879 |ndeed, several viral proteases can cleave
human NLRP1 and activate the NLRP1 inflammasome °!. In addition, human NLRP1 binds
dsRNA and dsDNA via its LRR domain °2. However, only dsRNA can initiate assembly of the
inflammasome °. The mechanisms through which dsRNA liberates the CARD-containing C-

terminal fragment remains unknown.

Similar to mouse NLRP1b, autoprocessing of FIIND is the first step in the activation of the
human NLRP1 inflammasome . However, due to the generation of an N-terminal glycine in
the C3pro-cleaved NLRP1, an alternative ubiquitination pathway called the N-glycine degron
pathway was activated . In this pathway, the receptors ER1 and ZYG11B and their partner
cullins, CUL2 and CUL5 form a four-component complex termed cullin?ERVZYG11B 90
Ubiquitination of NLRP1 by the cullin?ERY2YC1B machinery results in N-terminal degradation of
NLRP1 via the proteasome, analogous to NLRP1b degradation. Furthermore, human

rhinovirus infection in Hela-Ohio and primary human bronchial epithelial cells caused 3Cpro-
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dependent NLRP1 cleavage and activation of the human NLRP1 inflammasome %. These
findings are important as rhinovirus C3 is the first identified microbial ligand of human NLRP1
inflammasome, paving a way for exploration of other PAMPs and DAMPs capable of activating

the human NLRP1 sensor.

Another mechanism through which the NLRP1 inflammasome can be activated is by inhibition
of dipeptidyl dipeptidase (DPP)-8 and DDP-9 %%, Inhibition of DPP8/9 by Val-boroPro, a non-
selective inhibitor of post-pro-line-cleaving serine proteases, triggered pyroptosis in
monocytes and macrophages %°. DPP9 bound to FIIND of NLRP1 to restrain its activity. The
mechanism by which Val-boroPro triggers NLRP1 inflammasome activation is yet to be fully
understood, however, removal of DPP8/9 may elicit the autoproteolytic processing of FIIND,
which is the first step in functional degradation of NLRP1 8879094 |ndeed, Val-boroPro-
mediated activation of NLRP1 was dependent on proteasomal degradation °°, however, further
experiments are required to determine the exact molecular mechanism underpinning the
DPP8/9 and NLRP1 interaction. In addition, it may be reasonable to speculate that any
microbial factor capable of inhibiting DPP8/9 can potentially activate the NLRP1

inflammasome.

In context of the role of human NLRP1 in combatting infectious diseases, polymorphisms in
the genes encoding NLRP1oriIL-1 b are associated wi tPhasmmdiumor e s e\
vivax infection, whereas a polymorphism in the gene encoding IL-18 is associated with
protection against P. vivax-induced anaemia °. Furthermore, genetic analysis of patients with
congenital toxoplasmosis further revealed that polymorphisms in the gene encoding NLRP1
is associated with an increased risk to toxoplasmosis °’. Indeed, knockdown of NLRP1 using
RNA interference in the human monocytic leukemia MonoMac6 cell line results in increased
parasitic burden in response to T. gondii infection °’. Both NLRP1b and NLRP3 have been
found to provide protection against T. gondii infection in mice or rats %1%; however, the

activators triggering either inflammasomes in response to T. gondii infection are unknown.
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1.3.2.3 NLRP1a inflammasome

There is evidence to indicate that the NLRP1 paralogue NLRP1a has inflammasome functions.
A single point mutation causing a glutamine-to-proline substitution at amino acid 593 of
NLRP1a (NIrp1a®°®P) induces a systemic inflammatory disease in mice %, This inflammatory
phenotype is prevented by genetic deletion of caspase-1, IL-1 b  0-tR, HutLnot ASC 1,
implicating a role for NLRP1a in assembling an NLRP1a-Caspase-1 complex, driving IL-1 b
mediated immunopathology. Spontaneous caspase-1 activation induced by the Nlrp1a®°%F
mutation results in pyroptosis of myeloid progenitor cells that affects their capacity to
differentiate into mature myeloid cells 1%, The physiological relevance of NLRP1a has been
examined in the context of infectious disease. The Nlrp1a®%® [I11r'/ 'mouse strain, which does
not develop systemic inflammation, suffers from prolonged cytopenia, bone marrow
hypoplasia and immunosuppression in response to lymphocytic choriomeningitis virus
infection %, Further studies are required to decipher the differential roles of the three
paralogues of NLRP1 in mice. While there has been progress in dissecting the molecular
mechanisms contributing to the activation of the NLRP1 inflammasome, more comprehensive

studies are required to fully understand its role in infection and autoinflammatory diseases.

1.3.2.4 Regulation of NLRP1

Given that NLRP1 can respond to a subset of stimuli, post-translational regulation of the
NLRP1 may prevent inadvertent activation. As discussed above, a series of proteases and
ubiquitinases regulates the activation of the mouse NLRP1lb and human NLRP1 in
macrophages and monocytes 8384887 = preventing unwanted activation of the NLRP1
inflammasome. However, in certain cell types such as keratinocytes, NLRP1 activation is
modulated through the autoinhibitory function of the PYD and LRR domains 2, Indeed,
mutations targeting the PYD domain (Ala54Thr, Ala66Val and Met77Thr), deletion of the PYD

domain (aa 931 1474) or deletion of residues in the LRR domain (Phe787 to Arg843) promote

increased productionof IL-1 6 i n i mmort al i s e dhThesaresulti iggast i nocyt

that the PYD and LRR domains maintain human NLRP1 in an inactive conformation rather

40



Microbial activators of the inflammasome

than facilitating ASC oligomerisation. In humans, germline gain-of-function mutations in the
PYD and LRR domains of NLRP1 predispose individuals to the skin diseases called multiple
self-healing palmoplantar carcinoma and familial keratosis lichenoides chronica 12, These

findings in humans highlight critical roles of certain domains of NLRP1 in maintaining

homeostasis.
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Figure 1.1 | NLRP1 inflammasome.

The NLRP1 inflammasome is activated through a series of proteolytic cleavage events. Firstly,
the function-to-find domain (FIIND) undergoes autoproteolytic cleavage generating two
fragments: N-terminal and C-terminal fragments. NLRP1b remains in an autoinhibitory state
until a stimulus triggers subsequent cleavage and degradation of the inhibitory domain of
NLRP1b. The anthrax lethal toxin released by the bacterium Bacillus anthracis is a composed
of a protective antigen and a lethal factor. The protective antigen binds to its cognate receptors
namely tumour endothelial marker-8 (TEM 8 also known as anthrax receptor 1) and capillary
morphogenesis protein 2 (CMG2 also known as anthrax receptor 2). Receptor mediated
endocytosis of the complex helps in the cytosolic delivery of lethal factor. The lethal factor
directly cleaves NLRP1b at the N-terminal domain of the nucleotide-binding domain (NBD)-
leucine-rich-repeat domain (LRR)-FIIND fragment. Subsequent ubiquitination by host E3
ligase licenses NLRP1b for proteasomal degradation. Shigella flexneri ligase IpaH7.8 can
directly ubiquitinate NLRP1b that has undergone FIIND autoprocessing marking it for
proteasomal degradation. Proteasomal degradation of the N-terminal fragment of NLRP1b
liberates the activate C-terminal fragment (containing a caspase-activation and recruitment
domain; CARD) which can initiate assembly of the NLRP1b inflammasome with or without
ASC. Activated NLRP1b inflammasome trigger gasdermin D dependent pyroptosis and
secretion of pro-inflammatory cytokines interleukin (IL)- 1 b  alhl®. In response to a high
dose of lethal factor, NLRP1b induces caspase-1-dependent cleavage of pro-IL-1 b and pr o
IL-18 and pyroptosis independently of ASC or caspase-1 self-proteolysis. In response to a low
dose of lethal factor, NLRP1b assembles into an NLRP1b-ASC-Caspase-1 inflammasome

complex that contributes to pro-IL-1 b a n L-1® progessing.
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1.3.3 Canonical NLRP3 inflammasome

NLRP3 is a global sensor of PAMPs and DAMPs due to its ability to sense diverse stimuli.
NLRP3 is composed of an N-terminal PYD domain, a central NBD domain and a C-terminal
LRR domain. The PYD domain of NLRP3 interacts with the PYD domain of ASC, allowing the
CARD domain of ASC to recruit and bind to caspase-1 through CARD-CARD interaction 3,
The LRR domain contributes to autoinhibition of NLRP3, whereas the NBD domain is
responsible for its oligomerisation 1. Genome-wide associated studies of human populations
have revealed that mutations in the gene encoding NLRP3 are linked to the development of
Cryopyrin-associated periodic syndromes (CAPS), a spectrum of clinical manifestations that
include muckle-wells syndrome, familial cold auto-inflammatory syndrome and neonatal-onset
multisystem inflammatory disease 1%/, NLRP3 has instrumental roles in the host defence
against infection, and contributes to the pathogenesis of rheumatoid arthritis, gout, type 1

diabetes, obesity, cancer and neurodegenerative diseases 1%.

1.3.3.1 Mechanisms of NLRP3 inflammasome activation

Activation of the canonical NLRP3 inflammasome normally requires two signals. The first
signal, known as priming, upregulates the expression of the NLRP3 protein (Fig. 1.2a). This
priming process requires the engagement of TLRs, NOD2 or TNF receptors TNFR1 and
TNFR2; all of these pathways initiate NF-kB-mediated expression of NLRP3 1°°11° However,
there is evidence to suggest that activation of the canonical NLRP3 inflammasome can be
achieved without extensive priming 112, Simultaneous exposure of unprimed mouse bone-
marrow-derived macrophages (BMDMs) to TLRs and NLRP3 activators (LPS plus ATP, LPS
plus nigericin or infection with Listeria monocytogenes) leads to activation of the NLRP3
inflammasome in 15 or 20 minutes in a manner dependent on the kinases IRAK1 and IRAK4
11112 This rapid mode of activation of the canonical NLRP3 inflammasome allows for

instigation of a quick inflammatory response to PAMPs and DAMPs.
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The second signal resulting in full activation of the NLRP3 inflammasome is provided by a
NLRP3 activator in the form of a PAMP or DAMP. The list of NLRP3 activators is extensive
and includes Gram-positive and Gram-negative bacteria, bacterial toxins, DNA and RNA
viruses, fungi and protozoa *123, In addition, NLRP3 can sense a variety of DAMPs, including
ATP, uric acid crystals, monosodium urate (MSU), silica crystals, saturated fatty acids,
asbestos, extracellular histones, lysophosphatidylcholine, aluminium hydroxide and bee
venom 110113124130 It 5 currently hypothesised that rather than direct binding of NLRP3 to the
ligand, these ligands trigger a common set of cellular events that culminate in the activation of
NLRP3. There are many proposed molecular mechanisms that lead to activation of the NLRP3
inflammasome (Fig. 1.2a). These molecular mechanisms include potassium efflux via the
purinergic receptor P2X7R and TWIK2 13135 lysosomal disruption resulting in the leakage of
cathepsin B 125, ROS 136137 oxidised mitochondrial DNA released from the mitochondria 16138,
cardiolipin translocation from the inner to outer membrane of mitochondria *3°, recruitment of
NLRP3 on dispersed trans-Golgi network 4°, calcium influx and reduction in cellular cyclic
AMP 141143 “sodium 1#4 and chloride ion fluxes 145146 bacteria- or host-induced pores on the
cell membrane *” and modulation in cell volume %8, Although potassium efflux was proposed
to be the converging signal ¥, a pathway leading to the activation of the NLRP3
inflammasome that does not require potassium efflux has been observed in response to TLR7

agonists imiquimod and CL097 ¥,

Progress has been made to further identify novel components of the NLRP3 inflammasome.
The kinase NEK?7 is specifically required for the activation of the NLRP3 inflammasome 14915
(Fig. 1.2a). Phosphorylated NEK7 binds to the LRR domain of NLRP3 4%151 suggesting that
NEK7 may relieve autoinhibition of NLRP3. Overexpression studies revealed that NEK7 binds
more strongly to NLRP3 carrying missense mutations associated with neonatal onset
multisystem inflammatory disease compared to wild-type NLRP3 °1, Additionally, NLRP3 can

directly interact with the DEAD-box family member and helicase, DDX3X *2, Under cellular
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stress conditions such as exposure to nigericin, NLRP3 associated with DDX3X to initiate the

assembly of an inflammasome complex *°2.

1.3.3.2 NLRP3 inflammasome and other cell death pathways

Evidence suggest that the NLRP3 inflammasome can interact with inflammatory caspase such
as caspase-1 and caspase-11 and apoptotic caspases such as caspase-8 *3. The activity of
the NLRP3 inflammasome can be both positively and negatively regulated by the apoptotic
caspase, caspase-8. For example, caspase-8 and its adaptor FADD are required for priming
and possibly activation of NLRP3 inflammasome in macrophages and DCs °*1¢, Caspase-8
is recruited to the inflammasome speck, indicating that it is a component of the canonical
NLRP3 inflammasome complex °416° Direct activation of caspase-1 by caspase-8 or
redundant activation between caspase-1 and caspase-8 leading to the proteolytic processing
of pro-il-1 6 have al so PB%¥nByrcatpastrstudied have also shown that
caspase-8 suppresses the NLRP3 pathway in DCs 8. Mouse DCs lacking caspase-8 and
treated with LPS in the absence of the activation signal (also known as signal 2) results in the
activation of the canonical NLRP3 inflammasome . This effect was mediated by the
receptor-interacting protein kinases, RIPK1 and RIPKS3, the necroptotic effector MLKL and the
phosphatase PGAMS5 18, A further study has suggested that the caspase-8 inhibitor c-FLIP

might form a complex with the NLRP3 inflammasome to mediate caspase-1 activation 84,

A link between the NLRP3 inflammasome and the necroptotic cell death pathway has
emerged. In response to necroptotic activators, the kinase RIPK3 and the necroptotic effector
MLKL are required to activate the NLRP3 inflammasome and induce IL-1 b 1 e I%d% m e
this case, MLKL oligomerises on the cell membrane to induce pore formation, resulting in
necroptosis and a reduction in the level of intracellular potassium triggering activation of the
NLRP3 inflammasome 8186 Of particular interest is that MLKL-dependent secretion of IL-1 b

does not rely on the pyroptosis executor GSDMD 18518 gyggesting that IL-1 6 mi ght be
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released through MLKL-induced pores instead. These studies further accentuate the complex

interplay between the NLRP3 inflammasome and non-pyroptotic cell death pathways.

1.3.3.3 NLRP3 and post-translation modifications

Owing to the large number of stimuli which can activate NLRP3, post-translational
modifications exist at multiple levels to modulate and fine-tune NLRP3 inflammasome
activation. In resting macrophages NLRP3 is maintained in its inactive form via binding of its
LRR domain to the ubiquitin ligase-associated protein SGT1 ¥, Similarly, NLRP3 is
ubiquitinated and undergoes proteasomal degradation mediated by ubiquitin ligases SCF,
FBXL2, tripartite motif-containing protein 31 (TRIM31), and membrane associated ring-CH-
type finger 7 (MARCH7) 18-1%, For example, FBXL2 binds to the W73 residue within the PYD
domain and the K689 residue within the LRR domain of NLRP3 and further ubiquitinates at
the K689 residue within the LRR domain of NLRP3 %, Another E3 ligase called Ariadne
homolog 2 (ARIH2) can ubiquitinate the NACHT domain of NLRP3, thereby negatively

regulating activation of the NLRP3 inflammasome 1%,

In addition to NLRP3 expression being induced by the priming step, NLRP3 is post-
translationally activated by several mechanisms. Firstly, by degradation of the inhibitory
ubiquitin ligase FBXL2 &, Alternatively, ubiquitination of residues, such as the Lys63 residue,
within the NLRP3 protein that results in activation of NLRP3 °2, Deubiquitination of residues
within the NLRP3 protein responsible for inhibition of NLRP3 also provides a mechanism
through which NLRP3 is activated °31%, For example, mouse deubiquitinase enzyme BRCC3
can deubiquitinate the K689 residue within the LRR domain of NLRP3 to switch it to a stimulus-
sensing competent state 82, Additionally, the UAF1/USP1 deubiquitinase complex has been
reported to selectively remove K48-linked polyubiquitination of NLRP3 to prevent NLRP3
degradation by the proteasome 7. Other components of the NLRP3 inflammasome such as
ASC are ubiquitinated by the linear ubiquitination assembly complex (LUBAC) to initiate

assembly of an inflammasome complex %,
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Another post-translational modification responsible for regulating NLRP3 is phosphorylation.
TLR-mediated priming induces phosphorylation of NLRP3 on serine residues (Serl198 in
human NLRP3 and Ser194 in mouse NLRP3) by the kinase MAPK8. This process results in
self-association of NLRP3 . Phosphorylation of Ser198 in human NLRP3 or Ser194 in
mouse NLRP3 promotes binding of mouse deubiquitinase enzyme BRCC3 which promotes
activation of NLRP3 as described above %1%, Another kinase, Syk, is also known to
phosphorylate NLRP3 in response to fungal, malarial and mycobacterial pathogens, however

the mechanistic details are not fully elucidated 209293,

Stimulation with Signal 2 such as ATP and nigericin recruits protein kinase D (PKD) to the
Golgi to phosphorylate NLRP3 on Ser295 (in human NLRP3; Ser291 in mouse NLRP3),
thereby activating the NLRP3 protein to form an inflammasome complex 2**. Phosphorylation
of key residues of mouse NLRP3 involved in NLRP3-ASC interaction are Ser3, Serl57 and
Ser725 (human Ser5, Serl61 and Ser728) 2%. Mutagenesis of the human NLRP3 Ser5
residue located in its PYD domain to a phosphomimetic aspartate (Ser5Asp) completely
abolishes NLRP3-dependent ASC speck formation 2%. However, mutagenesis of the other
two serine sites in human NLRP3 (Serl61 and Ser728) had no effect on its association with
ASC 205, Furthermore, phosphorylation of Ser5 disrupts the electrostatic interaction between
the PYD domains of NLRP3 and ASC 2%, suggesting that phosphorylation of Ser5 prevents
activation of the NLRP3 inflammasome at steady state. Dephosphorylation of Ser5 requires

phosphatase 2A, leading to PYD-PYD interaction between NLRP3 and ASC 2%,

Both sumoylation and nitrosylation of NLRP3 have been shown to negatively regulate the
NLRP3 inflammasome. In steady state, NLRP3 is sumoylated at multiple sites by the E3
SUMO protein ligase MUL1 (also known as MAPL), which restricts activation of the NLRP3
inflammasome 2%, Desumolyation by sentrin-specific protease 6 (SENP6) and SENP7 is

responsible for activation of the NLRP3 inflammasome 2%. In addition, NLRP3-mediated IL-

1b release and speck f or mat bfdN® ddana SNAR briGBENQ e d
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which stabilises damaged mitochondria and provides protection against endotoxaemia 2°7.
Further, it was reported that thiol nitrosylation of NLRP3 resulted in inhibition of IL-1-mediated
pathology in context of M. tuberculosis infection 2%, An inhibitory property of the NO donor, S-
nitroso-N-acetylpenicillamine, towards the NLRP3 inflammasome has also been reported 2.
A plethora of other signalling components and cytokines has been shown to negatively
regulate the expression or activation of the NLRP3 inflammasome, including CARD9, type |
IFNs and IL-10 29212, These diverse yet specific modifications target the NLRP3
inflammasome at various checkpoints, indicating the importance of tightly regulating this

sensor of general stress and damage.

1.3.3.4 Therapies targeting NLRP3

Given the versatility of NLRP3 in sensing a multitude of PAMPs and DAMPSs, various drug
candidates have been developed against NLRP3. These drug candidates include MCC950
213215 Tranilast 218, glyburide 27, 16673-34-0 218219 JC124 220, FC11A-2 22t and OLT1177 222,
Major caveats in the application of many of these inhibitors are as follows: (i) the largely elusive
nature of their mode of action except the reported mechanism of MCC950-mediated inhibition
of NLRP3 213215, (ji) unknown target of drugs since many drugs indirectly modulate NLRP3
activity; (iii) potential off-target effects; (iv) lack of clinical evidence of safety and efficacy for
majority of the reported inhibitors except MCC950, Inzomelid and Somalix which are under
clinical trials for t r2%.ahemfmn,furtherfstudeaundaiellngtben 6s di s
molecular basis of inflammasome activation at a structural and biochemical level would inform

translational studies.

1.3.4 Non-canonical NLRP3 inflammasome and caspase-11

The non-canonical NLRP3 inflammasome pathway is defined by a requirement for mouse
caspase-11 and human caspase4 and caspase-5 in the activation of the NLRP3
inflammasome complex 24 (Fig. 1.2b). Gram-negative bacteria including Citrobacter

rodentium, Escherichia coli, Vibrio cholera, Salmonella enterica serovar Typhimurium,
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Legionella pneumophila and Yersinia pseudotuberculosis are the major activators of the non-
canonical NLRP3 inflammasome pathway 224?27, Caspase-11, a murine inflammatory
caspase, senses LPS in the cytoplasm 2?822%, The human analogs of caspase-11, caspase-4
and caspase-5, can likewise sense LPS 2?8 and initiate activation of the NLRP3 inflammasome
and secretion of IL-1 b a nl8 #%*f. Mouse caspase-11, human caspase-4 and human
caspase-5 bind to the lipid A portion of LPS with high specificity and affinity via their CARD
domain 22822 Caspase-11 can also be activated by transfection or electroporation of LPS into
macrophages 224226, Activated caspase-11 cannot directly proteolytically process pro-IL-1 b
and pro-IL-18, but can induce pyroptosis without caspase-1 2?4, Pyroptosis mediated by
caspase-11 provides effective host defence against cytosolic Gram-negative bacteria in vivo
226233 The enzymatic activity of caspase-11 along with that of caspase-1 synergistically
restricts the growth of intracellular Gram-negative bacteria in macrophages, intestinal

epithelial cells and fibroblasts 23423,

1.3.4.1 Mechanisms of non-canonical NLRP3 inflammasome activation

The mechanisms regulating the activation of the non-canonical NLRP3 inflammasome are still
being deciphered. LPS that has gained entry into the cytoplasm activates inflammatory
caspases 22422623 gllow them to directly cleave GSDMD, releasing the N-terminal fragment
of GSDMD that drives pyroptosis (further discussed in the section 1.3.4) 595! (Fig. 1.2b).
Activation of caspase-11 leads to a drop in intracellular potassium levels sufficient to activate
NLRP3 24° highlighting that the non-canonical pathway might also have a dependency on
potassium efflux. A further study suggested that LPS-induced activation of caspase-11 leads
to caspase-11-dependent cleavage of the large-pore channel pannexin-1 2!, however,
another study challenged this result by showcasing no role of pannexin-1 in activation of the
non-canonical inflammasome activation 2. As a result, ATP is released from the cell,
activating the purinergic receptor P2X7R to drive pyroptosis 2*°. Opening of the pannexin-1
pore also generates potassium efflux that induces IL-1 b r e ¥leprosiding an explanation

for how gasdermin D might activate the NLRP3 inflammasome to mediate secretion of IL-1 b

49



Microbial activators of the inflammasome

However, it remains unclear how the Caspase-11i Pannexin-1i P2X7R model leads to

pyroptosis and how this pathway amalgamates with the Caspase-11i Gasdermin D model.

Caspase-11 has been proposed to recognise ligands other than LPS. Caspase-11 binds to
host-derived oxidised phospholipids (0xPAPC) in activated mouse dendritic cells 24, LPS and
oxXPAPC elicited caspase-11-induced inflammasome speck formationandIL-1 b r el e
not pyroptosis, in dendritic cells 243244, In contrast, another study has shown that oxPAPC
inhibited the non-canonical inflammasome in mouse macrophages and human macrophages
but not in mouse dendritic cells 2*°. This study further suggests that, in mouse macrophages,
oxPAPC competed with LPS for caspase-11 binding 2*°. These studies highlight how different
cell types may respond to the same stimulus. In addition, caspase-11 contributes to resistance
to the fungal pathogen Aspergillus fumigatus in vivo 26, revealing a biological role for caspase-
11 in host defence against pathogens other than Gram-negative bacteria. Overall, substantial
advances have been made in our understanding of the non-canonical NLRP3 inflammasome.
Itis likely that caspase-11 has the potential to recognise additional stimuli. Further studies are
therefore required to provide a more complete picture of the role of the non-canonical NLRP3

and caspase-11 pathway in infection and sterile inflammation.

1.3.4.2 Regulation of the non-canonical NLRP3 inflammasome

Earlier studies have identified type | IFN signalling as an important signal for the activation of
the non-canonical NLRP3 inflammasome 24724, The mechanism underlying the essentiality of
type | IFN signalling in the activation of the non-canonical NLRP3 inflammasome has been
revealed (Fig. 1.2b). Recognition of LPS by TLR4 initiates TRIF-mediated type | IFN
signalling, leading to an increased expression of caspase-11 and NLRP3 247-24°_ A further study
has shown that the complement-related peptidase, carboxypeptidase Bl induces expression
of caspase-4, caspase-5 and caspase-11 downstream of the TLR4 and type | IFN signalling
pathway 2°°. Type | IFNs induce the expression of IFN-inducible GTPases, including

guanylate-binding proteins (GBPs) and Immunity-related GTPases (IRGs). GBPs are 65- to
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67-kDa proteins conserved across species, with 7 GBPs in humans and 11 GBPs in mice %,
In the context of inflammasome biology, GBPs encoded on mouse chromosome 3 (GBP1, 2,
3, 5 and 7) are required for activation of the non-canonical NLRP3 inflammasome induced by
S. Typhimurium and L. pneumophila 2°22%3, In addition, human GBP1 was reported to coat the
surface of S. Typhimurium, leading to the recruitment of GBP2, GBP3 and GBP4 in human
HelLa cells 2°+%56, GBP1 can also bind the LPS of Shigella flexneri to unmask the lipid A moiety
for recruitment of caspase-4 2°’. Decoration of GBPs on the bacterial surface induced
localisation of caspase-4 on the same protein platform and binding to LPS 28, however, further

studies are required to elucidate the structural basis of this GBP-LPS-Caspase-4 complex.

GBPs are also recruited to the vacuole surrounding intracellular bacterial pathogens, where
they facilitate lysis of the vacuolar membrane such that LPS is leaked into the cytoplasm for
detection by caspase-11 %52, GBPs also direct IRGB10 to the cell membrane of Gram-negative
bacteria to induce bacteriolysis, thereby increasing the cytosolic accessibility of LPS for
detection by caspase-11 2%°. In addition to GBP-mediated liberation of LPS from intracellular
bacteria, LPS can gain entry into the cytosol through other modes of delivery, such as through
LPS-containing outer-membrane vesicles (OMVs) 2 and LPS coated with host high-mobility
group box 1 (HMGB1) protein 2%°, There is also evidence to suggest that GBPs encoded on
mouse chromosome 3 facilitate activation of both non-canonical and canonical
inflammasomes in macrophages infected with Chlamydia muridarum 26, In this case, GBPs
bound neither the vacuole surrounding C. muridarum nor the pathogens 25!, suggesting an

alternative mechanism of GBPs in the regulation of inflammasome activity.

1.3.5 Gasdermin D

The molecular mechanisms of how pyroptosis is executed following inflammasome activation
are being revealed. The current view is that inflammatory caspases cleave the pore-forming
protein GSDMD, vyielding a 31-kDa N-terminal fragment which drives pyroptosis °°°? (Fig.

1.2b). The N-terminal fragment also engages activation of the NLRP3 inflammasome via an
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undefined mechanism during caspase-11 activated non-canonical NLRP3 inflammasome.
Various studies have since identified a capacity for GSDMD to oligomerise on the cell
membrane ", The N-terminal fragment associates with the inner leaflet of the host cell
membrane where it forms pores of 10-21 nm in diameter 3%, GSDMD-induced pyroptosis
allows the passive release of proteolytically processed IL-1 b a nld8 anld the cell death
marker lactate dehydrogenase enzyme (LDH) into the extracellular space %2, In response to
certain activators such platelet-activating factor, silica and MSU, IL-1 b i s r el eased fr
cells independently of GSDMD 262283, Further studies are required to comprehensively
elucidate the processes by which cytokines can be secreted in a GSDMD-dependent and -

independent manner.

The N-terminal fragment of GSDMD also binds to lipids on bacterial cell membranes, creating
pores on the bacterial cell membrane as a mechanism to exert antimicrobial activity 535,
Previous studies have argued that the primary bactericidal mechanism of pyroptosis is its
ability to liberate whole bacteria or bacteria entrapped within pore-induced intracellular traps
from mouse macrophages, such that these entities are phagocytosed and killed by neutrophils
235264 However, in mouse neutrophils, caspase-11 or proteases such as neutrophil elastase
can directly cleave GSDMD, leading to cell death and/or release of neutrophil extracellular

traps 265256 suggesting cell-type-specific activity of GSDMD.

It is worthy to note that, in some cases, releaseofIL-1 b coul d occur prior to p
in the absence of pyroptosis 2¢’. Formation of low numbers of GSDMD pores function as a
conduit for the release of IL-1b, but are unable to induce pyroptosis 2*. In addition, GSDMD
pores have been observed to mediate Ca?* influx which signals the recruitment of endosomal
sorting complexes required for transport (ESCRT) machinery to initiate repair and restoration
of cell membrane integrity in both murine and human cells 2%, In particular, the ESCRT
machinery removes GSDMD pores from the plasma membrane 2%, highlighting a regulatory

mechanism to restrict GSDMD-dependent cell death and cytokine release.
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1.3.5.1 GSDMD and other cell death pathways

GSDMD might also have functions in inhibiting apoptosis. Canonical activation of the
inflammasome induces apoptosis in the absence of GSDMD *2. It has also been suggested
that in the absence of GSDMD, induction of apoptosis requires caspase-1-mediated activation
of caspase-3 and caspase-7 2%°. Site-specific cleavage of GSDMD has been suggested to
dictate the functionality of GSDMD in pyroptosis and apoptosis. Inhibition of serine peptidases
DPP8 and DPP9 leads to activation of caspase-1, cleavage of GSDMD and pyroptosis .
However, in response to classical apoptotic signals, activated caspase-3 and caspase-7
cleave GSDMD at residue Asp87, a different site to that cleaved by inflammatory caspases
269 The resultant p45 GSDMD fragment is inactive and cannot engage pyroptosis, allowing
GSDMD-mediated apoptosis to ensue 2%°. In primary mouse macrophages infected with
Yersinia, GSDMD is cleaved by caspase-8 instead of caspase-1 or caspase-11. Yersinia outer
protein (YopJ) inhibited kinase TAK1 and IKK which elicited RIPK1- and caspase-8-dependent
pyroptosis 27921 demonstrating a new mechanism of GSDMD processing. Similar results
were observed in primary mouse macrophages stimulated with TNF and an antagonist of
inhibitor of apoptosis proteins, AZD5582, in which caspase-8 induced GSDMD cleavage and
LDH release 222", In the absence of GSDMD, caspase-8-mediated apoptosis or RIPK3-
mediated necroptosis was triggered, highlighting the redundancy between different cell death
pathways 27°, A related gasdermin member, gasdermin E, has also been reported to mediate
cross-regulation between pyroptosis and apoptosis 274, showcasing central roles of

gasdermins in controlling cell death.

1.3.5.2 Therapies targeting GSDMD

There is a growing appreciation of the role of GSDMD in infectious and inflammatory diseases.
For example, mice deficient in GSDMD had increased susceptibility to infections with either
S. enterica subsp. entericas er ov ar Ty [SHA (tmisimutant im ungble to maintain the
pathogen-containing vacuole, and therefore, aberrantly enters the cytoplasm to activate

caspase-11) or Brucella abortus 2527, Similarly, mice deficient in GSDMD harbouring the
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familial Mediterranean fever (FMF)-associated Mefv'2®* allele of Pyrin did not develop the
autoinflammatory symptoms 27, In addition, in mice expressing the Asp301Asn gain-of-
function mutation of NLRP3, additional deficiency of GSDMD prevented development of the
neonatal-onset multisystem inflammatory disease-associated symptoms 278, The Food and
Drug Administration (FDA) approved drug called disulfiram was found to inhibit pyroptosis and
cytokine release from primary murine macrophages and protected mice from LPS-induced
endotoxaemia ?’°. Another study demonstrated that the metabolites dimethyl fumarate (DMF)
and endogenous fumarate negatively regulated GSDMD by succination of a critical cysteine
residue Cys!®? 289, Succination of GSDMD restrained the interaction between GSDMD and
inflammatory caspases, thereby limiting the ability of GSDMD to induce pyroptosis 2.
Administration of DMF protected mice against endotoxaemia and alleviated FMF and
experimental autoimmune encephalitis 2°. These findings highlight the importance of GSDMD
in inflammation and immunity, and identified new therapeutic targets for the treatment of

inflammasome-associated diseases.
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Figure 1.2 | Canonical and non-canonical NLRP3 inflammasomes.

(a) Activation of the canonical NLRP3 inflammasome requires a priming signal (also known
as signal 1), often mediated by Toll-like receptors (TLRs) and activation of NF-kB, inducing
the expression of NLRP3. An activating signal (also known as signal 2) is provided by
pathogen-associated molecular patterns (PAMPSs) or danger-associated molecular patterns
(DAMPs). PAMPs and DAMPs cause physiological aberrations in the cell, which manifest in
the forms of ion efflux and influx, mitochondrial dysfunction or rupture of the phagosome.
These physiological alternations are sensed by NLRP3, which induces the assembly of the
NLRP3 inflammasome mediated by the kinase NEK7, ASC and caspase-1. Caspase-1
cleaves gasdermin D, releasing the N-terminal fragment of gasdermin D that assembles into
pores on the membrane resulting in pyroptosis. Active caspase-1 also cleaves pro-IL-1b and
pro-IL-18, which are secreted through the pores formed by gasdermin D. (b) The non-
canonical NLRP3 inflammasome is specifically activated by Gram-negative bacteria. LPS from
Gram-negative bacteria is recognized by TLR4 via the adaptor TRIF, resulting in the
production of type | interferons (IFN). Type | IFNs induce the expression of IFN-inducible
proteins GBPs and IRGB10, and caspase-11. GBPs rupture the pathogen-containing vacuole
causing aberrant release of the bacteria into the cytoplasm, and both GBPs and IRGB10 are
recruited to the bacteria to disrupt and the kill the pathogen. LPS can also be released into the
cytoplasm via bacterial outer membrane vesicles. Liberated LPS binds to caspase-11,
promoting oligomerisation and activation of caspase-11. Active caspase-11 cleaves
gasdermin D to induce pyroptosis. The N-terminal fragment of gasdermin D also induces

activation of the NLRP3 inflammasome and secretion of IL-1b and IL-18.
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1.3.6 NAIP-NLRC4 inflammasome

The NAIP-NLRC4 inflammasome is activated by cytosolic flagellin 2128% and by both the basal
body rod 2827 and needle %828 proteins of the type 3 secretion systems (T3SS) of many
Gram-negative bacteria (Fig. 1.3). Further studies have clarified the relationship between
NAIP proteins and NLRC4, showing that NAIP proteins dictate the ligand specificity of the
NLRC4 inflammasome 2%, Indeed, earlier studies have shown that NAIP5 is required in
sensing flagellin 284294297 gnd instigating host response to the intracellular pathogen L.
pneumophila 28301 Of the seven NAIP proteins encoded by the mouse genome 3%?, NAIP1
and NAIP2 recognise the needle and rod protein components of bacterial T3SS, respectively
287-290.293 '\while both NAIP5 and NAIP6 recognise flagellin 2°02%3.2%_ Analysis of chimeric NAIP
proteins mapped the ligand-binding site to the NBD domain 3% rather than the LRR domain
which was thought to be responsible for ligand recognition in most NLR family proteins. The
functions of the remaining murine NAIP proteins namely NAIP3, NAIP4 and NAIP7 remain

uncharacterised.

Interferon regulatory factor 8 (IRF8) was reported to partially regulate transcription of genes
encoding NAIPs in mice 3°*. Unlike mice, humans encode a single NAIP protein which was
initially thought to be functionally similar to murine NAIP1, in that it binds directly to the needle
protein of bacterial T3SS to activate the NLRC4 inflammasome 2%¢2%°, However, a later study
has shown that human NAIP might also be able to recognise flagellin 3%, highlighting the

functional versatility of human NAIP compared to its murine counterparts (Fig. 1.3).

The biological effect of NAIP-NLRC4 inflammasome activation varies with cell type. Unlike
macrophages, which undergo rapid pyroptosis following activation of the NAIP-NLRC4
inflammasome, neutrophils release IL-1 b wi t hout und e ?gloisposgibleghatr o pt o0 s i
the pyroptosis-resistant phenotype of neutrophils enables sustained killing of bacteria. The
interplay between cell types driven by the NAIP-NLRC4 inflammasome can also be observed

between DCs and T cells. NLRC4-driven IL-1 b a nl@ praoduction in DCs infected with S.
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Typhimurium and other Gram-negative bacteria can stimulate the production of IFN-0 i n- non

cognate memory CD8* T cells 3°7.

1.3.6.1 Structural analysis of the NAIP-NLRC4 inflammasome

NLRC4 consists of an N-terminal CARD domain, a centrally located NBD domain and a C-
terminal LLR domain 3%, The CARD domain of NLRC4 can directly interact with the CARD
domain of procaspase-1, generating a NLRC4-Caspase-1 inflammasome complex that is
sufficient to induce pyroptosis and processing of pro-IL-1 b a n dL-1§ in the absence of
ASC 4042286309312 However, the NLRC4-ASC-Caspase-1 inflammasome has also been
observed endogenously in macrophages !, highlighting the compositional diversity of the
NLRC4 inflammasome (Fig. 1.3). In this case, ASC enhances proteolytic cleavage and

release of IL-1 b a n1& 0341314,

The structures of monomeric or inactive NLRC4 3% and NLRC4 complexed with either flagellin
and NAIP5 3¢ or with T3SS rod protein and NAIP2 3738 have been determined by
crystallography and cryogenic electron microscopy. The crystal structure of inactive mouse
NLRC4 showed that the LRR domain sterically occludes the NBD domain 3%, revealing an
autoinhibitory function of the LRR domain. By contrast, the active structures of NLRC4 in
complex with either NAIP2 317318 or NAIP5 3¢ showed that NLRC4 undergoes a conformational
change, exposing an oligomerisation surface to which inactive NLRC4 subunits can be

recruited and bindeo form a fAidiscod structur

1.3.6.2 Regulation of NAIPs and NLRC4

Phosphoryl ation of NLRC4 at residue Serb533 by t
critical for activation of the NLRC4 inflammasome in macrophages in response to S.
Typhimurium infection or flagellin 2° (Fig. 1.3). Further studies found that phosphorylation of
NLRC4 at residue Ser533 by PKCU occurs independ:

320321 This finding suggests that phosphorylation of NLRC4 at residue Ser533 and binding of
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NAIPS to its cognate ligand are unrelated events. A further study argued that activation of the
NAIP-NLRC4 inflammasome in macrophages infected with either S. Typhimurium or S.
flexneri was i nde pend e twithoidentifRaidhlof leucine-rich repeat kinase 2
(LRRK2) as an additional kinase that can also phosphorylate Ser533 of NLRC4 32, it is
pl ausible that there is a partial redundancy be

activation of the NLRC4 infl ammas®me can occur i

The complexity of the mechanisms regulating activation of the NAIP-NLRC4 inflammasome
was further addressed. Both NLRC4 and NLRP3 can colocalise within a single inflammasome
complex in macrophages infected with S. Typhimurium 442, To clarify the relationship between
phosphorylation of NLRC4 at residue Ser533 and activation of the inflammasome, Qu and
colleagues mutated Ser533 to an alanine (Ser533A) and assessed the effect of this
modification on NLRC4 inflammasome activity. The Ser533A mutation abolished
phosphorylation of NLRC4 at this residue but only delayed activation of caspase-1 in response
to S. Typhimurium infection 22, However, genetic deletion of NLRP3 in macrophages carrying
the NLRC4 Ser533A mutation further reduced caspase-1 activation and cleavage of pro-IL-1 b
in response to infection with S. Typhimurium or transfection with flagellin, compared with
macrophages carrying the NLRC4 Ser533A mutation alone 3?2, These results indicate that
recruitment of NLRP3 to the NLRC4 inflammasome might enhance caspase-1 activation,

highlighting the dynamic interplay that exists amongst NLRs within the inflammasome.

A later study found no role for phosphorylation of Ser533 of NLRC4 in mediating NLRC4
inflammasome activation and recruitment of NLRP3 to the inflammasome 323. Nonetheless,
the cooperativity between NLRC4 and other NLRs in inflammasome activation has also been
observed in contexts other than infection. For instance, mouse macrophages exposed to
hyperosmotic stress produce IL-1 b i n a manner dependent on bott
inflammasome activity 32, Likewise, NLRC4 and NLRP3 mediate sterile inflammasome

activation in microglia and astrocytes in response to the DAMP lysophosphatidylcholine %.
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Further, in a rodent model of stroke, the NLRC4 and AIM2 inflammasomes contribute to

ischemic brain injury 3.

1.3.6.3 NLRC4 inflammasome and intestinal immunity

In the gastrointestinal tract, activation of the NAIP-NLRC4 inflammasome in intestinal
epithelial cells exposed to S. Typhimurium or flagellin leads to cell expulsion from the
epithelium %326 Selective activation of the NAIP-NLRC4 inflammasome in intestinal epithelial
cells stimulated cell expulsion and release of eicosanoids and cytokines in a manner that did
not absolutely require caspase-1 or gasdermin D %%, Instead, caspase-8 was able to
compensate in caspase-1-deficient mice and cause cell expulsion of intestinal epithelial cells
infected with S. Typhimurium 326, This NLRC4-driven response provides host protection
against invading pathogens such as S. Typhimurium by shedding infected cells into the

intestinal lumen.

NLRC4 has also been shown to facilitate discrimination between commensal and pathogenic
bacteria in the intestine by producing IL-1 b i n r e S.@yphinsugumtaral P. aeruginosa
but not commensal bacteria **’. Indeed, expression of NLRC4 in the intestinal epithelial cells
of mice protects against infection by the enteric pathogen C. rodentium 328, Similarly, NAIP-
NLRC4-deficient mice are highly susceptible to oral-gastrointestinal infection of Shigella
flexneri 2°. A further biological effect of the NAIP-NLRC4 inflammasome is its ability to sustain
the level of the growth hormone IGF-1 in white adipose tissue to promote the protective effect
of a commensal E. coli O21:H+ strain against muscle wasting induced by the pathogenic
bacteria B. thailandensis 3¥®. However, uncontrolled activation of the NAIP-NLRC4
inflammasome is detrimental and leads to systemic inflammation and rapid sepsis-like death
in mice infected with an E. coli pathobiont 3. Likewise, systemic activation of the NLRC4
inflammasome by flagellin leads to rapid production of inflammatory lipid eicosanoids, loss of
vascular fluid and death in mice 332, Cross-regulation between S. Typhimurium and the NLRC4

inflammasome to control the inflammatory response has been reported. During early stages
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of infection, the release of lysophospholipids controlled by the NLRC4 inflammasome
enhances the expression of flagellin, thereby amplifying the innate immune response 33, In
contrast, at later stages of infection, TRIF-dependent production of type | IFNs represses
NLRC4 and lysophospholipid biosynthesis, leading to an indirect down-regulation of flagellin
expression by S. Typhimurium and dampening of the innate immune response 3. These

studies showcase an immuno-modulatory function of NLRC4 during S. Typhimurium infection.

1.3.6.4 Independent functions of NAIPs and NLRC4

Since the NAIP-NLRC4 inflammasome is activated in response to specific bacterial ligands in
the context of infection, it is possible that NAIP and NLRC4 may be activated differentially in
response to other contextual cues **+3¥_ Indeed, mouse NAIPs have been proposed to have
NLRC4-independent functions 3. In this case, NAIPs might suppress the transcription factor
STAT3 and cell proliferation in the intestinal epithelium in response to carcinogen exposure
335, On the other hand, NLRC4 might function independently of NAIPs or the inflammasome
during colorectal tumorigenesis through a mechanism that targets inhibition of apoptosis 3.
Furthermore, NLRC4 mediates the production of cytokines and chemokines in tumour-
associated macrophages and induces the generation of protective T cell responses
independently of the inflammasome in response to melanoma tumour growth 7. Further, the
nucleotide metabolites adenine and N*-acetylcytidine have been shown to activate the NLRC4
inflammasome in elderly individuals and contribute to the development of arterial hypertension
338, Additional studies are required to fully understand the distinct molecular mechanisms

governing NAIP and NLRC4 activation in conditions other than infectious diseases.

1.3.6.5 NLRC4 and human diseases

Several disease-association mutations of NLRC4 have been identified in humans and mice.
Identification of these mutations has contributed to our understanding of the molecular

mechanisms regulating activation of the NLRC4 inflammasome. Several gain-of-function
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missense mutations in the highly conserved NBD domain of NLRC4 have been observed,
including Val341Ala 3%, Thr337Ser **° and His443Pro 341, Macrophages carrying each of these
NLRC4 mutants undergo spontaneous inflammasome formation, constitutive activation of
caspase-1 and pyroptosis, and produce increased levels of IL-1 b a r18 *°f*1Collectively,
these studies highlight the importance of the LRR domain in holding NLRC4 in an autoinhibited
state and indicate that mutations in the NBD domain that interrupt LRR domain binding lead
to constitutive activation of NLRCA4. Further, a study has shown that NLRC4 carrying the
His443Pro mutation induces spontaneous caspase-8-dependent apoptosis in human lung
epithelial cells 32, confirming a role of NLRC4 in a non-pyroptotic cell death pathway. This
finding is in line with an earlier study that identified human proteasome protein Sugl as a
binding partner of NLRC4 that potentiates a caspase-8 dependent cell death pathway by

ubiquitinating NLRC4 343,

Indeed, the NLRC4 mutations mentioned previously cause severe autoinflammatory
syndromes when present in humans. Carriers of NLRC4 mutant His443Pro develop familial
cold autoinflammatory syndrome 34, Similarly, two activating missense mutations in NLRC4
(Thr337Ser and Val341Ala) led to the development of severe enterocolitis **° and recurrent
macrophage activation syndrome 34, respectively. All three cases were characterised by
constitutive caspase-1 activation and by release of IL-1 b a R18, intlidating that the NLRC4
inflammasome was hyperactive in these patients. Of translational importance is that a patient
suffering from life-threatening macrophage activation syndrome caused by NLRC4 mutation
Val341Ala was treated with recombinant human IL-18-binding proteins 3*4. Within four days of
first treatment, t he improvedeand tliepatienvremained well dfterme anour
11 months of combined IL-1 b  a nr1& bldckade 3*4. This case report provides an elegant
example of how investigations into the molecular mechanisms controlling activation of NLRC4

could lead to therapeutic success in the treatment of human diseases.
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Figure 1.3 | NAIP-NLRC4 inflammasome.

Pathogenic bacteria such as Salmonella enterica serovar Typhimurium deliver effector
proteins via the Type 3 Secretion System (T3SS). This process leads to the injection of T3SS
needle protein, inner rod protein, and flagellin into the cytoplasm for detection by mouse
NAIPS or human NAIP. Mouse NAIPS or human NAIP interacts with NLRC4, inducing a
conformational change in NLRC4 that catalyzes the recruitment of additional NLRC4 proteins

to form a fAdiscd structure. Phosphoryl ation of
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ligand-NAIP interaction may contribute to full activation of the inflammasome. The NAIP-
NLRC4 complex assembles into a NAIP-NLRC4-Caspase-1 inflammasome or a NAIP-
NLRC4-ASC-Caspase-1 inflammasome. The NAIP-NLRC4-Caspase-1 inflammasome
cleaves gasdermin D, unleashing the N-terminal fragment of gasdermin D that mediates
pyroptosis. Both the NAIP-NLRC4-Caspase-1 and NAIP-NLRC4-ASC-Caspase-1
inflammasomes induces caspase-1-dependent proteolytic cleavage of pro-IL-1b and pro-IL-

18. The NAIP-NLRC4 inflammasome also induces caspase-8-dependent cell death.

1.3.7 AIM2 inflammasome

AIM2 is a cytoplasmic innate immune sensor of dsDNA capable of forming an inflammasome
complex with ASC and pro-caspase-1 353 (Fig. 1.4). AIM2 consists of a C-terminal dsDNA-
binding HIN-200 domain and an N-terminal PYD domain **°. The dsDNA recognised by AIM2
is not sequence-specific but must be at least 80 base pairs in length 3%°. In fact, AIM2 binds
faster to longer dsDNA (300 bp) compared to 80 bp dsDNA and discerns shorter dsDNA as
6noi se6, suggesting that the | ength of d¥DNA dic
The crystal structure of AIM2 provides insight into the mechanism of activation of AIM2. In an
inactive conformation, the HIN-200 domain of AIM2 interacts with the PYD domain in an
autoinhibitory fashion 3%2, The release of the AIM2 PYD domain upon binding dsDNA allows
for oligomerisation of AIM2 along the DNA *2 and interaction with the PYD domain of ASC 3%°,
Others have found that the PYD domain facilitates self-oligomerisation of AIM2 and induces

activation of the AIM2 inflammasome 354355,

While AIM2 is constitutively expressed and maintained in an autoinhibitory conformation in
resting cells 3%, other host-specific mechanisms exist to ensure tight regulation of the AIM2
inflammasome. AIM2 can be tagged for degradation by the regulatory protein TRIM11 and the

autophagy-associated protein p62 *7:3%8, Furthermore, several proteins that inhibit activation
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of the AIM2 inflammasome are also produced by the cell, including the PYD-containing
proteins POP1 **° and POP3 *% in humans, and the HIN domain-containing protein p202 in

mice 348:361364 (Fig. 1.4).

1.3.7.1 Microbial activators of the AIM2 inflammasome

The AIM2 inflammasome provides immune surveillance for a subset of bacteria i including
Francisella tularensis, Francisella novicida, Streptococcus pneumoniae, Mycobacterium
species, L. monocytogenes, Chlamydia muridarum, Porphyromonas gingivalis, Brucella
abortus and L. pneumophila 3%°. The AIM2 inflammasome is also activated upon infection with
the malaria parasite Plasmodium, the fungal pathogen A. fumigatus and the dsDNA viruses

namely cytomegalovirus (CMV) and vaccinia virus 36,

The mechanisms of AIM2 activation and its dependency on type | IFNs differ depending on
the pathogen encountered by the cell. Infection by MCMV is sufficient to directly activate the
AIM2 inflammasome in macrophages without a requirement for type | IFN signalling, a
phenotype which is recapitulated by activation of the AIM2 inflammasome via transfection of
naked dsDNA into the cytoplasm of macrophages %7, |t is likely that viral DNA is directly
exposed to AIM2 in the cytoplasm during infection with MCMV. By contrast, type | IFN
signalling is important for AIM2 inflammasome activation in response to intracellular bacterial

pathog ens 261,366,368-372

Activation of the AIM2 inflammasome can be inhibited by certain pathogens. For example, the
human bacterial pathogen Mycobacterium tuberculosis, but not the non-virulent species
Mycobacterium smegmatis, inhibits the productionof IFN-b and t hereby prevents
the AIM2 inflammasome °*. L. pneumophila encodes the effector protein SdhA, which
maintains the integrity of the Legionella-containing vacuole 3”3, and therefore prevents release
of PAMPs such as dsDNA into the cytoplasm for sensing by the AIM2 inflammasome. The
human viral pathogen HCMV produces a tegument protein pUL83 that directly interacts with

AIM2 to prevent inflammasome activation 3’4, Interestingly, F. novicida encodes a Cas9-

64



Microbial activators of the inflammasome

dependent CRISPR-Cas system that enhances envelope integrity 3°, thereby promoting
evasion of AIM2 inflammasome immune response by potentially resisting GBP- and IRGB10-
mediated bacteriolysis. The prevalence of AIM2 inhibitory mechanisms employed by
pathogens to escape innate immune recognition highlights the importance of the AIM2

inflammasome in sensing of PAMPs and clearance of pathogens.

1.3.7.2 Regulation of AIM2 inflammasome activation

The molecular mechanisms underlying the differential requirement for IFN signalling between
bacteria and viruses has begun to be unravelled (Fig. 1.4). In Francisella infection, a small
guantity of bacterial DNA is released which is sufficient to activate the DNA sensors cGAS,
STING and IFI204 and promote type | IFN production, but not sufficient to activate AIM2
356,366:376  Type | IFNs released from cells bind the type | IFN receptor subunits IFNAR1 and
IFNAR2 in an autocrine or paracrine manner, promoting signal transduction via the IFN-
stimulated gene factor 3 (ISGF3 1 which is composed of subunits STAT1, STAT2 and IRF9)
to upregulate the production of hundreds of IFN-inducible genes. Of these families of genes,
the genes encoding GBP members GBP2, GBP5 and GBP1 and IRG member IRGB10 are
upregulated by the type | IFN pathway via the transcription factor IRF1 2°6:259:366372 GBPs and
IRGB10 actively attack and lyse bacterial cells, releasing bacterial DNA into the cytoplasm
which activates the AIM2 inflammasome 2°°%66:372 (Fig, 1.4). It is currently unclear why DNA
released upon initial infection can activate the cGAS and STING signalling axis but not AIM2.
It is possible that the small amount of DNA released initially is not sufficient to activate AIM2
but is sufficient to upregulate IFN-inducible and host defence proteins to orchestrate cell-
autonomous immunity and to avoid premature cell death. However, if a cell is unable to control
bacterial replication, a larger amount of DNA is liberated by GBPs and IRGB10 to a level
sufficient to trigger activation of the AIM2 inflammasome, resulting in pyroptotic demise of the

cell and removal of a replicative niche that would have supported further bacterial growth.
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DNA released from damaged or dying cells during infection could also lead to activation of the
AIM2 inflammasome. For example, host-derived DNA molecules are liberated from virus-
infected cells and accumulate in the lungs following infection by the RNA virus influenza A
virus (IAV). A study has shown that that AIM2-deficient mice infected with 1AV exhibited
attenuated lung injury and significantly improved survival compared to wild-type mice 7.
Another study, however, showed that AIM2-deficient mice had increased susceptibility to IAV
infection owing to increased numbers of infiltrating leukocytes and exaggerated immune
response '8, The strikingly different host susceptibility to infection by IAV observed in these
two studies could be owing to the different source and infection dose of the virus, as well as
differences in the microbiota composition at different animal facilities. Nevertheless, these
findings collectively demonstrate that AIM2 can also function as a sensor of DAMPSs, in that it
activates the inflammasome in response to self-DNA. However, activation of the AIM2
inflammasome in many of these cases leads to excessive cell death and tissue injury rather

than a protective inflammatory response.

There is growing evidence supporting the existence of crosstalk between pyroptosis and
apoptosis in response to agonists of AIM2. For example, in mice the AIM2 inflammasome
recruits both caspase-8 and caspase-1 to induce pyroptosis in response to A. fumigatus
infection %7°. However, in the absence of caspase-1, AIM2 initiated caspase-8-induced
apoptosis in mice infected with F. novicida 33! These studies shed light on the complex
roles of programmed cell death pathways following AIM2-mediated cytosolic detection of

microbial DNA.

1.3.7.3 AIM2 and intestinal homeostasis

Although best known for its function in providing protection against infection, AIM2 also plays
a critical role in maintaining intestinal homeostasis. Reduced expression and mutations of the
AIM2 gene in the tumours of colorectal cancer patients has been observed 238 |oss of

AIM2 has been implicated in the development of colorectal cancer and is associated with poor
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survival in patients with colorectal cancer 32, Mice deficient in AIM2 are hypersensitive to
colorectal cancer in an azoxymethane (causes DNA damage) and DSS (causes inflammation)
model as compared to wild-type mice #6387, Unlike its role in providing protection against
infection, AIM2 suppresses colon tumorigenesis independently of inflammasome activity;
instead, AIM2 interferes with DNA-PK-dependent AKT activation in intestinal epithelial cells
386 and prevents Wnt signalling and proliferation of intestinal stem cells 3. A further study
has confirmed a role for AIM2 inhibiting the PI3K-AKT pathway in the human colorectal cancer
cell line HCT116 8. AIM2-deficient mice are highly susceptible to DSS-induced acute colitis,
in a manner that is intricately linked to dysbiosis of the gut microbiota 3°3%, Transfer of gut
microbiota from AIM2-deficient mice to wild-type mice conferred higher susceptibility to colitis,
while treatment with antibiotics completely attenuated the differences between wild-type and
AlM2-deficient mice 3. It has been proposed that the AIM2-inflammasome-mediated release
of IL-18 triggers the upregulation of IL-22 binding protein and antimicrobial peptides by
intestinal epithelial cells 3°3%°, thereby modulating the composition of the gut microbiota.
Correspondingly, the AIM2 inflammasome provided protection to mice which underwent bowel
laparotomy and suffered from intestinal dysmotility termed as postoperative ileus 3. This
protection was attributed to the gut microbiota of treated mice, which induced secretion of IL-

1 b \hé AM2tinflammasome resulting in amelioration of postoperative ileus .

While AIM2 is beneficial in the context of infection and intestinal homeostasis and protective
in colorectal cancer, activation of the AIM2 inflammasome can also cause damage to host
cells. A detrimental role of AIM2 in metastatic skin cancer has been proposed. A study has
suggested that knockdown of AIM2 resulted in reduced cancer cell viability, suppression of
growth and vascularisation of xenografts and the onset of apoptosis 3%2. Further, the
accumulation of self-DNA in the cytoplasm of keratinocytes in psoriasis lesions 3% or in the
joints of chronic polyarthritic mice 34 triggers AIM2 inflammasome activation, leading to the
activation of caspase-1, release of proinflammatory cytokines and inflammation. In human

monocytic cell line THP1 monocytes, EFLA 945, a mixture of compounds from red grape vine
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leaf extracts, mediated inhibition of AIM2 inflammasome 32°°. Furthermore, EFLA 945
attenuated imiquimod-induced psoriasis possibly by preventing DNA entry 3%. Furthermore,
mice deficient in AIM2 are protected from radiation-induced gastrointestinal syndrome and
hematopoietic failure 3%. Importantly, AIM2 relocates to the nucleus where it colocalises with
the marker of dsDNA breaks, gH2AX, and assembles an inflammasome complex in
macrophages exposed to ionising radiation 3% (Fig. 1.4). Andrographolide, an active
component extracted from the herbaceous plant Andrographis paniculata, suppressed AIM2
inflammasome-mediated pyroptosis of primary murine macrophages in response to radiation

or chemotherapeutic agents 37,

Release of self-DNA is a key mechanism driving AIM2-dependent responses. Disruption of
the nuclear envelope by an HIV aspartyl protease inhibitor, Nelfinavir, was found to activate
the AIM2 inflammasome by releasing DNA into the cytosol 3. Similarly, loss of mitochondrial
membrane integrity facilitated release of mtDNA into the cytosol of murine BMDMSs, triggering
activation of the AIM2 inflammasome 3%°. A further study has shown that dsDNA released from
intestinal cells damaged by chemotherapy treatment activates the AIM2 inflammasome in
immune cells, leading to production of IL-1 b a R18 and diarrhoea in mice “®©. In this case,
abrogation of AIM2 signalling significantly reduced the incidence of diarrhoea without affecting

the anticancer effect of the chemotherapeutic °°.

1.3.7.4 AIM2 and the central nervous system

An emerging role of AIM2 inflammasome in the development and homeostatic maintenance
of the central nervous system (CNS) was recently identified. During development of the CNS,
a high level of replicative stress and cell death is observed, generating several DAMPs such
as damaged DNA, ATP and mitochondrial stress; all of which are capable of activating the
inflammasome. At postnatal day 5, AIM2 mediated inflammasome formation in the developing
brain %°1, Furthermore, the AIM2 inflammasome facilitated neural cell death via GSDMD to

eliminate damaged cells from being incorporated into the mature brain “°1. Indeed, mice
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lacking the AIM2 inflammasome had increased accumulation of DNA damage in the brain and

displayed global behavioural abnormalities characterised by pronounced anxiety-like

behaviours 4°%,
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Figure 1.4 | AIM2 inflammasome.

Certain cytosolic bacteria and DNA viruses and mammalian DNA can activate the AIM2
inflammasome. The cytosolic bacterium Francisella novicida induces the production of type |

IFNs, activating the type | IFN signaling pathway via the transcription factor IRF1. IRF1
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induces upregulation of IFN-inducible proteins GBPs and IRGB10, where these proteins
directly attack the bacterial membrane of F. novicida. The ruptured bacteria release DNA into
the cytoplasm. The DNA virus mouse cytomegalovirus activates AIM2 independently of type |
IFN signaling. Nuclear DNA from host cells that are exposed to ionizing radiation undergoes
dsDNA breakage. AIM2 and ASC redistribute to the nucleus, where the two inflammasome
proteins localize to dsDNA breaks and gH2AX. The AIM2-ASC complex moves to the
cytoplasm to assemble into an inflammasome complex. Damage to the nuclear envelope
caused by the HIV-protease inhibitor Nelfinavir mediates the release of nuclear DNA. AIM2 is
normally maintained in an autoinhibitory state via interaction between its HIN-200 domain and
the PYD domain. On recognition of DNA, AIM2 assembles into an inflammasome complex.
AIM2 can be inhibited by a mouse p202, a bipartite protein containing two HIN domains which

interact with the HIN domain of AIM2. AIM2 can also be inhibited by human POP1 and POPS3.

1.3.8 Pyrin inflammasome

Pyrin, encoded by the Mefv gene, is a member of the TRIM family. Missense mutations in
MEFV are associated with the development of an autoinflammatory condition in humans
known as Familial Mediterranean fever (FMF) 4°24%3_ Human Pyrin carries a PYD domain, two
B-boxes and a coiled-coil domain, and a B30.2 (also known as the SPRY) domain. FMF-
associated mutations are frequently found in the C-terminal B30.2 domain of human Pyrin
402403 'Mouse Pyrin does not have a B30.2 domain. To study the physiological effect of Pyrin
and FMF-associated mutations, a mouse model of FMF was generated by knocking-in the
B30.2 domain of human Pyrin carrying one of three FMF-associated mutations into mice 4%,
Introduction of the B30.2 domain carrying these FMF mutations in mice led to the development
of spontaneous inflammation 4%4. Importantly, deletion of the gene encoding ASC, GSDMD or
IL-1R in these mouse strains abolishes their inflammatory phenotype 4% 277, providing robust

genetic evidence to suggest that dysregulated Pyrin activity is linked to inflammasome-
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mediated pathology. Recently, it was noted that with additional genetic deletion of GSDMD in
mice carrying mutations associated with FMF 277, autoinflammatory symptoms were
ameliorated, suggesting that pyroptosis associated with GSDMD might be important for

disease manifestation.

1.3.8.1 Mechanisms of Pyrin inflammasome activation

Earlier studies had suggested that Pyrin interacts with components of the NLRP3

inflammasome and that Pyrin inhibits the activation of caspase-1, NF-e B and af‘épt osi s

407 Further in vitro evidence demonstrates that Pyrin is an inflammasome-activating sensor
(Fig. 1.5). Genetic silencing of Pyrin using siRNA reduced inflammasome activation in THP-1
cells infected with Burkholderia cenocepacia “%®. Genetic deletion of Pyrin also abolished
inflammasome assembly, caspase-1 activation, and IL-1 b  a n-1B sdcretion “%°. The
activator of Pyrin was later identified as Rho-inactivating toxins produced by bacteria (Fig.
1.5), including those from B. cenocepacia, Clostridioides difficile, Clostridium botulinum, Vibrio
parahemolyticus, Vibrio Cholerae, Histophilus somni and Yersinia pestis %413, These toxins
inactivate RhoA at the GTPase switch-l region, leading to activation of the Pyrin

inflammasome 4°°.

In contrast to direct modification of RhoA, Yersinia outer protein (Yop) effectors impair RhoA
activity via stimulation of RhoA GTPase activity and/or sequestration of RhoA in the cytoplasm.
YopE functions as a GTPase-activating protein, inactivating RhoA in the host cell #4416
(Figure 1.5), whereas YopT exhibits a proteinase activity which directly cleaves RhoA at a C-
terminal cysteine residue 44416, |n addition, the pertussis toxin was found to engage activation
of the Pyrin inflammasome in a manner dependent on the ADP-ribosyltransferase activity of
the toxin #*’. Furthermore, Pyrin contributed to pertussis toxin-induced neutrophil adhesion to

cerebral capillaries and the induction of experimental autoimmune encephalomyelitis in mice

417
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The role of Pyrin inflammasome in the host defence against infection has been demonstrated
in a mouse model of lethal B. cenocepacia infection. Mice lacking Pyrin or ASC develop a
milder form of lung inflammation in response to B. cenocepacia infection compared with wild-
type mice *°°. Further, B. cenocepacia lacking the Type VI effector deamidase TecA, and
therefore cannot modify Rho GTPases to activate the Pyrin inflammasome, induces lethality
in wild-type mice more rapidly than did a wild-type B. cenocepacia strain '8, These findings
collectively demonstrate that the Pyrin inflammasome mediates recognition of Rho deamidase

activity of TecA in B. cenocepacia to drive protective responses in the host.

1.3.8.2 Regulation of Pyrin

The expression of Pyrin is upregulated following TLR priming of mouse BMDMs #°. While not
necessary, TLR-dependent priming enhances activation of the Pyrin inflammasome by the C.
difficile toxins TcdA and TcdB #*°. TLR-dependent secretion of TNF activated RIPK3 which
induced transcriptional upregulation of Mefv gene through inhibition of the mechanistic target
of rapamycin (mTOR) pathway “?°. Furthermore, inhibition of mTOR promoted Mefv

expression and activation of the Pyrin inflammasome in primary murine macrophages “%°.

Another mechanism to regulate Pyrin inflammasome activation is through the interaction of
human Pyrin with the regulatory proteins known as 14-3-3 #21422_ Phosphorylation of Pyrin at
sites Ser208, Ser209, and Ser242 is necessary to mediate interaction with 14-3-3 proteins 422,
Further mechanistic studies have unravelled the biological importance of the interaction
between Pyrin and 14-3-3 proteins. A mutation in the Mefv gene that causes a Ser242Arg
substitution abolishes inhibitory binding of 14-3-3 proteins to Pyrin 423, This mutation was found
in patients with a newly described autoinflammatory condition called Pyrin-associated
autoinflammation with neutrophilic dermatosis (PAAND) 2. The Ser242Arg mutation
promotes excessive ASC speck formation and activation of caspase-1 and secretion of IL-1 b

in 293T cells or in THP-1 monocytic cells 423, Similarly, monocytes from patients with PAAND
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carrying the Ser242Arg mutation undergo spontaneous inflammasome activation in response

to LPS stimulation 43,

Studies in the murine system have revealed that mouse Pyrin can be phosphorylated on
Ser205 and Ser241, two sites corresponding to Ser208 and Ser242 of human Pyrin,
respectively 4% (Fig. 1.5). The two serine residues are dephosphorylated in response to
stimulation by Rho-inactivating toxins and infection with B. cenocepacia, releasing Pyrin from
14-3-3 proteins *2. A further study has demonstrated that Pyrin is phosphorylated by the RhoA
effector serine-threonine kinases PKN1 and PKN2 #*, Phosphorylation of human Pyrin at sites

Ser208 and Ser242 by PKN1 or PKN2 promotes interaction between Pyrin and 14-3-3 U o-r

33U proteins, thereby, maintaining inhibition

424 The presence of FMF-associated or PAAND-associated mutations in Pyrin impairs binding
of Pyrin with 14-3-3 or PKN proteins 423424, In monocytes of FMF patients, dephosphorylation
of Pyrin was sufficient to trigger activation of the Pyrin inflammasome in response to C. difficile,
whereas in monocytes from healthy patients, additional control mechanisms existed to
regulate activation of the Pyrin inflammasome “?°. These findings provide additional
mechanistic insights into why patients carrying these mutations exhibit uncontrolled

inflammasome responses.

1.3.8.3 Pyrin and cytoskeleton

Pharmacological drugs that target the microtubule, including colchicine, vinblastine, paclitaxel,
BAL27862, nocodazole, ABT-751, CA4P, and CYT997 have all been reported to inhibit
assembly and activation of the Pyrin inflammasome induced by TcdA or TcdB 419422424
However, these microtubule inhibitors do not interfere with the dephosphorylation of Pyrin or
dissociation of 14-3-3 proteins %2, suggesting that Pyrin dephosphorylation acts upstream of
microtubule activities. Human PBMCs carrying FMF-associated mutations in Pyrin secrete IL-

1 b a R18indedponse to stimulation with TcdA even in the presence of colchicine treatment
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419 suggesting that Pyrin harbouring FMF-associated mutations bypasses the requirement for

microtubules in the activation of the inflammasome.

The role of the cytoskeleton in the activation of the Pyrin inflammasome has also been
observed in a mouse model of systemic autoinflammatory disease. Mice carrying an
inactivating mutation in the actin-depolymerising cofactor Wdrl develop systemic
autoinflammatory disease that can be delayed by genetic deletion of Pyrin, ASC, caspase-1
or IL-18 4%, This finding suggests that dysregulated actin dynamics may be sensed by the
Pyrin inflammasome, which could lead to inflammation and tissue damage. In support of this
idea, a previous study has shown that Pyrin polarises at the leading edge of migrating human

monocytes, where it co-localises with polymerising actin 4%’.

The relationship between Pyrin and other components of the cell has been identified. Human
Pyrin was found to associate with the autophagy-related proteins ULK1, Beclin 1, and
ATL16L1 “%®. The same study also reported that Pyrin, but not Pyrin carrying FMF-associated
mutations on the B30.2 domain, mediates recruitment of ULK1 to the NLRP3 inflammasome,
where this complex is degraded by the autophagy machinery “?. These observations indicate

that, under some conditions, Pyrin may negatively regulate activation of other inflammasomes

104,405-407

74



Microbial activators of the inflammasome

Bacterial toxin

Active Inactive
RhoA RhoA
(D B g

Pyrin

| RN ‘gﬁ g

»

Phosphorylation g 80 Dephosphorylation

O ASC
% Caspase-1
14-3-3 protein +
Active Caspase-1

bl | r
v

S
0

v

v | v
o (@]
Gasdermin D N-terminal Pro-IL-1b IL-1b
Pro-IL-18 IL-18
Pyroptosis |
o 0

Figure 1.5 | Pyrin inflammasome.

During homeostasis, Pyrin is phosphorylated by RhoA effectors and serine-threonine kinases
PKN1 and PKN2. Phosphorylated Pyrin is bound by 14-3-3 proteins, inducing inhibition of
Pyrin. Certain bacteria secrete toxins that inactivate RhoA, a process which mediates
dephosphorylation of Pyrin. Mutations in certain sites of Pyrin also lead to dephosphorylation
of Pyrin. This dephosphorylation event triggers Pyrin dissociation from 14-3-3 proteins,

unleashing active Pyrin that is then capable of assembling into an inflammasome complex.
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1.3.9 The NLRP6 inflammasome

NLRP6 is highly expressed in the intestine of mice 4°43, Indeed, deficiency of NLRP6 drives
intestinal inflammation and inflammation-induced colorectal cancer in mice %432, In such
cases, intestinal immunity required several microbial metabolites which can positively or
negatively regulate activation of NLRP6 and IL-18 production “*? (Fig.1.6). Metabolites such
as bile acid-derived taurine and histamine and polyamine spermine, can positively or
negatively dictate activation of NLRP6 “*2, However, the intestinal microbial species producing
these metabolites and the precise mechanisms employed by these metabolites in activating

NLRP6 are elusive.

In mice, NLRP6 was found to exert a protective role during oral-gastrointestinal infection of
encephalomyocarditis virus (EMCV) 33, Mechanistically, NLRP6 sensed the viral ssRNA via
the RNA helicase DEAH box helicase (DHX15) #*3, Binding of ssRNA with DHX15 initiated a
signalling cascade to induce type | or Il IFNs and ISGs, which exerted an anti-viral response
433, The NLRP6-driven anti-viral response inhibited viraemia and lethality in EMCV-infected
mice 4%, Based on these studies, NLRP6 was proposed to safeguard intestinal homeostasis
and immunity. However, two studies using littermate-controlled mice found no role for NLRP6
in maintaining microbiome composition and susceptibility to colitis 43443, Further studies are

required to clarify the controversial role of NLRP6 in regulating gut homeostasis.

In context of bacterial infection, NLRP6 was found to negatively regulate NF-e B and -
signalling in response to Gram-positive and Gram-negative bacteria “%. Consistently, a
detrimental role of NLRP6 has been suggested in mice infected with either L. monocytogenes,
S. aureus, E. coli or S. Typhimurium 35436437 The cognate ligand of NLRP6 was unknown until
a study demonstrating that lipoteichoic acid, a biomolecule derived from the cell wall of Gram-
positive bacteria, binds to NLRP6 in murine BMDMs *°. However, it is unclear what factors

from Gram-negative bacteria induced activation of NLRP6. In response to cytosolic
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lipoteichoic acid or infection with the Gram-positive bacterium L. monocytogenes, NLRP6

formed an inflammasome complex .

NLRP6 further promoted dual recruitment of caspase-1 and caspase-11 to the same
inflammasome complex which executed maturation of IL-1b and IL-18 3. In mice, the NLRP6-
Caspase-11 inflammasome response exacerbated Listeria infection via secretion of IL-18 but
not IL-1b 3. Further structural analysis revealed that human NLRP6 PYD self-assembled into
large filamentous structures and recruit ASC via PYD-PYD interactions “*®. These studies

underline a complex role of NLRP6 in host defence and in maintaining intestinal homeostasis.
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Figure 1.6 | NLRP6 inflammasome.

During healthy or dysbiotic state, microbiota-derived metabolites can either positively or
negatively regulate murine NLRP6 activity within the intestine that leads to production of
interleukin (IL)-18. NLRP6 can bind to the Gram-positive bacterial cell wall component
lipoteichoic acid (LTA). Presence of cytosolic LTA and L. monocytogenes activated NLRP6

which recruited ASC, caspase-1 and -11 to form an inflammasome complex. NLRP6 activation

78



Microbial activators of the inflammasome

induces processing of caspase-11, which promotes caspase-1 activation and IL-18 secretion;

the latter occurring independently of gasdermin D cleavage and pyroptosis.

1.3.10 The NLRP9b inflammasome

Similar to NLRP6, NLRP9b is highly expressed in small and large intestinal epithelial cells of
mice 34, NLRP9b was recognised as the cytosolic inflammasome sensor of Rotavirus infection
in murine intestinal epithelial cells **. Notably, NLRP9b contributed to inflammasome-
dependent responses in intestinal organoids infected with Rotavirus ** (Fig. 1.7). Indeed,
mouse intestinal organoids lacking either NLRP9b or DHX9 infected with Rotavirus resulted
in reduced secretion of IL-18 and were resistant to pyroptosis, compared to the wild-type
organoids **. RNA helicase DEAH-box helicase (DHX9), but not NLRP9b, bound short dsRNA
stretches, which prompted the formation a DHX9-NLRP9b-ASC-Caspase-1 complex 3. Mice
lacking NLRP9b in all cells or specifically in intestinal epithelial cells had increased

susceptibility to Rotavirus infection compared to the wild-type controls 34,

This mechanism of activating NLRP9b is analogous to how NLRC4 43443 and NLRP6 “* are
activated. NLRC4 and NLRP6 do not mediate direct ligand binding and that ligand binding is
mediated by NAIPs and the RNA helicase DHX15, respectively. NLRP6 also contributed to
host defence against Rotavirus, suggesting that NLRP6 and NLRP9b may co-localise to the
same inflammasome complex 34. A similar immune mechanism is noted during Salmonella
infection where both NLRP3 and NLRC4 sensors are co-activated and recruited to the same

inflammasome complex 4.

Human NLRP9 also co-precipitated with both viral dsRNA and DHX9, suggesting functional
conservation of the NLRP9 inflammasome across different host species **. However, it might
be interesting to investigate whether NLRP9b can respond to other activators, such as ssRNA,

and whether this recognition is direct or associated with DHX9 or another sensor/s. Owing to
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the high similarity in functional and biophysical attributes (requirement of a DHX member)
between NLRP9b and NLRPG, it might be worthwhile to evaluate whether NLRP9b can also

regulate the gut microbiome composition and intestinal cancer development.
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Figure 1.7 | NLRP9b inflammasome.

The NLRP9b inflammasome in murine intestinal epithelial cells is activated by Rotavirus
infection. Rotavirus double-stranded RNA (dsRNA) bound an RNA helicase DEAH-box

(DHX9) which associated with NLRP9b to form an inflammasome complex. In response to
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Rotavirus infection, intestinal cells activated NLRP9b inflammasome which triggered

gasdermin D dependent pyroptosis and secretion of IL-18.

1.4 Bacillus cereus

Bacillus cereus sensu stricto (herein referred to as B. cereus) is an important cause of food
poisoning in humans. Isolated in 1887, B. cereus was considered a harmless contaminant for
almost 80 years before it was widely accepted as a pathogen #4447, Since the 1960s, B. cereus
has gained notoriety as the etiological agent for a variety of intestinal and extra-intestinal
diseases **. These clinical manifestations include gastroenteritis, vomiting, endophthalmitis,

respiratory tract infections or infections similar to gas-gangrene **° (Fig. 1.8).

B. cereus belongs to a bacterial group known as B. cereus sensu lato which also includes B.
anthracis, B. thuringiensis, B. mycoides, B. pseudomycoides, B. weihenstephanensis, B.
cytotoxicus, and B. toyonensis, as well as several newly described members identified through
more genetic taxonomic analyses, such as B. gaemokensis, B. manliponensis, and B.
bingmayongensis “°°4%4, These bacteria have a high level of genetic similarity 450455456 yet
can be classified into unique species based on their morphological and physiological features,
and the clinical manifestations resulting from these infections 4¢. Of these bacteria, B.
anthracis is recognised for its ability to cause a lethal anthrax disease in humans %, Although
B. cereus is considered a neglected pathogen, studies are now beginning to unravel its biology

and host-pathogen interactions.
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Figure 1.8 | Environmental reservoirs, routes of transmission, and clinical

manifestations associated with Bacillus cereus infection.

B. cereus can be transmitted to humans through consumption of undercooked or
contaminated food via the oral-gastric route. Food contamination caused by B. cereus can
occur during any stages of food harvesting, processing, storage, preparation and
consumption. Nosocomial transmission (also known as hospital-acquired transmission) has
been reported to occur due to the formation of B. cereus biofilms on items such as catheters
and bedsheets. These transmission routes account for the majority of gastrointestinal and/or

extra-intestinal manifestations in the hospital setting.
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1.4.1 General microbiology of B. cereus

B. cereus is a Gram-positive, rod-shaped and spore-forming facultative anaerobe #*° (Fig.
1.9). B. cereus strains possess peritrichous flagella #*8, which are involved in locomotion
and/or toxin secretion 484 Further, some strains are encased with a crystalline surface
glycoprotein layer (S-layer), covering the cell wall 46°46! (Fig. 1.9). Proteins within the S-layer

mediate adhesion of B. cereus to host cells and provide resistance to gamma-ray radiation 462,

B. cereus strains can vary in their growth and survival characteristics. They are divided into
two groups: psychrotrophic and mesophilic. Psychrotrophic strains grow well at temperatures
below 10 "C but grow poorly at 37 “C 3. Psychrotrophic B. cereus are generally found in
chilled foods and, in some cases, fresh foods “64%%¢, In contrast, mesophilic strains grow well

at 37 “C and can survive at temperatures below 10 "C 4%,

B. cereus can persist and survive in harsh environmental conditions by the production of
endospores and formation of biofilms 467469, B. cereus spores are elongated, characterised by
a core surrounded by an inner membrane, peptidoglycan cortex, inner coat and outer coat
(Fig. 1.9). The bacterial spores have no metabolic activity and are resistant to heating,
freezing, drying, and gamma-ray and ultraviolet radiation #6247%, These spores are extremely
resistant to environmental assaults that would normally kill vegetative bacteria, thereby
facilitating persistence in the environment until more favourable conditions return. They also
facilitate adhesion to human epithelial cells 4’472, Biofilms of B. cereus form on abiotic
surfaces and living tissue, but also persist as floating pellicles #%°. These biofilms have been
found on central venous catheters and are associated with nosocomial bacteraemia 47347
(Fig. 1.8). Importantly, B. cereus in biofilms produce higher amounts of secondary metabolites
and enzymes, such as catalase and superoxide dismutases, compared to planktonic cells,

contributing to bacterial defence against host responses 47°.

Of concern is growing incidence of B. cereus isolates expressing a b-lactamase enzyme 47

which can counter the effects of b-lactam antibiotics, such as penicillin, ampicillin, and
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cefotaxime 49477, The origin of these antibiotic-resistant B. cereus strains can be mapped out
to isolates harvested from fresh food products 4/8-48°, dairy products #%¢481, agriculture produce
482484 nackaged food products #5487 and hand or surfaces of commonly used electronic
devices such as mobile phones . Numerous investigations have shed light on the reasons
pertaining to the observed increase in antibiotic resistance in B. cereus. These reasons
include: (i) acquisition of antibiotic-resistance genes and/or transposons in either
chromosomal or extra-chromosomal genomic locations 483489491 (iji) production of antibiotic-
modifying or -inactivating enzymes 49249, (iii) alterations in the lipid composition and charge
of the cell membrane *°*4%; (iv) presence of multidrug resistance efflux systems 483496:497- (y;)
switching of metabolic state to enhance persistence of infection “%8, A rise in the prevalence
of antibiotic resistance amongst pathogenic B. cereus isolates threatens our ability to treat
severe B. cereus infections. Given how the identification, development and approval of novel
antibiotics has slowed in recent decades *°, it is imperative that alternative therapies to treat

B. cereus infections are developed.
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Figure 1.9 | Macroscopic and Microscopic Morphologies of B. cereus.

(a) Colony morphology of B. cereus grown on a blood-agar plate under aerobic conditions at
30°C. B. cereus colonies are large, and have a rough surface and irregular edges, often
surrounded by a zone of clearing indicating haemolysis. (b) Gram staining reveals that B.
cereus is a Gram-positive bacterium. (c) Transmission electron microscopy and negative
staining shows peritrichous flagella protruding from B. cereus. Scale bar,1 em. (d) Scanning
electron microscopy shows that B. cereus is a rod-shaped bacterium. Scale bar, 2 em. (e)

Transmission electron microscopy reveals the ultrastructure of B. cereus. Scale bar, 0.5 em
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1.4.2 Epidemiological landscape of B. cereus

Although B. cereus infections have been documented worldwide, the body of literature
reporting these infections mainly relates to foodborne outbreaks of gastroenteritis in isolated
countries 44946259 The limited global epidemiological data on B. cereus infections is attributed
to: (i) the mild and short-duration of symptoms and self-limiting nature of most B. cereus
infections, which means that individuals generally do not seek medical attention; (ii) lack of
laboratory testing to confirm whether B. cereus is attributed to patient symptoms and/or
disease; and (iii) B. cereus infections are not notifiable to health authorities in most countries,
leading to undocumented cases and/or transmission in the community #4°462%01 These factors
together lead to underreporting and underestimation of the actual incidence of this pathogen
in humans. Epidemiological surveillance is further complicated by a lack of testing for other
pathogens which can induce symptoms similar to B. cereus °°15%2, For example, food
poisoning caused by infection with the Gram-positive bacteria Staphylococcus aureus and
Clostridium perfringens leads to emesis and diarrhoea. These infections are largely
indistinguishable from B. cereus infection 0152 which further confounds the validity of

epidemiological reporting of B. cereus in the context of foodborne outbreaks.

Despite the lack of accurate global estimates, several consistent trends have emerged
amongst foodborne outbreaks associated with B. cereus infection. Epidemiological data have
shown that rice, pasta, pastry and noodles are associated with emesis, whereas vegetables,
meat products and milk products are associated with diarrhoea 462500501503 Fyrthermore, the
diarrhoeal-type disease has been reported more frequently in Bulgaria, Finland, Hungary and
Norway, whereas the emetic-type disease in Japan and the United Kingdom 2, These trends
might reflect the eating habits of individual countries and suggest that certain food groups act
as a vehicle for strains of B. cereus harbouring a specific subset of virulence factors that are
more likely to cause either emetic or diarrhoeal symptoms. Additional epidemiological
analyses of B. cereus isolates, including profiling of their genetic markers and virulence

factors, in different outbreak settings, would provide insights into the distribution and
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transmission of this pathogen. Further, research efforts focusing on improved biosecurity, food
safety and methods of detection would further prevent future outbreaks and minimise the

health and economic burden of B. cereus infection.

1.4.3 Virulence factors of B. cereus

B. cereus produces a collection of virulence factors including pore-forming toxins, cereulide,
haemolysins, enterotoxins, proteases and phospholipases (Fig. 1.10). These virulence factors

are discussed in detail below:

1.4.3.1 Pore-forming toxins

B. cereus secretes two three-component pore-forming toxins called haemolysin BL (HBL) and
non-haemolytic enterotoxin (NHE), and a single-component toxin called cytotoxin K (CytK,
also known as haemolysin 1V) (Fig. 1.10). These toxins are produced and secreted primarily
during the exponential phase of bacterial growth and are regulated by the master

transcriptional regulator PIcR 5%,

HBL is composed of subunits B, L; and L, °%, whereas NHE is composed of subunits A, B and
C 5%, A previous study found that the subunits of HBL could bind erythrocytes independent of
one another %7 whereas, a later study identified HBL-B as the apical subunit mediating
assembly of the toxin on host cell membrane °%, Similarly, previous studies have reported
contradicting data regarding the first subunit of NHE to be either B or C 5%°51°, Moreover,
another study found that subunits of HBL and NHE toxins can form complexes 51512,
Therefore, further studies are required to decipher the binding order and structure of HBL and

NHE subunits.

Indeed, the structures of HBL-B (PDB ID: 2NRJ) and NHE-A (PDB ID: 4K1P) have been
solved and were found to be structurally similar to cytolysin A (ClyA) (PDB ID [Monomeric]:
1QQOY; PDB ID [Protomeric]: 2WCD) from Escherichia coli ®**°¢, HBL-B, NHE-A and CIyA are

all comprised of two domains; a head domain composed of two a-helices and two b-sheets,
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and a tail domain composed of five a-helices 51*°1°, However, the head domain of NHE-A was
longer and more enlarged than that of HBL-B and CIyA 514, The similarities in tertiary structures
between HBL-B and NHE-A to that of CIyA argue that they should be classified as members

of the CIlyA superfamily of a-helical pore-forming toxins 51718,

During an infection, the anaerobic or microaerobic environment of the intestine promotes the
production and secretion of HBL and NHE 5%%2!, These enterotoxins cause damage to
epithelial cells by forming pores leading to microvilli injury, osmotic lysis of intestinal epithelial
cells and subsequent diarrhoea “%°. Genomic analysis of clinical, food and environmental
strains of B. cereus has revealed that HBL, NHE and CytK are highly prevalent, with HBL
being present in 40-92% of the isolates, NHE in 95-98% of the isolates, and CytK in 50-80%
of the isolates 59122523 The high prevalence of these pore-forming toxins suggests that the
probability of a strain carrying at least one of these toxins is very high and that any of these

toxin-bearing strains would be capable of causing disease.

1.4.3.2 Cereulide

Consumption of food products contaminated with the emetic toxin, cereulide, leads to emesis
in humans (Fig. 1.10). Cereulide, a cyclic dodecadepsipeptide, is similar to a potassium
ionophore. It is resistant to heat, proteolysis and acidic environments 524, Cereulide is encoded
by a non-ribosomal peptide synthetase gene cluster called ces, located on a mega plasmid
called pCER270. This mega plasmid is related to the pXO1 plasmid of B. anthracis 2. It is
hypothesised that cereulide biosynthesis follows a canonical non-ribosomal peptide assembly
process %% similar to other well-characterised cyclic antimicrobial peptides, including
gramicidin S 52" and surfactin 52. However, a more recent non-canonical mechanism of non-
ribosomal peptide assembly for cereulide biosynthesis has been proposed 3. In contrast to
the canonical pathway where single monomers are building blocks of tetradepsipeptide

assembly, the non-canonical pathway utilises dipeptides as building blocks of
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tetradepsipeptide assembly 3. This observation indicates that further structural and functional

studies are required to elucidate the complex biosynthesis pathway of cereulide.

Transcription of the cereulide toxin is governed by the nutrient-responsive transcriptional
regulator CodY, the sporulation transcription factor SpoOA, and the sporulation-vegetative,
transitional-state transcription factor ArbB 456526529531 The extrinsic environment, and the
intrinsic nutritional and developmental cell status collectively dictate CodY- and SpoOA-
regulated transcription of cereulide #%6526530531  Eyrthermore, a putative hydrolase CesH
encoded by the cesH gene present in the ces gene cluster was found to be a transcriptional

repressor of cereulide 53532,

Cereulide is secreted predominantly during the stationary phase of bacterial growth. It is found
in food products, including rice, pasta, milk and dairy products #6253, Following ingestion,
cereulide is absorbed in the intestine and distributed throughout the body where it can cross
the blood-brain-barrier or accumulate in the liver, kidneys, fat, and muscle tissue %4, The
emetic effect of cereulide is thought to be dependent on its interaction with the serotonin 5-
HT3 receptors expressed in the stomach and small intestine, inducing gut-to-brain signalling
via the vagus nerve %% (Fig. 1.10). In the house musk shrew, the chemical antagonist of 5-
HT3 receptors called ondansetron hydrochloride, or surgical severing of the vagus nerve,
inhibited cereulide-induced emesis . These findings suggest an involvement of 5-HT3
receptors in cereulide-induced emesis, however, whether cereulide directly interacts with 5-
HT3 receptors at vagal sensory endings or that it indirectly stimulates secretion of serotonin

to activate 5-HT3 receptors is not known 5%,

1.4.3.3 Haemolysins and enterotoxins

Haemolysis is a key feature of many strains of B. cereus. Indeed, HBL, NHE and CytK induce
haemolysis in erythrocytes owing to their pore-forming ability, however, B. cereus also

expresses haemolysin |, haemolysin Il and haemolysin III (Fig. 1.10). Haemolysin | (also
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known as cereolysin O) is a cholesterol-dependent cytolysin similar to perfringolysin O of
Clostridium perfringens, whereas haemolysin Il and haemolysin 1ll are cholesterol-
independent cytolysins °2%, Haemolysin 1l induces apoptosis in mouse macrophages and
human monocytes via activation of the apoptotic caspase, caspase-3 . The biochemical
properties, structure and mechanism of pore formation of these haemolysins have remained

unclear.

Other enterotoxins of B. cereus include the lesser characterised enterotoxin T and enterotoxin
FM 537538 (Fig. 1.10). Both enterotoxins have been found to be non-cytotoxic to mammalian
cells 5% and enterotoxin FM is thought to function as a cell-wall peptidase rather than a
functional enterotoxin %*°. The exact role of these toxins in bacterial growth and virulence is
unknown and requires further investigation. Given that the production of toxins requires
substantial cost to the bacteria in terms of energy and resources, these toxins are probably
important at some stage in the lifecycle of B. cereus. It is intriguing to speculate that these
enterotoxins might be secreted to defend against other competing bacteria or single-cell
predatory protozoa in the environment 4542 Indeed, an example from another Bacillus
species is Bacillus subtilis, which secretes the tRNase toxin WapA used to extract nutrients

from and kill its target prey, Bacillus megaterium 543544,

1.4.3.4 Metalloproteases

In addition to secretion of haemolysins and enterotoxins, spores of B. cereus express two
metalloproteases called InhA1 and NprA, used for escaping immune surveillance and promote
germination leading to establishment of infection in a host **>°#’ (Fig. 1.10). Genomic analysis
has revealed that InhAl and NprA share 90% nucleotide similarity with proteases found in B.
anthracis and B. thuringiensis >4 In B. anthracis, homologues of InhAl and NprA are
thought to degrade host protease inhibitors, extracellular matrix proteins, and epithelial barrier

proteins %548 |t is possible that InhA1 and NprA of B. cereus may have similar functions.
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1.4.3.5 Phospholipases

An important class of virulence factors of B. cereus used to establish an infection in the host
is mammalian membrane-damaging phospholipases. Specifically, B. cereus produces a
sphingomyelinase (SMase), a phosphatidylinositol-specific phospholipase C (PI-PLC), and a

phosphatidylcholine-specific phospholipase C ** (Fig. 1.10).

Previous studies have shown that phospholipases can facilitate haemolysis %1, With the
exception of SMase, the role of phospholipases in the pathogenesis of B. cereus has remained
largely unclear %2, The presence of SMase is associated with increased severity of B. cereus
infection in mice, leading to lethality which can be abrogated following pharmacological
inhibition of SMase 5354, The biochemical properties and pathogenicity of SMase in B. cereus
infection are discussed further in another review *%. PI-PLC of B. cereus has been shown to
compl ex with GI udnoys-aasiiolnapd facllitatés 6cleavage of membrane-
bound GPl-anchored proteins %°¢5%8, In addition, two synthetic chiral compounds called RZ
7ABO and SZABO were found to be novel inhibitors of B. cereus phosphatidylcholine-specific
phospholipase C *%°, and therefore, these compounds could be further tested in animal models

of B. cereus infection to validate their potential use as antibacterial therapeutics.

1.4.4 Membrane-bound receptor of HBL in mammalian cells

HBL can form pores in the plasma membrane and exert cytotoxicity on mammalian immune

and non-immune. Whether HBL binds to a specific surface receptor to mediate pore formation

on mammalian cells was unknown until now. Using a genome-wide CRISPR-Cas9 screen in

RAW276.4 mouse macrophages, two mammalian surface receptors called LPS-induced TNF-

U factor (LI TAF, also known as small integral m ¢
or SIMPLE) and the LITAF-like protein called Cell Death Inducing P53 Target 1 (CDIP1) were

identified as surface receptors of HBL °¢° (Fig. 1.10). This study demonstrated that primary

mouse macrophages or epithelial Chinese Ovary Hamster (CHO) cells lacking LITAF were

resistant to HBL-induced cytotoxicity °%°. Further, mice lacking LITAF survived a lethal
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challenge of purified HBL °%°. Analysis of truncated variants of LITAF showed that the C-
terminal residues of this receptor are critical in mediating HBL binding °%°. In the mouse
melanoma cell line B16F10, deletion of CDIP1 in addition to LITAF was required to provide
resistance to HBL-mediated cytotoxicity °%°. These results indicate that LITAF functions as the
primary receptor of HBL, whereas, in certain cell types, CDIP1 serves as an independent and
alternative receptor to LITAF 5. This finding is analogous to how anthrax toxin utilises a

predominant host cell surface receptor CMG2 and an alternate receptor TEM8 770,

It remains unknown how the individual subunits of HBL interact with either of the two receptors
and what are the signalling cascades initiated following their engagement. In addition, what
might be the physiological advantage of encoding a receptor for HBL which would render a
host susceptible to HBL-induced lethality? Earlier studies had shown that LITAF is expressed
in multiple tissues and organs in humans, such as peripheral blood leukocytes, lymph nodes,
and the spleen %', TLRs can induce the expression of LITAF, which then serves as a
transcription factor mediating the expression of the pro-inflammatory cytokines, such as TNF
and IL-6, in human and mouse macrophages °¢152, Further, mutations in LITAF, potentially
causing impaired endosomal protein trafficking and degradation, are associated with the
inherited motor and sensory neuropathies known as Charcot-Marie-Tooth disease 5%,
Therefore, LITAF functions as a trigger of inflammation and guardian of fundamental cellular
processes. Given its widespread expression and critical functionality in cellular physiology in
humans, it is intriguing to speculate that B. cereus would strategically use HBL to target LITAF

to trigger cell death responses in the mammalian host.

1.4.5 Novel membrane-bound receptor/s of NHE

Identification of LITAF and CDIP1 opens up exciting opportunities to search for other surface
receptors of B. cereus toxins which are important for pathogenesis. Indeed, isolates of B.

cereus lacking the HBL toxin can still cause disease in humans 45856455 These strains
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probably express NHE and other virulence factors capable of contributing to the infection. It

will be interesting to investigate the surface receptor of NHE and other B. cereus toxins.

1.4.6 Innate immune recognition of B. cereus

PRRs are expressed in immune cells and non-immune cells, including macrophages, dendritic
cells, neutrophils, epithelial cells, endothelial cells, and NK cells . Previous studies have
shown that macrophages, dendritic cells and neutrophils recognise both vegetative cells and

the spore of B. cereus, triggering an immune response °¢6-°68,

The innate immune response triggered by TLRs has been predominantly characterised in
mouse and rabbit models of endophthalmitis, a severe intraocular infection mostly associated
with post-traumatic injury and vision loss °%°. Earlier studies have shown that TLR2 mediated
polymorphonuclear leukocytes (PMN) infiltration in the eyes in response to B. cereus-induced
endophthalmitis in mice °°. The lack of TLR2 did not affect intraocular growth of B. cereus,
but reduced the secretion of TNF, IL-6 and IFN-gin the infected eyes °7° (Fig. 1.10). In addition,
mice lacking TLR2 exhibited delayed loss of retinal function. However, the inability of TLR2-
deficiency to abolish inflammatory cytokine production and provide full protection against loss

of retinal function suggests contributions from other innate immune receptors °7°,

Subsequent studies revealed that mice lacking either one of the two adaptor proteins of TLRs,
called Myeloid differentiation primary response protein MyD88, or TIR domain-containing
adapter molecule 1 (also known as TICAM-1 or TRIF) exhibited reduced intraocular
inflammation following B. cereus infection °’t. TLR4 signals through MyD88 and TRIF, and
thus, an involvement of TLR4 might explain the previous observation that mice lacking TLR2
displayed residual intraocular inflammation following B. cereus infection °/°*"1, Indeed, mice
lacking TLR4 exhibited reduced influx of PMN, retinal damage and intraocular inflammation in
response to B. cereus infection **. However, this result was unexpected because B. cereus

does not encode LPS, a ligand of TLR4-MD2-CD14 receptor complex found in Gram-negative
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bacteria. The component/s of B. cereus that activate TLR2 are likely to be teichoic and
lipoteichoic acid or lipoproteins (Fig. 1.10), whereas an unknown virulence factor of B. cereus
might trigger TLR4 signalling. Previous studies have shown that cholesterol-dependent
cytolysins, anthrolysin of B. anthracis %’ and pneumolysin of another Gram-positive bacterium
Streptococcus pneumoniae °73, can induce TLR4-dependent apoptosis in mouse
macrophages. The cholesterol-dependent cytolysin of B. cereus, cereolysin, could therefore

be a putative TLR4 agonist.
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Figure 1.10 | B. cereus virulence factors.

The B. cereus cell wall comprises an inner lipid bilayer membrane, a peptidoglycan layer, and
an outermost crystalline surface glycoprotein layer (S-layer). Interspersed within the cell wall
are teichoic and lipoteichoic acid molecules. B. cereus infection may involve TLR2 and/or
TLR4 activation, however the bacterial ligands for either receptor have remained unknown
(indicated by a question mark). B. cereus contains several enzymes involved in virulence,

including the metalloproteases InhAl and NprA, sphinogomyelinase (SMase) and several
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phospholipases (PLO6s). Collectively, these enzynm
within and/or associated with the host cell membrane to establish an infection. Several
virulence factors of B. cereus are responsible for causing diarrheal symptoms following
infection and include the tripartite toxins hemolysin BL (HBL) and non-hemolytic enterotoxin
(NHE) as well as cytotoxin K (CytK, also known as hemolysin IV). HBL-induced pore formation
occurs after binding to the surface cell receptors LITAF (also known as small integral
membrane protein of lysosome/late endosome, or SIMPLE) and the LITAF-like protein called
Cell Death Inducing P53 Target 1 (CDIP1). Furthermore, HBL- and NHE-induced pore
formation drives activation of the NLRP3 inflammasome. HBL and NHE also possess
additional hemolytic activity, along with CytK, cereolysin, (CLO, also known as hemolysin I),
hemolysin 1l and hemolysin Ill. The emetic toxin, cereulide, is encoded on the plasmid
pCER270 and is thought to induce emesis through either a direct or indirect interaction
(indicated by a question mark) with 5-HT3 receptors of the stomach and intestine that drive
gut-to-brain signaling. Several strains of B. cereus have acquired the ability to produce an
Anthrax-like toxin, encoded by the plasmids putatively assigned pBCXO1 and pBC218. This
toxin is thought to drive a severe anthrax-like infection. Enterotoxin T (ET) and Enterotoxin FM
(EFM) are also thought to play an important role in virulence, although their roles as

enterotoxins and/or enzymes have remained unclear.
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1.5 Rationale of this study

Microorganisms from all domains of life can induce activation of the inflammasome pathway,
however, a complete repertoire of microbes that can activate the inflammasome remains
unknown. Microbial PAMPs such as lipoproteins, flagella, toxins, nucleic acids and enzymes
can activate the inflammasome, suggesting that there is potential to identify new microbial

activators of the inflammasome pathway.

1.6 Hypotheses and Aims

1.6.1 Hypotheses

Hypothesis 1: Novel inflammasome activators can be identified from analysis of clinically

important intracellular and extracellular bacteria.

Hypothesis 2: Inflammasome sensors can sense toxins from phylogenetically-diverse

organisms.

1.6.2 Aims

Aim 1: To identify novel inflammasome activators from clinically important bacteria.

Aim 1.1: To screen a panel of bacteria and bacteria-free culture supernatants to assess their
ability to induce inflammasome activation in primary bone-marrow-derived macrophages

(BMDMs).

| will investigate whether secreted factors from various intracellular and extracellular bacteria
can induce inflammasome activation. Wild-type (WT) BMDMs will be incubated with bacteria-
derived culture supernatants for 3-20h. The hallmarks of inflammasome activation will be

assessed based on immunoblot analysis of the cleavage of caspase-1, enzyme-linked
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immunosorbent assays (ELISA) analysis to measure secretion of inflammasome-dependent
pro-inflammatory cytokines IL-1 b a ni8 and lactate dehydrogenase (LDH) analysis to

determine the percentage cell death.

Aim 1.2: To identify the inflammasome sensor responsible for recognising the secreted

factor/s.

WT BMDMs and BMDMs lacking various inflammasome sensors and components will be
incubated with the bacteria-derived supernatant and live bacteria for 3-20h. The hallmarks of

inflammasome activation will be assessed as described in Aim 1.1.

Aim 1.3: To characterise the inflammasome activator/s from the bacteria-derived supernatant.

BMDMs will be treated with the bacteria-derived supernatant, and the supernatant that had
been treated with heat (37, 50, 75 or 100 C), proteinase K, RNase and DNase to investigate
the nature of the inflammasome-activating ligand. Furthermore, size fractionation of the
supernatant will be carried out to determine the size range of the inflammasome-activating
activator/s. Screening of >40 environmental and clinical isolates of the inflammasome-
activating bacteria will be carried out to facilitate the identification of the infammasome-
activating factor. The results will determine the inflammasome-activating ability of various
strains carrying specific virulence factor/s. The hallmarks of inflammasome activation will be

assessed as described in Aim 1.1.

Aim 1.4: To delineate the identity of the inflammasome activator/s present in the bacteria-

derived supernatant.

BMDMs will be treated with mutant bacteria lacking the activator/s (from Aim 1.3) for 3-20h.
The hallmarks of inflammasome activation will be assessed as described in Aim 1.1. For
further validation, the purified activator/s will be generated to assess their ability to activate

the inflammasome.
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Aim 1.5: To investigate the mechanism of inflammasome activation by the activator/s.

Depending on the inflammasome sensor that recognises the bacterial activator/s, experiments
will be designed to elucidate the mechanisms of action of how the new activator/s activate the
inflammasome. For example, | will investigate whether the activator/s bind to the plasma

membrane and remain on the plasma membrane or enter the cytoplasm.

Aim 1.6: To investigate the role of inflammasomes in mediating a host response to the new

activator/s.

WT mice and mice lacking the inflammasome sensor and effector caspase-1 will be injected
with the activators. Analysis of survival and cytokine production from tissues of mice will be

conducted.

Aim 2: To comprehensively analyse inflammasome-activating ability of toxins from

phylogenetically diverse organisms.

Aim 2.1: To screen a panel of purified toxins to assess their ability to induce infammasome

activation BMDMs.

Toxins derived from bacteria, fungi, snakes, terrestrial invertebrates or marine organisms will
be investigated to assess their ability to induce inflammasome activation. Purified toxins will
be added to WT BMDMs and incubated for 3-20h. ELISA assays will be used to measure

secretion of the cytokines IL-1 b a nl8. | L

Aim_2.2: To investigate which inflammasome pathway is responsible for mediating

inflammasome activation in response to toxin treatment in BMDMs.

WT BMDMs and BMDMs lacking different inflammasome components will be treated to

determine the nature of the inflammasome complexes required to respond to the toxins
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identified in Aim 2.1. The hallmarks of inflammasome activation will be assessed as described

in Aim 1.1.

Aim 2.3: To investigate the molecular mechanisms by which toxins induce inflammasome

activation in BMDMs.

The candidate toxins activating the inflammasome complex will be further investigated for their

mechanism of action as described in Aim 1.5.

Aim 2.4: To determine the role of inflammasomes in mediating a host response to the new

activator/s.

WT mice and mice lacking the inflammasome sensor and effector caspase-1 will be injected
with the purified toxin/s. Analysis of survival and cytokine production from tissues of mice will

be conducted.
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2.1 Mouse strains

WT C57BL/6, Gsdmd'0N110SN 574 Gsdmd'/ 574 and Mefv'/' were obtained from the Australian
Phenomics Facility (APF) at the Australian National University (ANU), Australia. Casp1/11'"
575 Caspl11'/" 576, Caspl1'” 326 and NIrp3'" 57 mice were obtained from the Jackson Laboratory,
USA. Aim2'713%6  Asc'" 309 gand Nirc4'" 3%° mice were obtained from Genentech, USA. Mice
were generated in the C57BL/6 background (Aim2'", Nirc4'", Gsdmd'"9N10N  Gsdmd'”" and
Mefyv™/mity or in the 129 background (Asc'’, Casp1/11'", Caspll'" and NIrp3'") and
backcrossed to C57BL/6 for 10 generations. Details of mice strains is listed in Table 2.5. Both
male and female mice between 6-8 weeks were used in this study. Mice were bred, maintained
and caged in specific pathogen-free conditions by Animal Staff Technicians at the APF at the
ANU. All experiments were conducted according to the ANU Animal Experimentation Ethics

Committee, Protocol number A2020/19.

2.2 Cell culture

2.2.1 Bone-marrow derived macrophages (BMDMs)

To culture primary BMDMSs, mice were ethically culled, and the femur and tibia were collected.
Both the proximal and distal epiphyses were cut, and the bone marrow was flushed using
feeding media [DMEM (D6546, Sigma-Aldrich), 10% (v/v) heat-inactivated FBS (F8192,
Sigma-Aldrich), 30% (v/v) L929 conditioned media (source of M-CSF; see below), 1% (v/v)
penicillin and streptomycin (11140050, Gibco ThermoFisher Scientific), 1% (v/v) non-essential
amino acids (11140050, Gibco ThermoFisher Scientific), 1% (v/v) L-glutamine (25030081,
ThermoFisher Scientific)] using a syringe with a 26-gauge needle (NN+2638R, Terumo). An
18-gauge needle (NN+1838R, Terumo) was then used to dissociate and resuspend the cells
into solution. The cell suspension was then brought to a final volume of 45 ml with pre-warmed
feeding media. The bone marrow obtained from one mouse was split equally between three

150 mm culture dishes (CLS430597-60EA, Sigma-Aldrich).
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Bone marrow cells were differentiated into BMDMs by culturing for 5-7 days at 37 C with 5%
CO:.. Cells were fed on days three and five with 5 ml feeding media. Our lab and others have
confirmed that 95% to 99% of BMDMs grown using this protocol expressed the myeloid and
macrophage surface markers CD11b, CD86, and F4/80 °*578, Differentiated BMDMs were
washed and scraped from the culture dish in 15 ml of pre-warmed seeding media. Cells were
counted using a Cellometer Auto T4 Bright Field Cell Counter. Trypan blue stain (T8154-
100ML, Sigma-Aldrich) was used to differentiate between live and dead cells. The BMDM cell
suspension was diluted with pre-warmed seeding media to 1 x 10° cells/ml and seeded onto
12-well plates (CLS3513, Corning Costar) at a concentration of 1 x 10° cells/well unless
otherwise stated. Experiments were conducted on seeded BMDMs on the following day.

Reagents and constitution of solutions used are described in Tables 2.1 and 2.2 respectively.

2.2.2 L929 fibroblasts

L929 media was generated using the murine L929 fibroblast cell line (ATCC CCL1). L929 cell
culture supernatant contains secreted M-CSF which promotes the differentiation of myeloid
progenitors in the bone marrow extract into macrophages °7°. L929 fibroblasts were cultured
in L929 media [DMEM media + 10% (v/v) FBS + 1% (v/v) penicillin and streptomycin + 1%
(v/v) L-glutamine + 1% (v/v) HEPES (11344-041, Gibco)]. 2.4 x 10° cells were seeded in T-
175 flasks (159910, ThermoFisher Scientific) with 50 ml of L929 media. Cells were then

cultured for 7 days at 37 °C with 5% CO., following which the cell culture supernatant was

fiterrst erilised through a 0.45 em filter and was
Reagents and constitution of solutions used are described in Tables 2.1 and 2.2 respectively.

2.2.3 THP1 monocytes

To culture human THP-1 monocytes (ATCC® TIB-2 0 2 E) , frozen aligbots

cells/mlin 10% (v/v) DMSO)] were thawed and transferred to 25 ml pre-warmed THP-1 media

[(RPMI (11875093, Gibco), 10% (v/v) FBS (F8192, Sigma-Aldrich), 1% (v/v) L-glutamine
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(25030081, ThermoFisher Scientific), 1% (v/v) penicillin and streptomycin + 1% (v/v)]. Cells
were centrifuged for 10 min at 200 g at 4 °C. The supernatant containing residual DMSO was
removed, and 25 ml THP-1 media were used to resuspend the cell pellet. Cells were then
transferred into a T-75 flask and cultured for 2-3 days intervals at 37 °C with 5% CO. before
being transferred to fresh media. Once cells neared 100% confluency, cell number was
determined using a haemocytometer with Trypan blue viability stain to distinguish live or dead
cells (T8154-100ML, Sigma-Aldrich). Cells were seeded at a concentration of 5 x 10° cells per
well in 24-well plates. Experiments were conducted on THP-1 monocytes the following day.

Reagents and constitution of solutions used are described in Tables 2.1 and 2.2 respectively.

2.2.4 THP1 macrophages

1 x 10° THP1 monocytes were treated with 100nM phorbol 12-myristate 13-acetate (PMA,
P8139, Sigma-Aldrich) for 24 hr. After 24 hr of PMA treatment, the cells were cultured in fresh
media and allowed to rest for another 24 hr. After resting for 24 hr, the cells were primed with
LPS for 3hr followed by various treatments. Cells were seeded at a concentration of 5 x 10°
cells per well in 24-well plates. Experiments were conducted on THP-1 macrophages the
following day. Reagents and constitution of solutions used are described in Tables 2.1 and

2.2 respectively.

2.3 Bacterial culture

Salmonella enterica serovar Typhimurium (referred to as S. Typhimurium) strain SL3144 were
grown in Luria-Bertani (LB) media (244620, BD) overnight under aerobic conditions at 37 C.
Francisella novicida were cultured in BBL Trypticase Soy Broth (TSB) (211768, BD)
supplemented with 0.2% L-cysteine (BP376-100, ThermoFisher Scientific) overnight under
aerobic conditions at 37 C. B. cereus were grown LB media under aerobic conditions at 30

"C. The list of Bacillus strains used are shown in Table 2.3. All bacteria were subcultured
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(2:10) in fresh media the next day for 3-4 hr under their respective conditions. Details of

bacterial strains and composition of media used are shown in Tables 2.4 and 2.8 respectively.

2.4 Stimulation of cells to activate the inflammasome

2.4.1 Stimulation of BMDMs

To activate the canonical NLRP3 inflammasome, BMDMs in infection media were primed with

0.5 pg/ml ultrapure lipopolysaccharide (LPS) from E. coli (ALX-581-014-L002, Enzo Life

Sciences) for 3 hr to upregulate the expression of NLRP3 and pro-IL-1 b, LPS-primed

BMDMs were stimulated with 5 mM ATP for 45 min o
the LPS-sensing non-canonical inflammasome, ultrapure LPS from Salmonella minnesota (5

pg/well; tirl-smips, InvivoGen) was resuspended in PBS and mixed with 0.3 pl/well of Xfect

polymer in Xfect reaction buffer (631318, Clontech Laboratories). After 10 min, the mixture

was added to BMDMs in Opti-MEM (31985-070, ThermoFisher Scientific) and left for 5 hr. To
activate t he Al M2 i nfl ammas o mmatn, InRivoGen) engre o f p o
resuspended in PBS and mixed with 0.3 ¢l of Xf ec
Clontech Laboratories, Inc.). After 30 min, DNA complexes were added to BMDMs in Opti-

MEM (31985-070, ThermoFisher Scientific) and stimulated for 4 hr. To activate the NLRC4
inflammasome, BMDMs were infected with S. Typhimurium at MOI of 2 for 4 hr. Ultrapure
flagellin was mixed wit hecti@nOeageht DOTAP (L120237%001p 0 s o ma |
Sigma-Aldrich) in PBS. After 30 min, the complexes were added to LPS-primed BMDMs in

Hankds Balanced Salt Sol-Aldrichpamd ifcub&ed &r3-5H190 3 94, Si gn

Details of stimulation of BMDMSs with B. cereus, supernatant of B. cereus, HBL, NHE, and PLC
are described in the Materials and Methods section of Chapters 3, 4 and 5. For inhibition
studi es, 50 eM of cytoAlhaéaldiashn, B5F C6E6M6AQT &ygmah
Sigma-Al dr i ch), 20 w &hdpofent NURE3 irhibitoreMCLC950 213215 50 mM of

potassium chloride (KCI) (P9541, Sigma-Aldrich) or 50 mM of sodium chloride (NaCl) (S9888,
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Sigma-Aldrich) were added to BMDMs 30 min prior to stimulation. Cell culture supernatants
were collected for ELISA and LDH assays. Cell culture supernatants and cell lysates were

collected for immunoblot analysis.

2.4.2 Stimulation of THP1 monocytes and macrophages

THP1 monocytes were centrifuged for 10 min at 200 g at 4 °C. Cells were resuspended in
fresh media containing 0.5 pg/ml ultrapure lipopolysaccharide (LPS) from E. coli (ALX-581-
014-L002, Enzo Life Sciences) for 3 hr prior to activation. THP-1 macrophages were replaced
by fresh media containing 0.5 pg/ml LPS for 3 hr prior to activation. To activate the canonical
NLRP3 inflammasome, THP1 monocytes and macrophages in LPS-primed infection media
were stimulated with 5 mM ATP for 45 min or 10
experiments, unprimed and LPS-primed THP1 monocytes and macrophages were pre-treated
for 30 min with 20 &M of the sel ec®tvietalBaofd pot er

bacterial strains and composition of media used are shown in Tables 2.4 and 2.8 respectively.

2.5 Immunoblotting analyses

BMDMs and cel |l culture were mixed with 506 | we
100 (T8787, Sigma-Aldrich), 0.01 M DDT (R0862, ThermoFisher Scientific), protease inhibitor

cocktail (1183615001, Sigma-Al dr i ¢ h) ] and gty @%sSDhS, 40a mM BDAEd i n

0.4% bromophenol blue, 40% glycerol, 200 mM Tris, pH 6.8). Samples were heated at 100 °C

for 20 min before storage at i 80°C until required.

Samples were run on 8-12% SDS-PAGE gels (prepared in-house; see Table 2.8) at 200 V for
1 hr or until the dye front approaches the bottom of the gel. Gels were then transferred onto
PVDF membranes (1PVH00010, Merck) using the Trans-Blot Turbo system (Bio-Rad) at 2.5
A and 25 V for 20 min. Prior to transfer, PVDF membranes were activated with methanol
(AJA5005, Ajax Finechem) and then equilibrated with transfer buffer (250 mM Tris, 1.92 M

glycine, pH 8.3). Once transferred, the membranes were washed briefly with ddH.O and then
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blocked with 5% skim milk in TBST [5% (w/v) skin milk powder in TBST (200 mM Tris, 1.37 M
NaCl, 0.075% (v/v) Tween-20, pH 7.4)] for 1 hr at room temperature with rocking. The
membranes were then incubated with primary antibodies against the desired target protein

overnight at 4 °C with shaking. A list of primary antibodies can be found in Table 2.1.

The following day, membranes were washed 4 times for 10 min with TBST with constant
shaking to remove residual/non-specifically bound primary antibody. The membranes were
then incubated with 1:5,000 concentration horseradish peroxidase (HRP)-conjugated
secondary antibodies in 5% skim milk in TBST for 1 hr at room temperature with rocking (Table
2.1). The type of secondary antibodies used depended on the animal source of the primary
antibody. The membranes were then washed 4 times for 10 min with TBST to remove residual

secondary antibody. Finally, the membranes were incubated with Clarity Western ECL

Substrate (1705061, Bio-Rad) for 1 min and then imaged using the Che mi DocE | magi n

System (12003153, Bio-Rad). The images were processed using ImgaelLab software (Bio-
Rad). Reagents, software and constitution of solutions used are described in Tables 2.2, 2.6

and 2.8 respectively.

2.6 Enzyme-linked immunosorbent assays (ELISAS)

Murine BMDM and human THP-1 cel I cul ture supernatant (100
cells and serum and peritoneal fluid from mice were collected into round-bottom 96-well plates
(163320, ThermoFisher Scientific). Cytokines were analysed using plate-based ELISAs
specific for mouse IL-18 (BMS618-3TEN, ThermoFisher Scientific; or EK-0048, ELISAkit.com)
or human IL-1 b ( B MBTER, 4ThermoFisher Scientific) and IL-18 (BMS267-2TEN,
ThermoFisher Scientific) or multiplex ELISAs (MCYTOMAG-70K, EMD Millipore) specific for

mouse IL-1 b, TNF, - Cistaf nodhmdrdial kits used are described in Table 2.3.

Each well of the primary antibody coated 96-well plates (mouse IL-18 and human IL-1 b a nd

IL-18) was washed twice with wash buffer (1% (v/v) Tween-20 in PBS) prior to addition of
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samples and standards. Mouse IL-18, human IL-1 b o r  h d8paotein stdndards were
serially diluted accordi ng tfad seribl dilutiors fraimf280Ot ur er s ¢
to 31.3 pg/ ml) andwabd a&dded temcthhaipluatieo.n Each s
diluted (1:2) in 25 ¢l of sample diluent in eacl
(50 ¢€l) served as a bcanugated ant-madise monactomalbdetectioBi ot i n
antibody against IL-18 or biotin-conjugated anti-human monoclonal detection antibody against

IL-1b oX¥8 1 (L50 €l) was then added to each well and
hr, shaking (400 rpm). Plates were then washed thrice with wash buffer and streptavidin-HRP

(100 ¢1) was added to each well, foll owed by a
temperature with constant agitation. Plates were subsequently washed a further three times

with wash buffer. Next, 100 ¢l of &atesubstrateet hyl be
solution was added, and the plates were incubated in the dark at room temperature for 10 min

or until the most concentrated standard well tur
of stop solution was added to each well to inactivate HRP. Absorbance values were read at

450 nm using the Infinite 200 PRO System (Tecan) and the concentration of the relevant

cytokine in each sample was calculated based on the standard curve. Finally, values were

multiplied by 2 to account for the sample dilution factor.

The protocol for multiplex ELISA kit is as follows; tissue culture samples were diluted in DMEM
media (1:10). 25 ¢ bf diluted samples or standard and 25 ¢ lbf matrix solution were added to
the ELISA plate. 25 ¢ lof mouse cytokine antibody-immobilised magnetic beads were added
to the ELISA plate and incubated overnight at 4°C. After washing twice, 25 ¢ lof detection
antibody was added and the plate was incubated at room temperature for 1 hr. After
incubation, 25 ¢ bf Streptavidin-Phycoerythrin was added and incubated at room temperature
for 30 min. After washing twice, 150 eP)wasf Sheat
added to all wells and the plate was kept on shaking for 5 min. The Median Fluorescent
Intensity (MFI) data was measured by MAGPIX® (Luminex Corporation). Finally, values were

multiplied by 10 to account for the sample dilution factor.
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2.7 Measurement of intracellular potassium

The supernatant was removed from stimulated and unstimulated BMDMs. BMDMs were
washed thrice with PBS to remove dead cells and 70% nitric acid (0.5 ml per 12x 10° cells;
AJA341-2.5L, Ajax Finechem) was added. Empty 15 ml Falcon tubes were weighed. The cell
lysate/nitric acid suspension was then transferred into a 15 ml Falcon tube and the tubes were
weighed. The cell lysate/nitric acid suspension was diluted 10 times with MiliQ water followed
by weighing of tubes. The concentration of K*and Na*in each sample was analysed using
inductively coupled plasma - optical emission spectroscopy (ICP-OES) on a PerkinElmer
OPTIMA 7300 ICP Optical Emission Spectrometer (PerkinElmer, Melbourne, Australia). The
intracellular ion concentrations of the treated samples were shown as a percentage relative to

the untreated control, set at 100%.

2.8 Immunofluorescence staining of ASC specks

BMDMs were seeded onto coverslips with 18 mm thickness (0111580, Superior Marienfeld)
within the wells of 12-well tissue culture plates. BMDMs were left untreated or stimulated with
various inflammasome activators. BMDMs were washed thrice with PBS to remove dead. The
samples were fixed with 4% paraformaldehyde at room temperature for 15 min. The samples
were blocked in 10% normal goat serum (005000121, Jackson ImmunoResearch)
supplemented with 0.1% saponin (47036, Sigma-Aldrich) for 1 hr. Cells were incubated with
a rabbit anti-ASC antibody (1:500 dilution, clone AL177, AG-25B-0006-C100, AdipoGen)
overnight at 4 "C. An anti-rabbit secondary Rhodamine red antibody (111295144, Jackson
ImmunoResearch) was used. Cells were counterstained in DAPI mounting medium (H-1200,
Vecta Labs). Inflammasome specks and BMDMs were visualised, counted, and imaged using

a Leica SP5 confocal microscope.
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2.9 Membrane and cytosolic fractionation

The Mem-PER Plus Membrane Protein Extraction Kit (89842, ThermoFisher Scientific) was
used to separate the membrane and cytosolic fractions. 12 x 10° cells were used for each
sample (2 x 108 cells/well in a 6-well tissue culture plate (CLS3516, Sigma-Aldrich). BMDMs
were left untreated or treated for 1 hr. Cells were scraped using a Corning® cell lifter (CLS3008,
Sigma-Aldrich) and then centrifuged (500 g, 5 min). The supernatant was carefully discarded,
and the cells were resuspended in 3 ml of Cell Wash solution. The cell suspension was
centrifuged (500 g, 5 min) and the supernatant was discarded. The cells were resuspended
again in 1.5 ml of Cell Wash solution, centrifuged (500 g, 5 min) and the supernatant was
carefully discarded. The cell pellet was then re€
by vortexing briefly to obtain a homogenous cell suspension. This was then incubated at 4°C

for 10 min with constant mixing.

The permeabilised cells were centrifuged (16,000 g, 15 min) to separate the cytosolic and
membrane protein fractions. The supernatant containing cytosolic proteins was then carefully
transferred into a new tube and 250 ¢lfer¢g300 4x | oa
el ; 89842, Ther moFi sher Scientific) was added t
for 45 min with constant mixing. This solution containing membrane proteins was mixed with
100 ¢l of 4x loading dye. B o t rhctionsywere gracéssed fora nd  me n
immunoblotting analysis (See Section 2.5) and detection of membrane protein (Pan-cadherin,
25100, Cell Signaling Technology; CD-14, 17000-1-AP, Proteintech), caspase-1 (control
cytosolic protein, AG-20B-0042, Adipogen) as well as toxin components such as HBL -B, -Li,

-L, and NHE -C, -B, -A, were performed.

2.10 Lactate dehydrogenase (LDH) assay

LDH is a cytosolic protein that is only released from mammalian cells when the plasma

membrane is compromised, which is indicative of Iytic cell death °®°. The amount of LDH
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released from BMDMs into the cell culture supernatant, which is used to determine the

percentage of cell death, was quantified using the CytoTox 96 Non-Radioactive Cytotoxicity

Assay (G1780, Promega). Standards were prepared using BMDMs that were seeded at
concentrations of 1 x 10°, 0.5 x 10, 0.25 x 10°, 0.125 x 10°, 0.0625 x 10° cells/well. BMDMs

were incubated overnight in 5% CO, at 37 °C before subjected to three freeze-thaw cycles (-

80 AC to 25 AC) to ensure complete lysis. Supern
was diluted with 35 ¢l of wdlB&96{wellonicroat (167008f i nal v
ThermoFi sher Scientific). CytoTox reagent (15 ¢l
and incubated in the dark at room temperature
Promega) was then added to each well after a change of colour (colourless to dark yellow) in

wells containing standards. The plate was read at an absorbance of 490 nm using the Infinite

200 PRO System (Tecan). The percentage LDH release was calculated using a standard

curve.

2.11 Liposome Studies

Liposomes were synthesised using cholesterol (23%) and synthetic lipid derivatives DPPC
(33%), DOPC (32%) and DSPC (12%), mimicking the mammalian cell membrane %8, The
concentration of |l i posomes was 7 mM, | oaded eit
saline. Encapsulation of methylene blue dye into the lumen of liposomes allowed us to
investigate the ability of toxins to induce pores in the liposomal membrane that would result in
leakage of the dye. Liposomes were treated with various toxins for 1 hr at 4 °C. Liposomes
that were ruptured by sonication at 100 amplitude for 5 min were used as controls. The
released dye was captured by a cation exchanger resin Dowex (10-15 mg per well). The
absorbance (OD) of residual dye was measured at a wavelength of 595 nm using the Infinite

200 PRO system (Tecan).
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2.12 Real Time qRT-PCR Analysis

RNA was extracted from BMDMs using TRIzol (15596018, ThermoFisher Scientific) and from

bacteria using the TRIzol Max Bacterial RNA Isolation kit (16096040, ThermoFisher

Scientific). For 1 x 10 BMDMs, 500 ¢ | Tri zol andssamplaesdvdre wbrtexed for 1

min to homogenise and incubated at room temperature for 5 min. Th e n 100 ¢l chlo
were added and the mixture was vortexed rigorously for 15 seconds before incubated at room

temperature for 15 min. Samples were then centrifuged (12,000 g) at 4°C for 20 min. The
aqueous phase was transferred to a fresh Eppendo
before incubation at 80°C for an hour. Samples were thawed at room temperature before being

centrifuged (12,000 g) at 4°C for 20 min. The supernatant was discarded, and the remaining
pellet was dissolved in the followingpre-pr epar ed sol ution: 500 ¢l wate
RT isopropanol. Samples were incubated at room temperature for 20 min and washed twice

with 75% ethanol . During the washing steps, 500
were centrifuged (12,000 g) at 4°C for 10 min. The supernatant was discarded, and the pellet

was air dried before resuspensioninl1 1. 5 ¢l of water.

In case of RNA extraction from bacteria, overnight cultures of B. cereus were centrifuged
(5,000 g) at 4°C for 20 min. The supernatant was decanted, and the cell pellet was
resuspended in 200 ¢l of Ma x Ba cilz ThermdFishErn h anc e n
Scientific) and incubated at 95°C for 4 min. RNA extraction procedures were performed using
the TRIzol Max Bacterial RNA Isolation kit (16096040, ThermoFisher Scientific). 1 ml Trizol
was added, and the mixture was incubated at room temper at ur e f or 5 min. Th
chloroform were added and the mixture was vortexed vigorously for 15 s before incubated at

room temperature for 15 min. The rest of the steps were followed as listed above.

Reverse transcriptases were used to generate cDNA with the High-Capacity cDNA Reverse
Transcription kit (4368813, ThermoFisher Scientific). cDNA was quantified using quantitative

PCR with SYBR Green Real-Time PCR Master Mixes (4364346, ThermoFisher Scientific).
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Data were analysed using the ddCt method °®2. Real-time qRT-PCR primer sequences are

listed in Table 2.14.

2.13 Brightfield microscopy

Images of untreated or treated BMDMs were captured with a Leica DMil inverted microscope
at 40 mm working distance with a Leica HI PLAN | 40x/0.50 PH1 objective lens. Images were

captured, cropped and analysed with the LAS AF software version 2.7.3 (Leica; Table 2.6).

2.14 Protein production and purification

DNA sequences of the genes encoding the toxin components were acquired from the B.
cereus strain ATCC 10876 (GenBank: CM000715.1). These nucleotide sequences were
translated into peptide sequences using the ExPASy Translate Tool 8. Predicted hydrophobic
transmembrane regions were identified using Membrane Protein Explorer (MPEX)
components that searched for regions that are likely to insert into the membrane based upon
the free energy of partitioning of amino acids between water and membrane °*. The amino
acids constituting the predicted transmembrane regions were deleted from the protein
sequences to yield the following truncated toxin components named accordingly: HBL-Bwmut,
for the B component of HBL lacking the putative transmembrane domain; and NHE-Cwmu, for

the C component of NHE lacking the putative transmembrane domain.

2.14.1 Design of the expression construct plasmids

The protein sequences for each wild type and mutant components (HBL-Bwr, HBL-Bmut, NHE-
Cwr and NHE-Cn) were submitted to GenScript to design plasmids. Briefly, the synthesised
DNA inserts encoding each DNA sequences encoding each HBL component that were codon-
optimised for E. coli transcription and cloned them into Ncol and Xhol restriction sites of the
pET-28a(+)-TEV plasmid. The pET-28a(+)-TEV plasmid is appropriate because it encodes a

kanamycin resistance gene for selection and expression of the target gene is under the control
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of the T7 promoter. The BL21(DES3) E. coli strain (C600003, ThermoFisher Scientific) contains
the DES3 lysogen that carries the gene expressing a T7 RNA polymerase under the control of
the lacUV5 promoter. When BL21(DE3) bacteria are transformed with the pET-28a(+)-TEV
pl asmi d vect ®dl-thiogalacopyramopide (IPTG; IPTG-RO, Roche) can be used
to induce the expression of the T7 RNA polymerase, which is highly specific and only
transcribes genes that are downstream of the T7 promoter. Thus, IPTG is used to control the
expression of the target genes. The expression constructs produced by GenScript were stored

at -20 °C.

2.14.2 Transformation of E. coli with plasmid

Chemically-competent E. coli strain BL21(DE3) (50 ul; C600003, ThermoFisher Scientific)

were gently mixed wiildg/ell)ecebndf i aece oiBG45lnahsTioend i (
plasmids were transformed into chemically-competent E. coli strain BL21(DE3) by heat shock

in a 42 AC water bath for 45 s. The mixture was
Luria-Bertani (LB) broth [2.5% (w/v) LB Broth powder (244620, BD Biosciences) in dH»O]. The

transformed bacterial suspension was incubated at 37 °C for 60 min with constant agitation.
Thereafter, 100 ¢l of the bactkg|[LBbaoth+4.8%gqgansi on
(281230, BD Biosciences) + 30 ¢ g/ ml kanamycin (10106801001,
incubated under aerobic conditions at 37 °C overnight (16 hr). Single colonies were selected

and inoculated into fresh LBkan broth and incubated with constant agitation (180 rpm) under

aerobic conditonsat 37 AC overnight. Equal volumes- (500 ¢
sterilised 40% (v/v) glycerol (GA010, Chem-Supply) in ddH-O were used to create glycerol

stocks and stored at -80 °C. Reagents and consumables used are fully annotated in Tables

2.2 and 2.7.
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2.14.3 Large-scale expression and culture

Glycerol stocks of transformed bacteria were streaked on LBkan agar and incubated under
aerobic conditions at 37 °C overnight for single colonies. A single colony was picked to
inoculate a 20 ml starter culture of LBkan broth and incubated with constant agitation (180 rpm)
under aerobic conditions at 37 ° C overnight. A starter culture (10 ml) was transferred into 1 L
of LBkan broth in a 2 L baffled culture flask (CLS431256, Sigma-Aldrich) and incubated with
shaking (180 rpm) at 37 °C for 4 hr until an ODsoo 0f 0.6 was obtained. Expression was induced
by adding IPTG (1 mM final concentration) and the incubation continued under identical
conditions overnight. The culture suspension was centrifuged (5,000 g, 20 min, 4 °C) to pellet

the bacteria and stored at -80 °C until required.

2.14.4 Preparation of the soluble fraction

The E. coli pellet was resuspended in 15 ml of lysis buffer [50 mM Tris, pH 8.0 (BP152-1,
ThermoFisher Scientific); 300 mM NaCl (SA046, Chem-Supply); 5 mM imidazole (12399,
Sigma-Aldrich)] containingegg-whi t e | ysozyme (250 ¢ g /Sadntfic).89833,
Phenylmethylsulfonyl fluoride (PMSF; 1 mM; 78830, Sigma-Aldrich) were added to inhibit
serine proteases. The bacterial suspension was incubated with constant agitation at room
temperature for 1 hr. Cells were subsequently disrupted by freeze-thaw cycles (four cycles of
freezing at -80 °C until frozen and thawing in a 37 °C water bath until thawed). DNase | (10
ng/ml; 10104159001, Roche) and MgCl; (5 mM; M2670, Sigma-Aldrich) were then added and
incubated with constant agitation at room temperature for 1 hr. The soluble and insoluble
fractions were separated by centrifugation (27,000 g, 20 min, 4 °C) and the soluble fraction
was passed through a 0.22 um filter (SLGP0O33RS, Merck) to remove precipitates prior to

downstream processing. Constituents of solutions used are described in Table 2.8.
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2.14.5 Preparation of the insoluble fraction

The pellet containing the insoluble fraction was resuspended in 10 ml of inclusion body wash
buffer [50 mM Tris, pH 8.0; 300 mM NaCl; 5 mM imidazole; 0.5% (v/v) Triton X-100 (T8787,
Sigma-Aldrich)] and centrifuged (27,000 g, 20 min, 4 °C). The pellet was washed using
repeated resuspension and centrifuged for at least two cycles until the supernatant became
clear. The pellet was then resuspended in 10 ml load/equilibration buffer [50 mM Tris, pH 8.0;
8 M urea (U5128, Sigma-Aldrich); 20 mM imidazole] and incubated with constant agitation at
4 °C overnight to ensure complete denaturation of proteins in the insoluble fraction. The
suspension was then centrifuged (27,000 g, 20 min, 4 °C) and the supernatant was collected

for IMAC Ni-NTA loose resin purification.

The supernatant was mi xed with 1 -MTAResin (88221 EhermdffisherPur E Ni
Scientific) equilibrated with load/equilibration buffer and incubated with constant agitation at 4
°C for 2 hr. The protein/resin suspension was then centrifuged (2,500 g, 10 min, 4 °C) and the
supernatant containing contaminants was removed. Contaminants were removed from the
resin by washing at least once with 10 ml load/equilibration buffer. The resin was then
resuspended with 2 ml of elute buffer (50 mM Tris, pH 8.0; 8 M Urea; 300 mM imidazole) and
incubated at 4 °C for 1 hr to elute the target protein. Imidazole competes with the histidine tag
of the target protein for binding to the nickel resin %, thus the target protein is eluted in the
presence of high imidazole concentration. The resin suspension was centrifuged (3,300 g, 20
min, 4 °C) and the supernatant containing the eluted target protein was collected. The resin
was resuspended again in 2 ml elute buffer, centrifuged and the supernatant collected to

ensure complete recovery of the target protein.

The target protein was refolded using rapid dilution by slowly adding drops of the eluate into
200 ml of rapid-stirring refolding buffer (50 mM Tris; pH 8.0; 300 mM NaCl). The refolding
protein solution was left stirring at 4 °C overnight to allow refolding equilibrium to be reached.

The refolded protein solution was passed through a 0.22 pm filter to remove precipitates
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before further purification using a HisTrap purification column. Constituents of solutions used

are described in Table 2.8.

2.14.6 HisTrap purification

The soluble or insoluble preparation of His-tagged recombinant HBL and NHE components
was loaded onto 5 ml HisTrap HP histidine-tagged protein purification column at 5 ml/min until
2 sample volumes has been passed through (17524701, GE Healthcare Lifesciences) at 4 °C
using the NGC QuestE 10 Chr omatRagr apamyd Shsrtoenmh a(b
software (Bio-Rad). Target proteins were eluted from the HisTrap column using a stepwise
gradient of imidazole (10% increments) from Buffer A (50 mM Tris, pH 8.0; 300 mM NacCl; 5
mM imidazole) to Buffer B (50 mM Tris, pH 8.0; 300 mM NacCl; 500 mM imidazole). The
presence of protein in the eluate fractions was detected by UV light absorbance at 280 nm.
Samples were collected from fractions under the A280 peak, and purity was analysed by SDS-
PAGE and Coomassie blue staining. Constituents of solutions used are described in Table

2.8.

2.14.7 Coomassie blue staining

Samples were run on 12% SDS-PAGE at 180 V for 45-60 min, or until the dye front
approached the bottom of the glass plate. The polyacrylamide gels were placed in ddH,0 and
a microwave oven was used to heat the gel until boiling for 30-60 s. The ddH.O was then
discarded and Coomassie blue stain solution [5% (v/v) ethanol; 0.1% (v/v) HCI (20252.324,
VWR Chemicals); 0.01% (w/v) Coomassie brilliant blue G-250 (1610406, Bio-Rad)] was
added to cover the gels. The gels were boiled again for 30-60 s. The staining solution was
discarded, and the gels were washed with ddH.O overnight until the background was clear.
The gels were then imaged wusing the ceRadh.ri metr.i

Constituents of solutions used are described in Table 2.8.
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2.14.8 Concentration and buffer exchange of purified proteins

Eluate fractions determined to have highly purified target proteins were pooled and
concentrated using Amicon Ultra-15 Centrifugal Filter Units (UFC903024, Merck) and
centrifuged at 4,000 g until the final concentrated volume reached 0.5-1.0 ml. The pooled
solution was then buffer exchanged with 10 ml storage buffer [0.1 mM PMSF; 0.1 mM EDTA;
10% glycerol in phosphate buffered saline (PBS; 14190-144, ThermoFisher Scientific)]. The
concentrated and highly purified protein was then aliquoted and stored at -80 °C. Constituents

of solutions used are described in Table 2.8.
2.14.9 Analysis of protein purity and concentration

Following the concentration and buffer exchange of the purified protein, the protein purity was

evaluated via SDS-PAGE using the Coomassie blue stain. A single band in the lane indicated

pure protein. The protein concentration was determined by spectrophotometric measurements

of A280 wusing a NanoDropE 2000/2000c spectroph
extinction coefficient (280) of each protein and the pathlength (& .
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2.15 Scanning electron microscopy

Untreated or treated 1 3 10° BMDMs seeded on coverslips were washed two times with 0.1 M
PBS and fixed using a primary fixative [2% (v/v) glutaraldehyde (EMS16400, EMS) in 0.1 M
PBS] and incubated in the dark at 4 °C overnight. Cells were then washed three times with
0.1 M PBS for 30 min for each washing step. A secondary fixation [1% osmium tetroxide
(75632, Sigma-Aldrich) in dH.O] was applied and incubated at room temperature for 1 hr.
Cells were washed with dH,O three times for 30 min for each washing step. Cells were

dehydrated by stepwise increments of 30%, 50%, 70%, 90%, 100% (v/v) ethanol for 15 min
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for each step, followed by another two additional dehydrations with 100% (v/v) ethanol for 15
min each. Cells were then critical-point dried using the liquid CO, and Balzers Critical Point
Dryer CPD 030. Samples were sputter-coated with platinum at 25 mA for 45 secs using the
EMI TECH K550 Sputter coater and visualised under the Zeiss UltraPlus Field emission
scanning electron microscope at 5 kV; 30 mm aperture with a below lens secondary electron

detector.

2.16 Transmission electron microscopy

Three wells of 2.5 3 10° BMDMs (7.5 3 10° BMDM s total) were seeded into a 6-well plate and
left overnight. BMDMs were left untreated or treated for 1-3 hr before each sample was
washed with 0.1 M PBS and scraped using a Corning® cell lifter. Cell suspensions were
transferred into an Eppendorf tube and centrifuged (300 g, 2 min) to pellet the cells. The cell
pellet was resuspended and fixed in a primary fixative [2.5% (v/v) glutaraldehyde, 4% (v/v)
paraformaldehyde in 0.1 M PBS] and incubated at 4 °C for 1 hr. Cells were then centrifuged
and washed three times with 0.1 M PBS buffer (pH 7.4) with gentle shaking for 10 min. The
supernatant was removed, and cells were fixed with a secondary fixative (1% osmium
tetroxide in dH.0) and incubated at room temperature for 1 hr. Cells were washed three times

with dH.O with gentle shaking for 10 min.

Agarose embedding was carried out for samples that have a low cell density determined by
cell pellet size of less than 0.5mm in diameter. Cells from these samples were pipetted into
an Eppendorf PCR tube (Z316156, Sigma-Aldrich) containing 1.2% DNA-grade low melting
agarose (10207, Electron Microscopy Sciences) in ddH2.O. Agarose-embedded samples were
then cooled on ice and trimmed to remove excess agarose. All samples were then en-bloc
stained with 2% (w/v) uranyl acetate (22400, Electron Microscopy Sciences) in PBS and left
at 4 °C overnight before samples were rinsed three times with dH>O with gentle shaking for
10 min. Cells were then dehydrated in solutions of ethanol at increasing concentrations of

30%, 50%, 70%. 90%, 100% (v/v) with shaking, each for at least 30 min. Cells were embedded
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in LR white resin (C023, ProSciTech) by infiltration with solutions of resin in ethanol at

increasing concentrations of 25%, 50%, 75% and 100% (v/v), each for at least 1 hr.

Cells were then washed 3 times with 100% resin with gently shaking for 30 min each. Resin
polymerisation was carried out at 60 °C for 16 hr under vacuum. The Ultramicrotome (UC7,
Leica) with glass knives [made with glass knife maker (KMR2, Leica)] was used to create
sections of 150 nm thickness, which were placed on silicon wafers (71893-01, Electron
Microscopy Sciences). Sections were post-stained with 2% (w/v) uranyl acetate for 10 min
and followed by lead citrate for 7 min and washed with ddH.O. Samples were visualised under
the Zeiss UltraPlus Field emission scanning electron microscope at 5 kV; 30 mm aperture with

an energy sensitive backscatter detector (EsB).
2.17 IncuCyte analysis

BMDMs were seeded into 24 well tissue culture plates (CLS3524, Sigma-Aldrich) at a density
of 0.25 3 108 cells per well. To track the cell viability of BMDMs in response to activators,
BMDMs were stimulated with 0.5 nM of HBL combinations in presence of the SYTOX Green
nuclear stain (1 pM; S7020, Life Technologies), which is impermeable to live cells but
penetrates compromised membrane 5. SYTOX Green stains nucleic acids and is an indicator
of dead cell s. Cells were monitored every 10 mi
i ncubator 0 i magi n sciences)swithephasetcansrasteand gieen dluorescence
(dual colour module 4459, Essen Biosciences) microscopy. At the conclusion of the
experiment, 0.025% (w/v) saponin (47036-50G-F, Sigma-Aldrich) was added to every well to
disrupt the membranes of all cells. A final image of the dead cells was then taken. Images
were analysed using the IncuCyte Zoom software (Table 2.6), which enumerates the number
of dead cells based on the intensity and quantit

counts from the final image was used to normalise the dead cell counts for each time frame.
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2.18 Animal infection

For survival analysis, sex-matched male or female 8-week-old mice were injected via an
intraperitoneal (i.p.) route with B. cereus or PLC (details in the following sections: 3.317 and
4.3.20 (B. cereus) and 5.3.15 (PLC)). To investigate the effects of MCC950 21325, mice were
injected, via an i.p. route, with 50 mg/kg of MCC950 dissolved in PBS or with vehicle control
PBS. 1 hr later, mice were injected, via an i.p. route, with B. cereus and supernatant of B.
cereus along with a second dose of 50 mg/kg of MCC950 or a second dose of PBS. The
monitoring of mice was done according to the ANU Animal Experimentation Ethics Committee,
Protocol number A2020/19. The scoring parameters were body weight, consciousness and
general appearance. Based on the score, mice were ethically culled upon reaching the
humane endpoint. For cytokine measurement, mice were injected, via an i.p. route, with B.
cereus, supernatant of B. cereus, or PLC for 3-12h before collection of blood and peritoneal
samples (details in the following sections: 3.317 and 4.3.20 (B. cereus) and 5.3.15 (PLC)).
Mice were euthanised using CO.. 29 ¥ G insulin syringes were used for cardiac puncture and
blood collection. Blood samples were centrifuged at 13,000 g for 10 min and supernatant
containing the serum was isolated. To harvest the peritoneal fluid, 2-3 ml of 3% FBS containing
PBS were injected into the peritoneum of mice using 26 %2 G needle syringe. The peritoneal
fluid was withdrawn using 18 % G needle syringes and samples were centrifuged at 200 g at
4 C to remove the cell pellet. The supernatant was collected. Serum and peritoneal fluid were

analysis for cytokines production by ELISA.

2.19 Statistical analyses

Data analysis was performed using the GraphPad Prism 6.0 software package (Table 2.6).
For ELISA, LDH and IncuCyte results, a normal distribution cannot be assumed. Thus,
statistical significance between 3 or more groups were calculated via a One-way analysis of

variance (ANOVA) wi tcdmpassonitesk Bhg dtaistical ueksts hefvéen 2
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groups were calculated via a Two-tailed t-test. Data are presented as the mean * the standard
error of the mean (s.e.m.) of three independent repeats. Significance was defined as NS, not
statically significantand P > 0.05; * P < 0.05; ** P <0.01; ** P< 0.001; and **** P < 0.0001. In
this study, no statistical methods were used to predetermine the sample size. The
experiments were not randomised, and the investigators were not blinded to allocation

during the experiments and outcome assessments.

121



Microbial activators of the inflammasome

Table 2.1 YaList of Antibodies

Reagent or Resource Source Identifier
Mouse monoclonal anti-caspase-1 Adipogen #AG-20B-0042;
RRID:AB_2490248
Rabbit monoclonal anti-Phospho- plkBU Cell Signaling #2859;
Technology RRID:AB_561111
Rabbit polyclonal anti-IkB Cell Signaling #9242;
Technology RRID: AB_823540
Rabbit polyclonal anti-Phospho-Erk Cell Signaling #9101;
Technology RRID:AB_331646
Rabbit polyclonal anti-Erk Cell Signaling #9102;
Technology RRID:AB_330744
Mouse monoclonal anti-NLRP3 Adipogen #AG-20B-0014;
RRID:AB 2490202
Rabbit monoclonal anti-GAPDH Cell Signaling #5174,
Technology RRID:AB_10622025
Rabbit polyclonal anti-ASC antibody AdipoGen #AG-25B-0006;
RRID:AB_2490440
Rabbit monoclonal [EPR19828] anti-Gasdermin-D ~ Abcam #ab209845;
RRID:AB_2783550
Mouse anti-HBL-B serum 508 N/A
Mouse anti-HBL-L; serum 508 N/A
Mouse anti-HBL-L, serum 508 N/A
Mouse anti-NHE-B IgG1 565 N/A
Mouse anti-NHE-A IgG1 565 N/A
Mouse anti-NHE-C IgG1 565 N/A
Rabbit polyclonal anti-Pan-cadherin Cell Signaling #25100;
Technology RRID:AB_ 2158565
Rabbit polyclonal anti-CD14 Proteintech #17000-1-AP;
RRID:AB_2883746
Rat monoclonal FITC-anti-CD11b BioLegend #101205;
RRID: AB_312788
Rat monoclonal [1D4B] to LAMP1 Abcam #ab25245,
RRID: AB_449893
Goat anti- Rabbit IgG (H+L) Secondary Antibody Jackson #111-295-144;
Rhodamine Red™-X conjugate ImmunoResearch RRID:AB_2338028
Goat anti-Mouse 1gG (H+L) Secondary Antibody, Jackson #115-295-146;
Rhodamine Red™-X conjugate ImmunoResearch RRID:AB_2338766
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Table 2.2 ¥List of Chemicals and Reagents

Reagent or Resource Source Identifier

DMEM ThermoFisher #11995073
Scientific

Fetal bovine serum Sigma-Aldrich # F8192

Penicillin and streptomycin Gibco #10378016
ThermoFisher

DifcoE LB Br otBetani)Mi | | er BD #244620

BBLE TrypticaseE Soy Br (BD #211768

L-cysteine ThermoFisher #BP376-100
Scientific

Gentamicin ThermoFisher #15750-060
Scientific

Lipopolysaccharide (LPS) from E. coli, Serotype J5 Enzo Life # ALX-581-014-L002

(Re) Sciences

ATP Roche #10127531001

Poly(dA:dT) InvivoGen #tlrl-patn

Opti-MEM ThermoFisher #31985-070
Scientific

Ultrapure flagellin from Salmonella enterica serovar InvivoGen # tIrl-epstfla-5

Typhimurium

DOTAP Sigma-Aldrich #11202375001

Hankdés Bal anced Sigma-Aldrich # H9394

Super Signal Femto substrate ThermoFisher #34095
Scientific

Normal goat serum Jackson #005000121
ImmunoResearch

Saponin Sigma-Aldrich #47036

DAPI mounting medium Vecta Labs #H-1200

Potassium chloride (KCI) Sigma-Aldrich #P9541

Protease Inhibitor Cocktail Tablets Roche #11697498001

Saponin Sigma-Aldrich #47036-50G-F

Sodium Chloride (NacCl) Chem-Supply #SA046

Sodium Dodecyl Sulfate Astral Scientific #S-2066

Super Signal Femto Substrate ThermoFisher #34095
Scientific

TEMED Sigma-Aldrich #179281

Tris Base ThermoFisher #BP152-1
Scientific

Triton X-100 Sigma-Aldrich #T8787

DAPI Mounting Medium Vecta Labs #H-1200

Dithiothreitol ThermoFisher #R0862
Scientific
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Dul beccob6s Modi fied
Ethanol

Ethylenediaminetetraacetic Acid

Foetal Bovine Serum

Glutaraldehyde

Glycerol

Glycine

HEPES

Hydrochloric acid (HCI)
L-Glutamine

MEM Non-Essential Amino Acids

Methanol
Nitric acid
Opti-MEM

Osmium Tetroxide
Penicillin + Streptomycin antibiotics

Normal goat serum

Agarose SFRE Super Fine

ATP

Bafilomycin Al from Streptomyces griseus
Bromophenol Blue

Cytochalasin D from Zygosporium mansonii
Sodium Chloride (NaCl)

16% Paraformaldehyde (methanol free)

16% Paraformaldehyde EM Grade
Glutaraldehyde

LR Resin, medium & hard grade
Bovine serum albumin

Uranyl acetate

E a g | Sigma-Aldrich

Ajax Finechem
Sigma-Aldrich
Sigma-Aldrich
EMS
Chem-Supply
Bio-Rad

Gibco
ThermoFisher
Scientific
VWR Chemicals
ThermoFisher
Scientific
Gibco
ThermoFisher
Scientific

Ajax Finechem
Ajax Finechem
ThermoFisher
Scientific
Sigma-Aldrich
Gibco
ThermoFisher
Scientific
Jackson
ImmunoResearch
Electron
Microscopy
Sciences
Roche
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Chem-Supply
ThermoFisher
Scientific

EMS

EMS
ProSciTech
Jackson
ImmunoResearch
Electron
Microscopy
Sciences

#D6546
#AJA214-2.5LPL
#F8192

#F8192
#EMS16400
#GAO010
#1610724
#11344-041

#20252.324
#25030081

#11140-050

#AJA5005
#AJA341-2.5L
#31985-070

#75632
#10378016

#005000121

#10207

#10127531001
#B1793-2UG
#B-8026
#C8273-5MG
#SA046
#28908

#C004
#EMS16400
#C023
#001000173

#22400
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TRIzol ThermoFisher #15596018
Scientific

Tween-20 Sigma-Aldrich #P1379

SYBR Green Real-Time PCR Master Mixes ThermoFisher #4364346
Scientific

Protease inhibitor Roche #11697498001

Phosphatase inhibitor Roche #04906837001

SYTOXE Green Nucl eic Aci ThermoFisher #S7020
Scientific

MCC950 213 N/A

1,2-dipalmitoyl-sn-glycero-3-phosphocholine Avanti Lipids #850355

(DPPC)

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)  Avanti Lipids #850375

1,2-distearoyl-sn-glycero-3-phosphocholine Avanti Lipids #850365

(DSPC)

Cholesterol Avanti Lipids #700000

Table 2.3 Y4List of Critical Commercial Assays

Reagent or Resource Source Identifier

Xfect transfection kit Clontech #631318
Laboratories, Inc.

PierceE Silver Stain KitThermoFisher #24612
Scientific

CytoTox 96 Non-Radioactive Cytotoxicity Assay Promega #G1780

High-capacity cDNA Reverse Transcription kit ThermoFisher #4368813
Scientific

Mouse Multiplex ELISA kit Millipore #MCYTOMAG-70K

Mouse IL-18 ELISA kit ELISAkit.com # EK-0048

Mouse IL-18 Platinum ELISA Kit ThermoFisher #BMS618-3TEN
Scientific

Human IL-1 beta ELISA Kit ThermoFisher #BMS224-2TEN
Scientific

Human IL-18 ELISA Kit ThermoFisher #BMS267-2TEN
Scientific

TRIzol Max Bacterial RNA Isolation kit ThermoFisher #16096040
Scientific

Duopath® Cereus Enterotoxins Merck #1041460001

Mem-PER Plus Membrane Protein Extraction Kit ThermoFisher #89842
Scientific

Al exa Fluor E 568 Pr ot ei ThermoFisher #A10238
Scientific
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Pierce E BCA Protein As s ThermoFisher #23225
Scientific
Table 2.4 YilList of bacteria
Strain ID Reagent or Resource Source Identifier
C. rod. Citrobacter rodentium American Type Culture #51459
Collection
E. coli Escherichia coli American Type Culture #11775
Collection
P. aer. Pseudomonas This study N/A
aeruginosa
S. Typhi Salmonella enterica 587 N/A
orS. Tm serovar Typhimurium
S. flex. Shigella flexneri American Type Culture #700930
Collection
S. epi. Staphylococcus American Type Culture #14990
epidermidis Collection
S. pneu. Streptococcus This study N/A
pneumoniae
S. pyo. Streptococcus This study N/A
pyogenes
F. nov. Francisella novicida This study N/A
L. mono. Listeria monocytogenes American Type Culture #15313
Collection (ATCC)
B. cereus strains
B. cer. or ATCC 14579 Air ATCC
ATCC
01 17/0409 Human Blood This study
02 17/1400 Human Blood This study
03 56A Human (no further information) This study
04 ATCC 10876 Contaminated Flask 508
05 AlA1-77 Human (no further information) This study
06 Al1C1-9 Human (no further information) This study
07 AlC1-11 Human (no further information) This study
08 Bc13-001 Soil 588
09 Bc13-003 Bovine Feces 568
10 Bc13-004 Soil 568
11 Bc13-005 Soil 568
12 Bc13-006 Bovine Feces 568
13 Bc13-007 Soil 568
14 Bc13-008 Soil 588
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15 Bc13-009 Soil 588
16 Bc13-010 Soil 588
17 Bc13-011 Caprine Feces 588
18 Bc13-012 Caprine Feces 588
19 Bc13-013 Soil 588
20 Bc13-015 Soil 588
21 Bc14-001 Bovine Feces 588
22 Bc14-002 Bovine Feces 588
23 Bc14-003 Soil 588
24 Bc14-004 Soil 253
25 Bc14-005 Milk Filter 588
26 Bc14-007 Bovine Feces 588
27 Bc14-008 Bovine Feces 588
28 Bc14-010 Bovine Feces 588
29 Bc14-013 Soil 588
30 Bc14-015 Caprine Feces 588
31 Bc14-016 Soil 588
32 Bc14-017 Soil 588
33 Bc14-019 Feed (grain) 588
34 F837/76 Human (postoperative infection)  °8°
35 Bc14-021 Soil S
36 Bc14-022 Soll 568
37 Bc14-023 Soil 568
38 Bc14-024 Soil 568
39 Bc14-025 Feed (grain) 568
40 Bc14-028 Milk Filter 568
41 Bc14-029 Soil 568
42 Bc14-030 Soil 588
43 C1A1-39 Human (no further information) This study
44 MO15777 Human (thigh) This study
45 M3-5-63 Human (leg wound) This study
N/A hbl ATCC 10876 508
N/A gnhe F837/76 512
Table 2.5 Y4lList of Experimental Models: Organisms/Strains
Reagent or Resource Source Identifier
NIrp3'/ 'mice ST N/A
Nirc4'’ 'mice 309 N/A
Aim2'/ 'mice 356 N/A
Asc'/ 'mice 309 N/A
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MefyKL12XK112X mice (referred as: Mefy™muvmut) Australian Phenomics ~ N/A

Facility, ANU, Australia
GsdmdﬂOSN/IlOSN mice 574 N/A
Gsdmd'/ 'mice 574 N/A
Caspl/11'/ 'mice 575 N/A
Caspl1'/ 'mice 576 N/A
Caspl'/ 'mice 326
THP-1 ATCC #T1B-202
NIrp3'"/ "THP1 Invivogen thp-konlrp3z
CaCo-2 ATCC #HTB-37
CT26 ATCC #CRL-2638
Jurkat ATCC #TIB-152
HEK293T ATCC #CRL-11268
HT-29 ATCC #HTB-38
K-562 ATCC #CCL-243
L-929 ATCC #CCL-1
LS 174T ATCC #CL-188
MC-38 Kerafast #ENH204-FP
MDCK ATCC #CCL-34
U266B1 ATCC #TI1B-196
Vero ATCC #CCL-81
RMA-S Human lymphoma In this study

Table 2.6 ¥List of Software and Algorithms

Reagent or Resource Source Identifier
GraphPad Prism 6.0 GraphPad http://www.graphpad.com
Software, Inc.
LAS AF version 2.7.3. Leica https://www.leica-
Microsystems microsystems.com/products/microscope
-software/details/product/leica-las-x-Is/
Image Lab Software 6.0 Biorad https://www.bio-rad.com/en-

au/product/image-lab-
software?ID=KRE6P5E8Z/

IncuCyte Zoom 2016A Essen Biosciences https://www.essenbioscience.com/en/pr
oducts/software/incucyte-base-software/

MPEX 590 http://blanco.biomol.uci.edu/mpex/

HELIQUEST 591 http://heliquest.ipmc.cnrs.fr/
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Table 2.7 YaList of consumables

Reagent or Resource Source Identifier

PVDF membrane Millipore #IPVH00010

4-20% Mini-Protean TGX Precast Gel Biorad #456-1096

Pierce Concentrator 9KMWCO ThermoFisher #89884A
Scientific

Amicon Ultra-4 Centrifugal Filter Unit Millipore # UFC803096

Amicon Ultra-15 Centrifugal Filter Unit Millipore # UFC905096

0.45 em Filter ThermoFisher #NAL295-4545
Scientific

Cell Scraper 39cm Sarstedt #83.1831

Corning Costar Tc-Treated Multiple (12) Well Sigma-Aldrich #CLS3513

Plates

Corning Costar Tc-Treated Multiple (24) Well Sigma-Aldrich #CLS3524

Plates

Corning Costar Tc-Treated Multiple (6) Well Plates  Sigma-Aldrich #CLS3516

Corning® 150 mm Not TC-treated Culture Dish Sigma-Aldrich #CLS430597-60EA

Corning® cell lifter Sigma-Aldrich #CLS3008

Corning® Erlenmeyer baffled cell culture flasks Sigma-Aldrich #CLS431256

Cover glasses, thickness No. 1, circular Superior #0111580
Marienfeld

Eppendorf® PCR tube Sigma-Aldrich #2316156

FalconE 15mL Coni cal C e r ThermoFisher #352095
Scientific

FalconE 50mL Conical C e r ThermoFisher #352070
Scientific

Glass Knifemaker Leica EM KMR3 Leica #KMR2
Microsystems

Hypodermic 18-guage needle Terumo #NN+1838R

Hypodermic 26-guage needle Terumo #NN+2638R

Hi s P u rNTA Resin ThermoFisher #88221
Scientific

Infinite 200 PRO System Tecan

NuncE Mi cr owekflatb&ton®rdicroplates ThermoFisher #167008
Scientific

NuncE Mi cr owekrbundbot®ré ThermoFisher #163320

microplates Scientific

Standard 90mm Petri Dishes ThermoFisher #101RTIRR
Scientific

SuperfrostE Plus 1 mm mi LabServe #LBS4951

T-175 Flasks ThermoFisher #159910
Scientific
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Ultra-Flat Silicon Wafers

Ultramicrotome Leica EM UC7

Table 2.8 ¥List of Constituents of solutions

Electron
Microscopy
Sciences
Leica

Microsystems

#71893-01

#UC7

Solution

Constituents

Concentrations

10 3 Running Buffer

103 TBS

10 3 Transfer Buffer

4 3 Loading Dye

4 3 Resolving Gel Buffer

4 3 Stacking Gel Buffer

5% Skim Milk Blocking
Buffer

Cell Lysis Buffer

- Tris (60.6 g)

- Glycine (288 g)
- SDS (20 g)

- dH20 (2000 ml)
- Tris (121.12 g)
- NaCl (400.31 g)
- dH20 (5000 ml)

- Tris (60.6 g)
- Glycine (288.3 g)
- dH20 (2000 ml)

- 20% Methanol (only added to 1 3

solution)
- Tris (0.97 g)
-DTT (2.47 g9)

- MilliQ H20 (24 ml)

-SDS (3.2 g)

- Bromophenol blue (0.16 g)

- Glycerol (16 ml)
pH 6.8

- Tris (90.8 g)
-SDS (29)

- dH20 (500 ml)

- Tris (30.3 g)
-SDS (2 9)
- dH20 (500 ml)

- Skim milk powder (20 g)

- TBST (400 ml)

- Triton X-100 (4 ml)
from 1M s
- MilliQ H20 (36 ml)

-DTT (400 ¢ |

- Protease inhibitor cocktail (4

tablets)

- 0.025 M Tris
- 0.192 M Glycine
- 0.1% (w/v) SDS

- 200 mM Tris-HCI,
pH 7.4
-1.37 M NaCl

- 250 mM Tris-HCI,
pH 8.3
- 1.92 M glycine

- 200 mM Tris-HCl,
pH 6.8

- 400 mM DTT

- 8% (w/v) SDS

- 0.4% (w/v)
bromophenol blue

- 40% (v/v) glycerol
- 1.5 M Tris-HCI, pH
8.8

- 0.4% (w/v) SDS

- 0.5 M Tris-HCI, pH
6.8
- 0.4% (w/v) SDS

- 5% (w/v) skim milk
- 4% (v/v) Triton X-

100
-10 MM DTT
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Feeding media - DMEM (300 ml) - 30% (v/v) L929

- L929 conditioned media (150 ml) conditioned media

- FBS (50 ml) - 10% (v/v) FBS

- Non-essential amino acids (5 ml) - 1% (v/v) non-

- L-glutamine (5 ml) essential amino

- Penicillin-streptomycin (5 ml) acids
- 1% (v/v) L-
glutamine

- 1% (v/v) penicillin
and streptomycin

Infection media - DMEM (450 ml) - 10% (v/v) FBS
- FBS (50 ml)
L929 media - DMEM (300 ml) - 10% (v/v) FBS
- FBS (50 ml) - 1% (v/v) L-
- L-glutamine (5 ml) glutamine
- Penicillin-streptomycin (5 ml) - 1% (v/v) penicillin

and streptomycin
- 1% (v/v) HEPES

Resolving Gel - dH20 (11.2 ml) - 0.375 M Tris, pH
Composition (12%) - 4 3 Resolving buffer (8 ml) 8.8
- Acrylamide (12.8 ml) - 0.1% (w/v) SDS

-10% APS (120 ¢l)
-TEMED (40 ¢l)

Seeding media - DMEM (300 ml) - 30% (v/v) L929
- L929 conditioned media (150 ml) conditioned media
- FBS (50 ml) - 10% (v/v) FBS
- Non-essential amino acids (5 ml) - 1% (v/v) non-
- L-glutamine (5 ml) essential amino
acids
- 1% (v/v) L-
glutamine
Stacking Gel Composition - dH20 (15.25 ml) - 0.125 M Tris, pH
(4%) - 4 3 Stacking buffer (6.5 ml) 6.8
- Acrylamide (3.25 ml) - 0.1% (w/v) SDS
-10% APS (125 ¢1)
-TEMED (37.5 ¢l)
TBST - 13 TBS (2,000 ml) - 200 mM Tris-HCl,
- Tween-20 (1.5 ml) pH 7.4
-1.37 M NaCl
- 0.075% (v/v)
Tween-20
0.5M EDTA -29.224 g EDTA -0.5 M EDTA
- 200 ml dH20
10 mM PMSF -0.01742 g PMSF - 10 mM PMSF
in isopropanol - 10 ml Isopropanol
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Bacterial Lysis Buffer/ - 6.057 g Tris - 50 mM Tris-HCl,
HisTrap Buffer A - 17.532 g NaCl pH 8.0
- 0.340385 g Imidazole - 300 mM NacCl
-dH20 (up to 1L) - 5 mM Imidazole
Cell Lysis Buffer - Triton X-100 (4 ml) - 4% (v/v) Triton X-
-DTT (400 ¢!l from 100
- MilliQ H20 (36 ml) -10 mM DTT
- Protease inhibitor (4 tablets)
Coomassie Blue Stain 40 mg Coomassie brilliant blue R- - 5% (v/v) Ethanol
250 - 0.1% (v/v) HCI
26.7 ml 95% ethanol - 0.01 (wiv)
1.5 ml HCI Coomassie brilliant
add dH20 up to 500 ml blue G-250
Elute Buffer -1.2114 g Tris - 50 mM Tris-HCI;
- 96.096 g Urea pH 8.0
- 4.08462 g Imidazole - 8 M Urea
- dH20 (up to 200 ml) - 300 mM Imidazole
HisTrap Buffer B - 6.057 g Tris - 50 mM Tris, pH 8.0
- 17.532 g NaCl - 300 mM NaCl
- 20.4231 g Imidazole - 300 mM Imidazole
- dH20 (up to 1L)
Infection media - DMEM (450 ml) - 10% (v/v) FBS
- FBS (50 ml)
LB agar - 6.25 g LB broth powder - 2.5% (w/v) LB
- 3.75 g agar powder - 1.5% (w/v) agar
- dH20 (up to 250 ml)
LB broth - 6.25 g LB broth powder - 2.5% (w/v) LB
- dH20 (up to 250 ml)
Load/Equilibration -1.2114 g Tris - 50 mM Tris-HCI,
Buffer - 96.096 g Urea pH 8.0
- 0.272308 g Imidazole -8 M Urea
- dH20 (up to 200 ml) - 20 mM Imidazole
Protein Storage -100 ¢l 10 mM PMSF-0.1mMPMSF
Buffer -2 ¢l 0.5 M EDTA -0.1 mM EDTA
- 1 ml Glycerol - 10% (v/v) Glycerol

- PBS (up to 10 ml)
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Table 2.9 ¥List of Bacterial toxins

Toxin hame Final Mechanism of action Source Identifier
concentration

B. cereus HBL-B, 5 nM of each Pore forming toxins 508 N/A

-L: and -L, component

B. cereus NHE-C, 100 nM of each  Pore forming toxins 508 N/A

-B and -A component

C. perf. 1.5 or 0.625 Phospholipase and Sigma- P7633-

Phospholipase C  Units/ml sphingomyelinase; degrades Aldrich 500UN
eukaryotic cell membranes
592

C. dip toxin 0. 28 ¢ g/ Inhibits eukaryotic Sigma- D0564-
translation 5% Aldrich 1MG

P. aer ETA 0. 04 ¢ g/ Inhibits eukaryotic Sigma- P0184-
translation >%* Aldrich .5MG

P. mul toxin 0. 014 ¢ g Gprotein deaminase °® Sigma- P5806-

Aldrich 1VL
S. aur U-toxin 0. 08 ¢ g/ Pore-forming toxin > Sigma- H9395-
Aldrich .5MG

S. aur entA 0. 12 ¢ g/ T-lymphocyte superantigen Sigma- S9399-
597 Aldrich .1MG

S. aur entB 0. 12 ¢ g/ T-lymphocyte superantigen Sigma- S4881-
597 Aldrich 1MG

S. dys StxB 0. 16 ¢ g/ B subunitbinds at Sigma- SML0562-
membrane, allowing A Aldrich .5MG
subunit to enter cell and
inhibit translation 5%

V. cho toxin 0. 16 ¢ g/ B subunitbinds at Sigma- C8052-
membrane, allowing A Aldrich .5MG

subunit to enter and target G

proteins 5. B subunit can
also transport LPS into
cytoplasm 600:601

Abbreviations: C. dip, Corynebacterium diphtheriae; C. per, Clostridium perfringens; P.
aer, Pseudomonas aeruginosa; P. mul, Pasteurella multocida; S. aur, Streptococcus
aureus; S. dyx, Shigella dysenteriae; V. cho, Vibrio cholera.
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Table 2.10 ¥%List of Fungal toxins

Toxin name Final concentration Mechanism of action Source Identifier
U-amanitin 0. 2 €9/ ml Transcriptional Sigma- A2263-
inhibitor; inhibits Aldrich 1MG

RNA polymerase II
602

b-amanitin 0. 2 €9/ ml Transcriptional Sigma- A1304-
inhibitor; inhibits Aldrich  1MG
RNA polymerase Il
602

2-amanitin 0. 2 €9/ ml Transcriptional Abcam Abl144514
inhibitor; inhibits
RNA polymerase Il
602

AAL toxin 0. 8 €9/ ml Inhibits ceramide Sigma- A4707-
and sphingolipid Aldrich  1MG
synthesis ¢

Gliotoxin 0. 4 eg/ ml Immunosuppressant Sigma- G9893-

chloroform 604 Aldrich 5MG

HC toxin 0. 4 € g/ ml Inhibits histone Sigma- H7270-

methanol deacetylases 5% Aldrich  1MG

Ochratoxin A 0. 2 ¢ g/ ml Diverse:protein Sigma- 01877-

synthesis inhibitor, Aldrich  1MG
genotoxic stressor,
oxidative stress 6

Tentoxin 0.1 ¢€g/ ml Chloroplast ATP Sigma- T8019-
synthesis inhibitor 7  Aldrich 250UG

U-amanitin 0. 2 ¢ g/ ml Transcriptional Sigma- A2263-
inhibitor; inhibits Aldrich 1MG

RNA polymerase Il
602

Table 2.11 ¥List of Snake toxins

Toxin name Final concentration Mechanism of Source Identifier
action

U-Bungarotoxin- 0.1 &M Neurotoxin, bindsto Sigma- T0195 -

tetramethylrhodamine acetylcholine Aldrich .5MG

( BTPR) receptors 68

Crotaline 1 mg/ml, DMSO Pulmonary vascular Sigma- C2401-
syndrome ©%° Aldrich  500MG
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Sarafotoxin 0. 06 ¢ g/ mlVasoconstrictor ®°  Sigma- S1522-
Aldrich  50UG

Table 2.12 Ylist of Terrestrial invertebrate toxins

Toxin hame Final concentration Mechanism of Source Identifier
action

U-Pompilidotoxin 0.04 M Slows inactivation Sigma- P6237-
of Na* channels ®* Aldrich .1IMG

Charybdotoxin 0. 08 ¢ g/ mlVoltage-gated K* Sigma- C7802-
channel inhibitor 2 Aldrich .1MG

Kurtoxin 0. 006 &M \Voltage-gated Ca?* Sigma- K1514-
channel inhibitor ®**  Aldrich 100UG

Margatoxin 0. 0004 ¢ M Voltage-gated K* Sigma- MB8437-
channel inhibitor #14  Aldrich 10UG

Mastoparan 0.04 &M G protein agonist ©*°* Sigma- M5280-

Aldrich 1MG

Maurotoxin 0. 0006 & M Ca*-activated K* Sigma- M7444-
channel inhibitor ¢  Aldrich 10UG

¥ -agatoxin IVA 0. 05 &g/ mlP-type Ca? channel Sigma- A6719-
agonist %7 Aldrich .1MG

Phospholipase A2 0.1 ¢eg/ ml Hydrolyses Sigma- P9279-
membrane Aldrich  1MG
phospholipids

Pandinotoxin-K U 0. 001 &M Voltage-gated K* Sigma- P222-

(PITX-K U) channel inhibitor #*®  Aldrich 10UG

SNX-482 0. 0004 & M Inhibits class E Ca?* Sigma- SML1150-
channels 69 Aldrich 5UG

Tamapin 0.001 eM Ca?" activated K* Sigma- T3326-
channel inhibitor #2°  Aldrich 10UG

Table 2.13 Y4List of Marine organism toxins

Toxin hame Final concentration Mechanism of Source Identifier
action

Domoic acid 0. 8 ¢€g/ ml Muliple Sigma- D6152-
mechanisms, Aldrich 1MG
including

neurotoxicity and
hepatotoxicity 62
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Microcystin YR 2 eg/ ml, | Hepatotoxin; protein  Sigma- M4069-
phosphatase Aldrich  100UG
inhibitor 62
Calyculin A 0.04¢e g/ ml Protein Sigma- C5552-
phosphatase Aldrich  10UG
inhibitor 623
Conantokin G 0.016 &M N-methyl-D- Sigma- C4311-
aspartate (NDMR) Aldrich  .1MG
receptor agonist %2
¥ -conotoxin GVIA 0. 12 ¢ g/ mlCa® channel Sigma- C9915-
inhibitor 62° Aldrich .1IMG
Table 2.14 ¥List of RT-PCR primers
Gene Primer Sequence Reference
16S rRNA 16S-F 5'-CGCAATTGACGAAAGTCTG-3' 626
16S-R 5-TAATTCCGGATAACGCTTGC-3'
hblA hblA-F 5'CCTTGCAAAAGGCTGGATTA-3' 626
hblA-R 5-TCGTGTCCCAAGTAACAGC-3'
hbiIC hbIC-F 5-TGGCAGCGTATAACAAAGG-3' 626
hbIC-R 5'-GCAAAAACGCCAAATGTTTT-3'
hbID hbID-F 5-AGTTATTGCAGCTATTGGAGG-3' 627
hbID-R 5-GTCCATATGCTTAGATGCTGTGA-3'
nheB nheB-F 5-GTGAAACAAGCTCCAGTTC-3' 628
nheB-R 5-AAAGCGTACAGATCCATTACT-3'
nheA nheA-F 5-TTTAATTGCGGGGTTATTGG-3' 626
nheA-R 5-ACTACTCATCGCGCTCACC-3'
nheC nheC-F 5'-CAGCACCAAAGAGATGCAAA-3' 626
nheC-R 5'-CGCGAAAAGCTTTCAAATTC-3'
CytK CytK-F 5-GCTTTGTATAAGCAACTTGGATAG-3' 626
CytK-R 5-AGCCTCTGTAACACCAAGC-3'
Gapdh Gapdh-F 5-&€GT CCC GTA GAC AAAATG GT-3 6 259
Gapdh-R 5-3TG ATG GCAACA ATC TCCAC-3 6
Cxcll mKc-F 5-&€AA TGA GCT GCG CTG TCAGTG-3 6 387
mKc-R 5-CTT GGG GAC ACC TTT TAG CAT C-3'
l11b mlllb-F 5-&AC CTT CCA GGA TGA GGA CA-3 6 259
mlllb-R 5-8GC TCA TAT GGG TCC GAC AG-3 6
Tnf mTnf-F 5-&AT CTT CTC AAAATT CGAGTG ACAA-3 6 2
mTnf-R 5-3GG GAG TAG ACA AGG TACAACCC-3 6
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3.1 Preface

This chapter consists primarily of a publication in Nature Microbiology, of which | was the

first author.

Mathur, A, Feng, S, Hayward, JA, Ngo, C, Fox, D, Atmosukarto, Il, Price, JD, Schauer, K,
Martlbauer, E, Robertson, AAB, Burgio, G, Fox, EM, Leppla, SH, Kaakoush, NO, & Man, SM
(2019). A multicomponent toxin from Bacillus cereus incites inflammation and shapes host

outcome via the NLRP3 inflammasome. Nature Microbiology, 4:362i 374.

As the nominal first author, | generated greater than fifty percent of the content. My

contributions to the publication was as follows:

A Planning, design and execution of experiments outlined in Main figures: 3.1a-f; 3.2a-e;
3.4a-c,e-i, k; 3.5a,f,h; 3.6a-e; 3.7a-i; and Appendices chapter 3 figures: 3.1a-f; 3.4c; 3.5a-
d; 3.6a-c; 3.7; 3.8b; 3.9a,b; 3.10a-g; 3.11. Curated the Appendices chapter 3 figure 3.6a-
cand 3.11.

A Interpretation and analysis of results and compilation of figures listed above.

A Wrote the first draft of the manuscript.

A Edited subsequent versions of the manuscript and addressed comments from co-authors

and external peer reviewers with assistance from senior author Prof. Si Ming Man.
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I would like to take this opportunity to thank my co-authors on this publication, whose

contributions are as follows:

Author initials

Figure

Contribution

S.F.

J.AH.

C.N.

D.F.

N.O.K.

I.ILA. and J.D.P.

K.S.,, E.M,,
A.AB.R., GB,
E.M.F. and S.H.L.

S.M.

Main figures: 3.3a-f; 3.4d,]

Appendices chapter
3.2a,b; 3.3 a-e; 3.4a,b

3 figures:

Appendices chapter 3 figures: 3.6a-

c; 3.8a

Main  figures: 3.3d; 3.4ek
Appendices chapter 3 figures: 3.1¢;

3.3c,d

Main figures: 3.5b-e,g

Appendices chapter
3.10a,e

Main figure: 3.6a-c

3 figures:

Executed experiments,
performed analysis and
compilation of listed figures.
Assisted in collection of serum
and peritoneal fluid from mice
(Fig. 3.7).

Designed and executed
experiments, performed
analysis and generated data for
the listed figures. Compilation of
listed figures was done by me.
Assisted with collection of
serum and peritoneal fluid from
mice (Fig. 3.7).

Executed isolation of RNA and
gRT-PCR experiments,
generated data for the listed
figures. Interpretation and
compilation of the listed figures
was done by me. Assisted in
collection of serum and
peritoneal fluid from mice (Fig.
3.7).

Executed experiments,
performed analysis and
compilation of the listed figures.

Designed and executed
experiments, performed
analysis and generated data for
the listed figures. Interpretation
and compilation of the listed
figures was done by me.

Synthesised liposomes for the
listed figures.

Provided resources and
intellectual input.

Overall supervision and
conceptualisation of the study.
Drew the Appendices chapter 3
Figure 3.11.
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3.2 Introduction

Inflammasomes are innate immune signalling complexes capable of responding to a variety
of pathogens and danger signals ¢2°¢%°, Recognition of PAMPs and DAMPs by inflammasome
sensors requires cytosolic exposure of microbial or danger signals. Cytosolic bacterial
invasion is central to drive activation of the DNA-sensing AIM2 inflammasome and the LPS-
sensing non-canonical inflammasome. This process is initiated by host defense proteins,
guanylate-binding proteins and Immunity-related GTPases, mediating a rupture of the
pathogen-containing vacuole and liberating bacterial ligands in the cytoplasm 27:259:587.631
Certain pathogens inject virulence factors into the cytoplasm, such as flagellin delivered by
the type Il secretion system of Salmonella enterica serovar Typhimurium (S. Typhimurium),
which induces activation of the NAIP-NLRC4 inflammasome 281-283.290.293309  However, the
mechanisms underpinning how microbial ligands from extracellular bacteria are detected by

cytosolic innate immune sensors have remained unclear.

Toxins are critical tools in the arsenal of bacterial virulence factors which can modify the
function, metabolism and physiology of the host cell to favour bacterial replication and
transmission #2633 Previous studies have shown that hemo | y s i n sarral pate-fdsming
toxins secreted by Staphylococcus aureus induce activation of the NLRP3 inflammasome in
monocytes and macrophages %3453, Similarly, hemolysins secreted by Escherichia coli 638639,
Streptococcus pneumoniae 549644 [ isteria monocytogenes 34645646 and certain Vibrio species
647-649 can activate the NLRP3 inflammasome. The mechanisms governing how inflammasome
sensors recognise cellular perturbations induced by structurally and mechanistically diverse

virulence factors are unclear.

In this chapter, | analysed a panel of extracellular and cytosolic bacterial pathogens and
identified an activator of the inflammasome secreted by the foodborne pathogen Bacillus
cereus. | showed that the secreted factor is a tripartite toxin called haemolysin BL (HBL). HBL

assembled in a highly sequential manner to drive activation of the NLRP3 inflammasome. The
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study also demonstrated that the HBL toxin is inserted into the mammalian cell membrane to
form a pore, mediating cellular leakage and lysis. Overt activation of the HBL-responsive
NLRP3 inflammasome drives rapid death of the host, which can be prevented by
pharmacological inhibition of NLRP3. My results revealed that cytosolic sensing of an

inflammasome-activating toxin is central to the immune recognition of B. cereus infection.

3.3 Materials and Methods

3.3.1 Bacterial culture

Citrobacter rodentium, Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica
serovar Typhimurium strain SL3144, Shigella flexneri, Staphylococcus epidermidis,
Streptococcus pneumoniae, and Streptococcus pyogenes were grown in Luria-Bertani (LB)
media (244620, BD) overnight under aerobic conditions at 37 C. Francisella novicida were
cultured in BBL Trypticase Soy Broth (TSB) (211768, BD) supplemented with 0.2% L-cysteine
(BP376-100, ThermoFisher Scientific) overnight under aerobic conditions at 37 C. Listeria
monocytogenes was grown in Brain heart infusion (BHI) media (211059, BD) overnight under
aerobic conditions at 37 C. B. cereus were grown LB media under aerobic conditions at 30
C. The list of Bacillus strains used are mentioned in (Table 2.4). All bacteria were subcultured

(1:10) in fresh media the next day for 3-4 hr under their respective conditions.

3.3.2 Stimulation of BMDMs with Bacterial Supernatant

To prepare the bacterial supernatant, bacteria were grown in media under their respective
conditions as described above. The overnight bacterial culture was centrifuged at 5000 g for
10 min. The supernatant was filter-sterilised using low-protein-b i ndi ng 0. 45
(SLHVO33RS, Merck). For size-fractionation, the supernatant of B. cereus was fractionated

using spin-filter columns of the 9 kDa (89884A, ThermoFisher Scientific), 30 kDa (UFC803096,
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Millipore), or 50 kDa range (UFC905096, Millipore). For heat inactivation, the supernatant of
B. cereus was heated to 50 °C, 75 °C or 100 °C for 10 min. To remove proteins, DNA or RNA,
the supernatant of B. cereus was treated with Proteinase K (1 mg/ml, 19133, Qiagen), DNasel
(2 mg/ml, Roche), or RNase A (1 mg/ml, Qiagen)for 1 hr.50-1 50 €l of Dbacteri al

were added to BMDMs for 3-4 hr.

For neutralisation studies, the supernatant of B. cereus was treated with antibodies against
HBL (3 ¢1), individual c onBp o(n3e netls) offorHBIL h(rl bkedf)c
LPS-primed BMDMs. Antibodies against HBL and NHE were generated as described

previously %%8°6° For controls, mouse serum and isotype IgG1 were used.

3.3.3 Stimulation of BMDMs with Recombinant HBL

Purified recombinant HBL components B, L; and L, were generated as described previously

508 LPS-primed BMDMs were stimulated with all three components or with B, L1 or L

individually or in various combinations (5 nM of each components: B, L; and Lz and 3 hr for

caspase-1 activation). HBL components were also pre-incubated with either Proteinase K (1

mg/ml, 19133, Qiagen), DNasel (1 mg/ml, Roche), or RNase A (1 mg/ml, Qiagen) for 1 hr, or

heated to 100 C for 10 min. For binding order studies, LPS-primed BMDMs were stimulated

with a single HBL component (5 nM of either B, or L1, or L) for 30 min. This step was followed

by extensive washing with PBS three times to remove unbound toxin. The two remaining

components were added in concert, or the second individual component was added for 30

min followed by the third individual component, with washing steps in between. The plus

symbol indicates 6added in concert6. The arrow
transfect i on of HB L, each reaction consisted of i ndi
combination of two components (0.75 €M each) mix
reagent DOTAP (11202375001, Sigma-Aldrich). After 30 min, the complexes were added to

LPSpri med BMDMs in Hankds Bal an cAdlichSadstimul&ed ut i on

for 3-5 hr.
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3.3.4 Liposome Studies

Liposomes were synthesised using cholesterol (23%) and synthetic lipid derivatives DPPC

(33%), DOPC (32%) and DSPC (12%), mimicking the mammalian cell membrane 8. The
concentration of | iposomes was 7 mM, |l oaded eit
saline. Encapsulation of methylene blue dye into the lumen of liposomes allowed to investigate

the ability of HBL to induce pores in the liposomal membrane that would result in leakage of

the dye. Liposomes were treated wWiindikkiduaHBBL ( 0. 5
components (0.5 &M of -inacivatéd HBLg anuftenused to )arry HiBé a t

[ 10 mM Tris HCI |, 0.5 mM EDTA (pH 8.0)], or
ImmunoResearch). The liposomes were sonicated at 100 amplitude for 5 mins as control

(CTRL). The released dye was captured by a cation exchanger resin Dowex (10-15 mg per

well). The absorbance (OD) of residual dye was measured at a wavelength of 595 nm using

the Infinite 200 PRO system (Tecan). To investigate the capacity of liposomes to inhibit HBL-

induced activation of the inflammasome, recombinant HBL (5 nM of each component) was left

untreated or treated with liposomes (7 mM) for 1 hr, prior to addition to LPS-primed BMDMs.

3.3.5 Immunoblotting Analysis

For caspase-1 immunoblotting, BMDMs and supernatant were lysed in RIPA buffer and
sample loading buffer containing SDS and 100 mM DTT. For immunoblotting of plkB, IkB,
pERK, ERK, NLRP3 and GAPDH, the supernatant was removed and BMDMs washed once
with PBS, followed by lysis in RIPA buffer and sample loading buffer containing SDS and 100
mM DTT. Proteins were separated on 8-12% polyacrylamide gels. Following electrophoretic
transfer of proteins onto PVDF membranes (IPVH00010, Millipore), membranes were blocked
in 5% skim milk and incubated overnight with primary antibodies against caspase-1 (1:1,000
dilution, #AG-20B-0042, Adipogen), plkB (1:1,000 dilution, #2859, Cell Signaling
Technologies), kB (1:1,000 dilution, #9242, Cell Signaling Technologies), pERK (1:1,000

dilution, #9101, Cell Signaling Technologies), ERK (1:1,000 dilution, #9102, Cell Signaling
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Technologies), NLRP3 (1:1,000 dilution, #AG-20B-0014, Adipogen), GAPDH (1:10,000
dilution, #5174, Cell Signaling Technologies), or Pan-cadherin (1:1,000 dilution, #4068, Cell
Signaling Technologies), Gasdermin D (1:1,000 dilution, #ab209845, Abcam), or IL-1 b
(1:1,000 dilution, #RDSAF401NA, R&D Systems). PVDF membranes were then incubated
with HRP-conjugated secondary antibody for 1 hr and proteins were visualised using the
Super Signal Femto substrate (34095, Ther moFi s h¢

Imaging System (BioRad).

For detection of toxin c¢omponR ocetegs,wer@mixed with of t h
100 ¢l of sampl e | oadiies@gaibstHBL eomponeRts B, maandyL, ant i b o
(1:1,000 dilution) °%, or against NHE-B (1:1,000 dilution) °%° were used. Silver staining was

performed for total protein |l oading controls in

(24612, Thermo Scientific).

3.3.6 Immunofluorescence Staining

For visualisation of inflammasomes, untreated or treated BMDMs were washed three times
with PBS and fixed with 4% paraformaldehyde at room temperature for 15 min, followed by
blocking in 10% normal goat serum (005000121, Jackson ImmunoResearch) supplemented
with 0.1% saponin (47036, Sigma-Aldrich) for 1 hr. Cells were incubated with a rabbit anti-
ASC antibody (1:500 dilution, clone AL177, AG-25B-0006-C100, AdipoGen) overnightat4 C.
An anti-rabbit secondary Rhodamine red antibody (111295144, Jackson ImmunoResearch)
was used. Cells were counterstained in DAPI mounting medium (H-1200, Vecta Labs).
Inflammasome specks and BMDMs were visualised, counted, and imaged using a Leica SP5
confocal microscope. For visualisation of HBL and cell membrane, BMDMs were stimulated
with HBL component B (5 e€g/ml) for 1 hr, was hed
paraformaldehyde at room temperature for 15 min, followed by blocking in 1% BSA in PBS for
1 hr. Cells were incubated with a mouse anti-HBL-B antibody (1:200 dilution in 1% BSA) °%8

and a rat FITC-conjugated anti-CD11lb antibody (1:200 dilution in 1% BSA, 101205,
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BioLegend) overnight at 4 °C. PBS containing 0.05% Tween-20 was used to wash between
incubation steps. An anti-mouse secondary Rhodamine red antibody (115295146, Jackson

ImmunoResearch) was used. BMDMs were analysed using a Leica SP5 confocal microscope.

3.3.7 Immunological Lateral Flow Tests

The antibody-based assay Duopath Cereus Enterotoxins (1041460001, Merck) detects the

presence of the HBL component L, and NHE-B in the supernatant of B. cereus. The
supernatantof B.cereuswas applied to the Duopath cassette a
instructions. Sterile LB broth and filter-sterilised supernatant from an overnight culture of S.

Typhimurium were used as negative controls.

3.3.8 Cryo-Electron Microscopy

Liposomes | eft untreated or treated with recombi
holey carbon 400 mesh grid and left to adhere for 30 s. Grids were then blotted for 10 s to

remove excess liposomes before plunge frozen using liquid ethane surrounded by a bath of

liquid nitrogen. Samples were visualised under Hitachi 7200 TEM at 100kv with a Cryo-TEM

holder.

3.3.9 Scanning Electron Microscopy

BMDMs were washed with PBS and post-fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer overnight and further washed with PBS. Cells were fixed in 1% osmium tetroxide in
double distilled water for 1 hr and dehydrated in a series of alcohol. Dehydrated samples were
dried using liquid carbon dioxide using critical point drying. Samples were then sputter-coated
with platinum (3 nm thickness) at 15 mA for 2 min using the EMI TECH K550 Sputter coater

and visualised under a Zeiss UltraPlus Field emission scanning electron microscope at 5 kV.

3.3.10 Transmission Electron Microscopy

BMDMs were washed with PBS and post-fixed with 2.5% glutaraldehyde in 0.1 M phosphate

buffer overnight and further washed with PBS. Cells were fixed in 1% osmium tetroxide in
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double distilled water for 1 hr and dehydrated in a series of alcohol, and embedded in LR white
resin (C023, ProSciTech). Samples were polymerised in a 60 C oven overnight. Thin sections
were cut at 80 nm and viewed using a Hitachi HA7100 transmission electron microscope at

100 kV.

3.3.11 Separation of Membrane and Cytosolic Compartments

BMDMs were stimulated with either purified recombinant HBL protein (5 nM of each

component) or the supernatant of B.cereus( 50 ¢l ) for 45 min, washed t
followed by separation of membrane and cytosolic fractions using the Mem-PER Plus
Membrane Protein Extraction Kit according to the

Scientific).

3.3.12 Lactate Dehydrogenase Assay

Levels of lactate dehydrogenase released by cells were determined using the CytoTox 96
Non-Radi oactive Cytotoxicity Assay according to t

Promega).

3.3.13 IncuCyte Analysis

To track the viability of BMDMs in response to HBL, BMDMs were stimulated with a high
concentration of HBL (0.5 €M of each component)
each component) in presence of the SYTOX Green nuclear stain that penetrates compromised
membranes ( 1 & M; S7020; Life Technoloveg B braudingth€el | s w

Il ncuCyt e -iznocounb afitionr 6 i magi ng system (Essen Biosci

3.3.14 Real Time gRT-PCR Analysis

RNA was extracted from BMDMs using TRIzol (15596018, ThermoFisher Scientific) and from
bacteria using the TRIzol Max Bacterial RNA Isolation kit (16096040, ThermoFisher

Scientific). The isolated RNA was converted into cDNA using the High-Capacity cDNA
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Reverse Transcription Kit (4368813, ThermoFisher Scientific). Real-time gPCR was
performed on an ABI StepOnePlus System PCR instrument with SYBR Green Real-Time PCR
Master Mixes (4364346, ThermoFisher Scientific). Real time gRT-PCR sequences can be

found in Table 2.14.

3.3.15 Cytokine Analysis

Cytokine levels were determined using a multiplex ELISA (MCYTOMAG-70K, EMD Millipore)

or IL-18 ELISA (EK-0048,EL | SAkit. com) according to the

3.3.16 Amino Acid Sequence Analysis

Putative transmembrane regions in individual components of HBL were predicted using the
software Membrane Protein Explorer server, also known as MPEx °%, Helical wheel diagrams

were constructed using the HELIQUEST server %,

3.3.17 Animal Infection

B. cereus strains were grown as described above. For survival analysis, 8-week-old mice were
injected via an intraperitoneal (i.p.) route with 5 x 10 colony-forming units (CFUs) of B. cereus.
For cytokine measurement in the serum, mice were injected, via an i.p. route, with 7.5 x 10°
CFUs of an overnight culture of B. cereuso r 2 0 0 esterilised sugetindtantefrB. cereus.
For cytokine measurement in the peritoneal fluid, mice were injected, via an i.p. route, with 7.5
x 10® CFUs of B. cereus. The peritoneal fluid and serum were collected after 3-20 hr for
analysis by ELISA. To investigate the effects of MCC950 213215 mice were injected, via an i.p.
route, with 50 mg/kg of MCC950 dissolved in PBS or with vehicle control PBS. 1 hr later, mice
were injected, via an i.p. route, with 5 x 108 CFUs of B. cereus along with a second dose of 50

mg/kg of MCC950 or a second dose of PBS.
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3.3.18 Statistical Analysis

The GraphPad Prism 6.0 software was used for data analysis. Data are shown as mean *
s.e.m. Statistical significance was determined by t tests (two-tailed) for two groups or One-
way ANOVA (with Dunnettds or Tukeyorsoregrougs.i pl e co
Survival curves were compared using the log-rank test. P<0.05 was considered statistically
significant. In this study, no statistical methods were used to predetermine the sample size.
The experiments were not randomised, and the investigators were not blinded to allocation

during the experiments and outcome assessment.

3.4 Results

3.4.1 A secreted bacterial factor induces activation of the inflammasome

Previous studies have demonstrated that certain intracellular and cytosolic bacteria must
secure entry into the host cytoplasm such that bacterial ligands are liberated via a host-
mediated process for innate immune recognition by inflammasome sensors 27:259587.631 |
these cases, bacterial ligands enter the cytoplasm following a rupture of the pathogen-
containing vacuole and/or the bacterial cell membrane by interferon-inducible GTPases
27,259.587.631 Indeed, wild-type (WT) bone-marrow-derived macrophages (BMDMs) infected with
a range of clinically important bacterial pathogens undergo activation of caspase-1, secretion
of IL-1b and IL-18, and induction of pyroptosis (Fig. 3.1a,b). Following filter-sterilisation of the
bacterial cultures to remove bacteria, the cell-free supernatant from most bacteria was unable
to induce activation the inflammasome (Fig. 3.1a,b). Remarkably, the cell-free supernatant
derived from the foodborne pathogen B. cereus potently induced activation of caspase-1,

secretion of IL-1b and IL-18, and pyroptosis (Fig. 3.1a,b).

148



Microbial activators of the inflammasome

To identify the inflammasome sensor required to activate the inflammasome in response to
the secreted factor of B. cereus, | stimulated LPS-primed WT, NIrp3'/", Nirc4'', Aim2'', Asc'
', Caspl/11'", and Caspll'" BMDMs with the supernatant of B. cereus. Activation of
caspase-1, the release of IL-1 b a R18, arld induction of cell death were impaired in Nirp3'
" and Asc'' BMDMs stimulated with the supernatant of B. cereus compared with WT, Nirc4'
i, Aim2'"" and Caspl11'" BMDMs (Fig. 3.1ci e and Appendices for Chapter 3 Fig. 3.1a).
The supernatant of B. cereus similarly induced activation of the NLRP3 inflammasome in
unprimed BMDMs (Appendices for Chapter 3 Fig. 3.1b), suggesting that Signal 1 (priming)

and Signal 2 (activation) were both provided by the supernatant of B. cereus.

| further found that live B. cereus bacteria activated the inflammasome in a manner dependent
on NLRP3 (Fig. 3.1ci e), consistent with the results obtained using cell-free supernatant. The
levels of the pro-inflammatory cytokines tumour-necrosis factor (TNF) and Keratinocyte
chemoattractant (KC, also known as CXCL1) secreted by WT and Nirp3'"" BMDMs infected
with B. cereus were similar (Appendices for Chapter 3 Fig. 3.1c¢). Furthermore, the gene or
protein expression of TNF, KC and pro-IL-1b, and the phosphorylation status of IkB and ERK
between WT and Nirp3'" BMDMs infected with B. cereus were similar (Appendices for
Chapter 3 Fig. 3.1d,e), confirming that the production of inflammasome-independent
cytokines was not affected by the absence of NLRP3. Further, pharmacological blockade of
NLRP3 using the small molecule inhibitor MCC950 23, impaired activation of caspase-1,
secretion of IL-1b and IL-18, and pyroptosis in WT BMDMs infected with B. cereus or

stimulated with LPS plus ATP (Appendices for Chapter 3 Fig. 3.1f).

Formation of the ASC speck is a hallmark of inflammasome activation ?’. Indeed, | found that
NIrp3'" BMDMs had an impaired ability to generate ASC specks in response to stimulation
with the supernatant of B. cereus or infection with live B. cereus bacteria, but not in response

to transfected dsDNA poly(dA:dT) (Fig. 3.1f). These results collectively suggested that a new
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secreted factor produced by the foodborne pathogen B. cereus induces activation of the

NLRP3 inflammasome.
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Figure 3.1 ¥ A secreted factor of B. cereus activates the NLRP3 inflammasome. (a)
Immunoblot analysis of pro-caspase-1 (Casp-1) and the caspase-1 subunit p20 (p20) and
GAPDH (loading control) in wild-type (WT) BMDMs left untreated (medium alone [Med]) or
assessed at various times after infection with C. rodentium (C. rod), E. coli, F. novicida (F.
nov), P. aeruginosa(P. aer), S. Typhimurium (S. Typ), S. flexneri (S. flex), B. cereus (B. cer),
L. monocytogenes (L. mono), S. epidermidis (S. epi), S. pneumoniae (S. pneu), S. pyogenes
(S. pyo) (top) or after stimulation with the supernatant (Sup) of the corresponding bacteria
(bottom). (b) Release of IL-1 b ( t o p-18 (middle), ahd_death (bottom) of BMDMs after
treatment as in (a). (¢) Immunoblot analysis of caspase-1 and GAPDH in WT or mutant
BMDMs left untreated or assessed 2 hr after stimulation with the supernatant of B. cereus
(Sup) (left) or 3 hr after infection with B. cereus (MOI, 5; right). B. cereus ATCC 14579 is used
throughout unless otherwise stated. (d) Release of IL-1 b ( t o p-18 (maiddld), ahdL.death
(bottom) of BMDMs after treatment as in (c). (e) Microscopy analysis of the death of BMDMs
after treatment as in (c). (f) Confocal microscopy analysis of ASC (red) in WT and Nlirp3'”
BMDMs left untreated or assessed 2 hr after stimulation with the supernatant of B. cereus
(Sup), 3 hr after infection with B. cereus (MOI, 5), or 5 hr after transfection with poly(dA:dT)
(left). Quantification of the prevalence of ASC inflammasome speck (right). At least 200
BMDMs from each genotype were analysed. Scale ba
dead cells (e) or inflammasome specks (f). NS, not statistically significant, ***P < 0.001 and
***+*P < 0.0001 (one-way analysis of variance [ANOVA] wi t h  Du n n-eotnpafsens mu |l t i p
test [d]; two-tailed t-test [f]). Data are representative of three independent experiments (a-f;

mean and s.e,m. in b, d and f).
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3.4.2 The inflammasome-activating secreted factor is a heat-sensitive protein of 30-50

kDa in size

To investigate the biological nature of the unknown inflammasome-activating factor, |
stimulated WT BMDMs with the supernatant of B. cereus treated with 100 C heat, proteinase
K, DNase, or RNase. Treatment with heat or proteinase K, but not with DNase or RNase,
abolished the ability of the supernatant of B. cereus to engage activation of caspase-1,
secretion of IL-1b and IL-18, and cell death in WT BMDMs (Fig. 3.2a). Further, treatment of
the supernatant with heat revealed that the supernatant heated to 50 C, but not 75 C,
retained its ability to activate inflammasome responses (Appendices for Chapter 3 Fig.
3.2a,b). Consistent with this finding, heat-killed or paraformaldehyde-fixed B. cereus bacteria
were unable to induce activation of caspase-1, secretion IL-1 b a nl1@, andLlcell death in
BMDMs (Fig. 3.2b), suggesting that the bacteria must be viable, secreting a heat-sensitive

proteinaceous factor that engages activation of the NLRP3 inflammasome.

| used filter-mediated size-fractionation techniques to separate components in the supernatant
to further investigate the size-range of the inflammasome-activating factor. The supernatant
fraction of >9 kDa, but not <9 kDa, induced activation of caspase-1, secretion of IL-1b and IL-
18, and cell death in unprimed or LPS-primed WT BMDMs (Fig. 3.2ci e). | found the fraction
of >30 kDa, but not <30 kDa, was required to activate the NLRP3 inflammasome (Fig. 3.2ci
e). Further, the size fraction of <50 kDa, but not >50 kDa, potentiated activation of the NLRP3
inflammasome (Fig. 3.2ci e). Collectively, these findings suggested that a heat-sensitive
proteinaceous factor of 30-50 kDa secreted by B. cereus is a potent activator of the NLRP3

inflammasome.
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Figure 3.2 %The inflammasome-activating factor is a heat-sensitive protein of 30-50 kDa
in size. (@) Immunoblot analysis of caspase-1 (left), the release of IL-1 b ( mtleft) dnd -

18 (middle-right), and death (right) of WT BMDMs left untreated (Med) or assessed 2 hr after
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stimulation with the supernatant of B. cereus (Sup), supernatant heated to 100 C (Heat Sup),
or supernatant treated with Proteinase K (ProtK), DNase or RNase. (b) Immunoblot analysis
of caspase-1 (left), the release of IL-1 b ( mHefd dnd k&-18 (middle-right), and death (right)
of WT or NiIrp3'" BMDMs left untreated or assessed 2 hr after infection of B. cereus (MOI, 5),
heat-killed B. cereus (HK), or paraformaldehyde-fixed B. cereus (PFA). (c) Immunoblot
analysis of caspase-1 of unprimed (left) and LPS-primed (right) WT or Nirp3'"BMDMs left
untreated or assessed 2 hr after stimulation with the size-fractionated supernatant. (d)
Release of IL-1 b (| e f-18)midale),candldéath (right) of unprimed and LPS-primed WT
and NIrp3'" BMDMs after treatment as in (c). (€) Microscopy analysis of the death of BMDMs
treated as in (c). Scale bar, 20 em (e). Arrowhe
significant, *P < 0.05, *P < 0.01, **P < 0.001 and ****P < 0.0001 (one-way analysis of
variance [ANOVA] with Dunn e t t 6 s -comparisonsptdstda, b]; two-tailed t-test [d]). Data

are representative of three independent experiments (a-e; mean and s.e.m. in a, b, d).

3.4.3 The inflammasome-activating secreted factor is highly prevalent in B. cereus

strains

To unravel the identity of the secreted factor, | comprehensively profiled a collection of 46
strains of B. cereus, isolated either from human or environmental sources, for their ability to
activate the inflammasome (Appendices for Chapter 3 Table 1). The supernatant produced
from 91% (42/46) of the strains triggered activation of caspase-1 and secretion of IL-1b and
IL-18 in WT BMDMs (Fig. 3.3a,b), suggesting that the secreted factor is highly prevalent
amongst B. cereus isolates. Notably, NIrp3'" BMDMs did not undergo activation of caspase-
1 or release of IL-1b and IL-18 in response to the supernatant of any strains (Fig. 3. 3a,b),
suggesting that NLRP3 is the cytosolic sensor driving inflammasome-mediated immune
detection of this bacterial species. | further confirmed this observation and infected WT and

Nirp3'" BMDMs with all 46 strains of live B. cereus. These extensive analyses revealed that
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the same 42 strains of B. cereus from which the inflammasome-activating supernatant were
generated, were capable of inducing activation of the NLRP3 inflammasome (Appendices for

Chapter 3 Fig. 3.3a,b).

The 4 bacterial strains and their corresponding supernatant that were unable to induce
activation of the NLRP3 inflammasome also did not induce pyroptosis but retained the ability
to induce secretion of TNF (Fig. 3.3c and Appendices for Chapter 3 Fig. 3.3c). These results
suggested that the non-activating strains do not have a global defect in eliciting an
inflammatory response. The prevalence of a secreted factor amongst B. cereus isolates
capable of activating the inflammasome suggested that this phenotypic trait is largely
conserved across B. cereus strains. In addition,t he di stinction between an
activatingactandt ii mngB cegusalows twodlucidate key genetic and
proteomic differences to facilitate identification of this inflammasome-activating secreted

factor.

3.4.4 |dentification of the inflammasome-activating factor

B. cereus, a major cause of foodborne diseases, secretes multiple toxins, including the toxins
non-haemolytic enterotoxin (NHE), haemolysin BL (HBL), and Cytotoxin K ¥, Individual
components of the two tripartite toxins NHE (composed of A, B and C) and HBL (composed
of B, L1 and L), and the single-component toxin, Cytotoxin K, are all of 30-50 kDa in size
508,650-653 Real-time gPCR analysis was used to quantify the expression levels of each of these
components and found that inflammasome-activating strains of B. cereus expressed high
levels of the genes hblA, hblC and hblD, which encode for the HBL components, B, L, and L1
respectively (Fig. 3.3d). Remarkably, the non-activating strains did not express these gene
products (Fig. 3.3d). In addition, | did not observe any association between the expression

levels of genes encoding NHE-B and Cytotoxin K and the ability of the strains to activate the
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inflammasome (Appendices for Chapter 3 Fig. 3.3d). An antibody-mediated immunological
lateral flow assay called Duopath was used to further investigate the presence or absence of
HBL and NHE in the supernatant of inflammasome-activating and non-activating strains of B.
cereus. These analyses revealed that the supernatant of 42 inflammasome-activating strains,
but not the 4 non-activating strains, were positive for HBL (Fig. 3.3e and Appendices for
Chapter 3 Fig. 3.3e), whereas NHE was present in the supernatant of all 46 strains (Fig. 3.3e
and Appendices for Chapter 3 Fig. 3.3e). Indeed, immunoblotting analysis found that the
supernatant of inflammasome-activating strains were positive for the HBL components B, L1
and L,, whereas none of the non-activating strains were positive for HBL components (Fig.
3.3f). These data collectively highlighted that the secretion of the enterotoxin HBL is a feature

of inflammasome-activating, but not of non-activating, strains of B. cereus.
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Figure 3.3 % The inflammasome-activating factor is highly prevalent in B.

cereus isolates and is associated with isolates expressing HBL. (a) Inmunoblot analysis

of caspase-1 of LPS-primed WT or NIrp3'" BMDMs left untreated (Med) or assessed at
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various times after stimulation with filter-sterilised supernatant of overnight cultures of 46 B.
cereus strains or 5 hr after transfection with poly(dA:dT). The list of strains used is available
in Table S1. ATCC refers to ATCC 14579. (b) Release of IL-1 b(top) and IL-18 (bottom) of
LPS-primed WT or NIrp3'" BMDMs after treatment as in (a). (c) Cell death and release of TNF
of LPS-primed WT BMDMs after treatment as in (a). (d) Real-time gquantitative RT-PCR
analysis of the gene encoding the HBL components B (hblA), L. (hbIC), and L: (hbID) of
overnight culture of B. cereus, presented relative to that of the gene encoding 16S rRNA. (e)
Immunological lateral flow tests (Duopath) of NHE and HBL using LB broth (Med) or filter-
sterilised supernatant of overnight cultures of B. cereus isolates or S. Typhimurium (S. Typhi).
(f) Immunoblot analysis of the HBL components B, L1, and L. in the supernatant of overnight
cultures of B. cereus and silver stain of the total protein. Numerical IDs of B. cereus strains
unable to activate caspase-1 are colorised (a-f). CTRL, control (e), NS, not statistically
significant, (two-tailed t-test; B). Data are representative of three independent experiments (a-

f; mean and s.e.m. in b-d).

3.4.5 HBL is the secreted factor engaging activation of the inflammasome

The presence of HBL exclusively in inflammasome-activating but not in non-activating strains
suggested that this enterotoxin might be the secreted factor produced by B. cereus that led to
the activation of the NLRP3 inflammasome. To investigate this possibility, | infected WT and
NIrp3'" BMDMs with a strain of B. cereus carrying HBL and its isogenic mutant lacking all
three components of the HBL (ghbl B. cereus). Remarkably, | observed that the parental strain
and its supernatant induced activation of caspase-1, secretionIL-1 b a R18, arld pbyroptosis
in WT BMDMs, whereas the ahbl B. cereus and its supernatant failed to induce these
responses (Fig. 3.4a,b). Importantly, NIrp3'" BMDMs did not undergo activation of caspase-
1, secretionoflL-1 b a K18, arld pyroptosis in response to either the bacteria or supernatant

from WT or the ghbl B. cereus strain (Fig. 3.4a,b). Indeed, | confirmed that the ghbl B. cereus
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lacked the expression of HBL by Duopath, immunoblotting and real-time gRT-PCR analyses
(Fig. 3.4ci e). However, the ghbl B. cereus retained the expression of NHE and Cytotoxin K
(Fig. 3.4c and Appendices for Chapter 3 Fig. 3.4a). Both the parental and ghbl strains of B.
cereus induced similar levels of TNF (Fig. 3.4b), confirming that the HBL-dependent response

is specific to the NLRP3 inflammasome pathway.

| further neutralised the supernatant of B. cereus with antibodies specific to the three
components of HBL and assessed the ability of the supernatant to engage activation of the
inflammasome. | found that the supernatant treated with anti-HBL antibodies did not induce
activation of caspase-1, secretion of IL-1 b a R18, anld pyroptosis in WT BMDMs (Fig. 3.4f).
In addition, neutralisation of HBL did not impair the ability of the supernatant to stimulate the

production of TNF in WT BMDMs (Fig. 3.4f).

3.4.6 Deficiency of the related tripartite toxin NHE does not impair activation of the

NLRP3 inflammasome

To investigate potential functional redundancies between HBL and NHE in the activation of
the inflammasome, | infected WT and NIrp3'" BMDMs with B. cereus and its isogenic mutant
lacking NHE (gnhe B. cereus). | found that gnhe B. cereus or its supernatant retained the
ability to engage activation of the NLRP3 inflammasome (Fig. 3.4gi k). Indeed, gnhe B.
cereus expressed HBL and Cytotoxin K (Appendices for Chapter 3 Fig. 3.4b). Further,
treatment of the supernatant with anti-NHE neutralising antibody did not impair activation of
the inflammasome (Fig. 3.4l). However, addition of a neutralising antibody against HBL
abolished the ability of the supernatant from gnhe B. cereus to elicit inflammasome responses
(Appendices for Chapter 3 Fig. 3.4c). These studies collectively suggested that HBL, but

not NHE, is the secreted factor of B. cereus engaging activation of the NLRP3 inflammasome.
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Figure 3.4 ¥ HBL triggers activation of the NLRP3 inflammasome. (a) Immunoblot
analysis of caspase-1 of unprimed WT or NIrp3'" BMDMs left untreated (Med) or assessed 3

hr after infection with B. cereus ATCC 10876 (MO, 5) or its isogenic mutant lacking HBL ( bbl;
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[MOI, 5]) (left). Immunoblot analysis of caspase-1 of LPS-primed WT or Nirp3'" BMDMs left
untreated or assessed 2 hr after stimulation with the supernatant of B. cereus (Sup) o r hbkp
B. cereus supernatant (ghbl Sup) (right). (b) Release of IL-1 b ( | e f -18)(middle-tft), | L
death (middle-right), and release of TNF (right) of WT and NIrp3'" BMDMs after treatment as

in (a). (c) Immunological lateral flow tests (Duopath) of NHE and HBL using LB broth (Med) or
filter-sterilized supernatant of overnight cultures of B. cereus o r hbiB. cereus. (d) Immunoblot

analysis of the HBL components B, L, and L, in the supernatant of overnight cultures of B.

cereus o r hbiB. cereus, and silver stain of the total protein. (e) Real-time quantitative RT-
PCR analysis of the gene encoding hblA, hbIC, and hbID in overnight cultures of B. cereus or
ghbl B. cereus, presented relative to that of the gene encoding 16S rRNA. (f) Immunoblot
analysis of caspase-1 (left), the release of IL-1 b ( meft) diddL-18 (middle), death
(middle-right), and release of TNF (right) of LPS-primed WT BMDMs left untreated or
assessed 2 hr after stimulation with the supernatant of B. cereus (Sup) incubated with mouse
serum (serum) or supernatant incubated with anti-HBL antibodies (anti-HBL). (g) Immunoblot
analysis of caspase-1 of unprimed WT or NIrp3'" BMDM s left untreated or assessed 3 hr after
infection with B. cereus F837/76 (MOI, 5) or its isogenic mutant lacking NHE ( ghe; [MOI, 5])
(left). Immunoblot analysis of caspase-1 of LPS-primed WT or NiIrp3'" BMDMs left untreated
or assessed 2 hr after stimulation with the supernatant of B. cereus (Sup) o r nhepB. cereus
supernatant (gmhe Sup) (right). (h) Release of IL-1 b (| e f 18 (middre-kft), Idéath
(middle-right), and release of TNF (right) of WT and NIrp3'" BMDMs after treatment as in (g).
(i) Immunological lateral flow tests (Duopath) of NHE and HBL using LB broth (Med) or filter-
sterilized supernatants of overnight cultures of B. cereus o r nhepB. cereus. (j) Immunoblot
analysis of NHE-B in the supernatant of overnight cultures of B. cereus o r nhepB. cereus,
and silver stain of the total protein. (k) Real-time quantitative RT-PCR analysis of the gene
encoding nheB in overnight cultures of B. cereus o r nhepB. cereus, presented relative to that
of the gene encoding 16S rRNA. (I) Immunoblot analysis of caspase-1 (left), the release of IL-

16 ( mlefth dnd &.-18 (middle), death (middle-right), and release of TNF (right) of LPS-
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primed WT BMDMs left untreated or assessed 2 hr after stimulation with the supernatant of
B. cereus (Sup) incubated with isotype IgG1 or supernatant incubated with anti-NHE
antibodies (anti-NHE). Asterisks in (d) indicate non-specific bands. CTRL, control (c and i).
Each symbol represents an independent experiment (b, e, f, h, k, ). NS, not statistically
significant, *P < 0.05, *P < 0.01, **P < 0.001 and ***P < 0.0001 (two-tailed t-test [b, e, f, h,
k, I]). Data are representative of three independent experiments (a-l; mean and s.e.m. in b, e,

f, h, k, ).

3.4.7 Sequential assembly of HBL components is required to engage activation of the

inflammasome

The tripartite enterotoxin HBL is composed of a 37-41 kDa component B, a 38-42 kDa
component L;, and a 43-47 kDa component L, 598650652 | synthesized recombinant B, L; and
L, and added these components to WT and Nirp3'" BMDMs. | found that recombinant HBL
induced robust activation of caspase-1, secretion of IL-1 b a nl®, ahdlpyroptosis in WT
BMDMs, but not in NIrp3'" BMDMs (Fig. 3.5a). Treatment with heat or proteinase K, but not
DNase or RNase, abolished the ability of HBL to induce activation of inflammasome responses
(Appendices for Chapter 3 Fig. 3.5a), consistent with my findings that treatment with heat
or proteinase K abolished the ability of the supernatant of B. cereus to induce activation of the

NLRP3 inflammasome (Fig. 3.2a and Appendices for Chapter 3 Fig. 3.2a,b).

Importantly, individual components of HBL were unable to engage activation of the NLRP3
inflammasome (Fig. 3.5a). Addition of two of the three components in all possible
combinations was also unable to induce activation of the inflammasome (Fig. 3.5b). Further,
neutralisation of a single component, either B, L1 or Lz, using antibodies impaired activation of

the NLRP3 inflammasome induced by B. cereus supernatant (Fig. 3.5¢c). These results
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suggested that all three components of HBL were necessary to drive activation of the NLRP3

inflammasome.

A previous study has shown that B, L; and L, can bind sheep red blood cells independently of
one another %7, whereas another study has found that B, L; and L. assemble on Chinese
Hamster Ovary cells in a sequential manner °%, To investigate whether a specific order of
toxin component assembly is required to trigger activation of the NLRP3 inflammasome in
BMDMs, | added to BMDMs either with B, L, or L, for 30 min, followed by extensive washing
prior to addition of the remaining components. It was found that addition of B, followed by
Li+L, (B- Lit+Lo, where the arrow symbol indicates the washing step and the plus symbol
indicates 6added in concert 0)-1 secrdtionoklldl br odbruds tl lact
18, and pyroptosis (Fig. 3.5d). However, the order of L;- B+L,or L,- B+L; did not engage
activation of inflammasome responses (Fig. 3.5d). These findings indicated that component
B is the apical component required to initiate the assembly cascade of HBL and activation of

the NLRP3 inflammasome.

To identify the precise order of toxin assembly required to induce activation of the NLRP3
inflammasome, each component in the order of B- Li;- L, or B- L»- L1 were added to
BMDMs. Of the two orders, only B- Li- L, was identified to trigger activation of the
inflammasome (Fig. 3.5e). Therefore, a highly specific and linear order of HBL assembly is

required for successful engagement of the NLRP3 inflammasome.

3.4.8 Cytosolic access of HBL components is not required to engage activation of the

inflfammasome

Previous studies demonstrated that the anthrax lethal toxin of Bacillus anthracis, a
phylogenetic neighbour of B. cereus, can activate the NLRP1 inflammasome %7565 The

anthrax lethal toxin is composed of a protective antigen and lethal factor, whereby the
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protective antigen generates pores on the host cell membrane, through which the lethal factor
enters the cell cytoplasm, subsequently cleaving NLRP1b in mice and NLRP1 in rats to induce
activation of the inflammasome 7% To investigate whether activation of the NLRP3
inflammasome is mechanistically dependent on cytosolic access of HBL components, |
inhibited phagocytosis of macrophages using the actin-polymerisation inhibitor cytochalasin B
or cytochalasin D. Treatment of WT BMDMSs with cytochalasin B or cytochalasin D did not
impair the ability of HBL, the supernatant of B. cereus, or live B. cereus to induce activation of
the inflammasome (Appendices for Chapter 3 Fig. 3.5b,c). In contrast, treatment of WT
BMDMs with cytochalasin B or cytochalasin D impaired activation of the inflammasome by S.
Typhimurium (Appendices for Chapter 3 Fig. 3.5b,c), consistent with my previous findings
655 Further, | transfected B, L1, L2, or Li+L, into BMDMs and assessed the ability of these
components to induce activation of the inflammasome. Transfection of any of these toxin
components was unable to induce activation of caspase-1, secretion of IL-1 b a nl18, andL
pyroptosis, whereas transfection of flagellin sufficiently activated inflammasome responses
(Fig. 3.5f). These findings suggested that, unlike anthrax lethal toxin, cytosolic entry of HBL

components is not necessary to engage activation of the NLRP3 inflammasome.

To investigate whether HBL might transport LPS from the cell culture media into the cytoplasm
of BMDMs to activate caspase-11 when LPS was used as a priming agent in my experiments,
| stimulated LPS-primed WT and Casp11'" BMDMs with HBL and found that both WT and
Caspl11'" BMDMs underwent similar levels of caspase-1 activation, IL-1 b a R18 seérdtion,
and pyroptosis (Appendices for Chapter 3 Fig. 3.5d), confirming that HBL-induced activation
of the NLRP3 inflammasome is not owing to HBL-mediated transportation of LPS to activate

caspase-11 and the non-canonical inflammasome.
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Figure 3.5 ¥aRecombinant HBL components assemble sequentially to induce activation
of the NLRP3 inflammasome. (a) Immunoblot analysis of caspase-1 (left), the release of IL-

1b ( mleft) diiddL-18 (middle-right), and death (right) of LPS-primed WT or Nirp3'"
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BMDMs left untreated (Med) or assessed 3 hr after stimulation with recombinant HBL or
individual HBL components B, L1 or L. (b) Immunoblot analysis of caspase-1 (left), the release
ofIL-1 b ( mleft) dnbl k-18 (middle-right), and death (right) of LPS-primed WT BMDMs left
untreated or assessed 3 hr after stimulation with two components of HBL. (c) Immunoblot
analysis of caspase-1 (left), the release of IL-1 b ( meft) dnd ¢.-18 (middle-right), and
death (right) of LPS-primed WT BMDMs left untreated or assessed 2 hr after stimulation with
the supernatant of B. cereus (Sup) incubated with an antibody against either B, L1 or L, or
with mouse serum (serum). (d) Immunoblot analysis of caspase-1 (left), the release of IL-1 b
(middle-left) and IL-18 (middle-right), and death (right) of LPS-primed WT BMDMs left
untreated or treated with either B, L1 or L, for 30 min, followed by extensive washing (indicated

by the arrow symbol), and assessed 3 hr after addition of the remaining components. The plus
symboli ndi cat es 06 ad é)dndmunobiot analysiccf caspase-1 ((eft), the release
ofIL-1 b ( mtleft) dnd k-18 (middle-right), and death (right) of LPS-primed WT BMDMs left
untreated or treated with the indicated HBL components for 30 min, followed by extensive
washing in between (indicated by the arrow symbol), and assessed 3 hr after addition of the
last component. (f) Immunoblot analysis of caspase-1 (left), the release of IL-1 b ( mHefd d | e
and IL-18 (middle-right), and death (right) of LPS-primed WT BMDMs left untreated or
assessed 2 hr after transfection with one or two components of HBL, or after stimulation with
recombinant HBL, or after transfection with flagellin of S. Typhimurium. (g) Immunoblot
analysis of pan-cadherin, caspase-1 and HBL of unprimed WT BMDMs left untreated (Med)

or assessed 1 hr after stimulation with recombinant HBL or the supernatant of B. cereus (Sup).
Mem, membrane fraction; Cyto, cytosolic fraction. (h) Confocal microscopy analysis of CD11b
(green) and HBL-B (red) in unprimed WT BMDMs left untreated or assessed 1 hr after
stimulation with the individual component HBL-B. Sc al e bar , 10 em (h); NS,
significant, **P < 0.01, **P < 0.001 and ****P < 0.0001 (two-tailed t-test [a] or one-way analysis

of variance [ ANOVA] -eoingatsonDtesh[b-&))t Datd are rapoekentatipel e

of three independent experiments (a-h; mean and s.e.m. in a-f).
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3.4.9 HBL components assemble on the macrophage cell membrane to induce pores

and cell lysis

My size-fractionation studies revealed that only the supernatant fraction carrying proteins of
30-50 kDa in size was capable of inducing activation of the NLRP3 inflammasome (Fig. 3.2ci
e). This important observation excluded the possibility that HBL forms a bipartite or tripartite
toxin complex in solution, resulting in a complex greater than 50 kDa in size, which
subsequently binds to the plasma membrane of BMDMs (Fig. 3.2cT e). Binding studies further
supported the idea that an apical component must bind to the plasma membrane prior to the
next component being recruited (Fig. 3.5d,e). Indeed, the cell-membrane and cytosolic
fractions were separated from BMDMs stimulated with HBL or the supernatant of B. cereus
and found that HBL components remained in the cell-membrane fraction (Fig. 3.5g). Further,
confocal microscopy and immunofluorescence staining revealed that HBL and the cell surface

marker CD11b co-localised on the membrane of BMDMs (Fig. 3.5h).

To identify the mechanisms of action for HBL on the cell membrane, liposomes composed of
cholesterol and the lipid species DPPC, DSPC and DOPC were synthesised, mimicking the
mammalian cell membrane %8, Encapsulation of methylene blue dye into the lumen of
liposomes, helped to investigate the ability of HBL to induce pores in the liposomal membrane
that would result in leakage of the dye (Fig. 3.6a). Remarkably, addition of HBL induced robust
leakage of the liposome-encapsulated dye. The liberated dye can be captured by dye-
capturing resins, removing free-floating dye in the solution (Fig. 3.6a). Sonication of the
liposome (control) resulted in a similar level of leakage of the dye compared with liposomes
treated with HBL (Fig. 3.6a). Importantly, heat-inactivated HBL, individual components of HBL,
or bovine serum albumin (BSA) did not induce release of the dye from the liposome (Fig.
3.6a). Addition of liposomes to HBL sequestered the toxin and completely abolished the ability
of HBL to induce activation of caspase-1, secretion of IL-1 b a nR18, ardIpyroptosis in WT

BMDMs (Fig. 3.6b).
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The observations that HBL has the capacity to insert into liposomal membranes led me to use
bioinformatic tools to search for transmembrane regions in HBL components, which might
provide insights into their ability to target the cell membrane. A putative transmembrane region
corresponding to residues 232 to 250 was found in the protein sequence of component B
(Appendices for Chapter 3 Fig. 3.6a,b). This analysis is consistent with a previous study
reporting the presence of a transmembrane region in component B 3. Two putative
transmembrane regions were identified in component L1, corresponding to residues 243 to
261, and residues 329 to 347 (Appendices for Chapter 3 Fig. 3.6a,c). Of these three
transmembrane regions, the transmembrane region of the B component is an amphipathic
helix (Appendices for Chapter 3 Fig. 3.6b). Indeed, the transmembrane helix of B contains
a highly conserved proline residue, which is presentin  t r a n s me-helicesaamd@ssditial
for inducing hinge or distortion in the membrane helix for normal functioning of certain
transmembrane channels ®¢-%%°, A signal peptide in the N-terminus of B, L; and L, was also
identified (Appendices for Chapter 3 Fig. 3.6a), confirming the secretory nature of these HBL

components.

No studies have reported visualisation of a toxin pore induced by HBL. To investigate whether
HBL can induce pore formation in cell membrane, | used Cryo-transmission electron
microscopy (Cryo-TEM) technique on liposomes treated with recombinant HBL. | found
distinct pores in the membrane of liposomes treated with HBL, whereas the membrane of
untreated liposomes remained fully intact (Fig. 3.6c). To demonstrate HBL-mediated lysis of
the cell membrane in macrophages, | stimulated WT BMDMs with HBL or the supernatant of
B. cereus and visualised the cell membrane using Scanning Electron Microscopy. Untreated
BMDMs exhibited a prominent cell body carrying substantial amounts of membrane ruffles
and projections (Fig. 3.6d and Appendices for Chapter 3 Fig. 3.7). In contrast, BMDMs
treated with HBL or the supernatant of B. cereus lost their cell shape and membrane ruffles
and projections (Fig. 3.6d and Appendices for Chapter 3 Fig. 3.7). The morphological

features of these cells included cytoplasm flattening and cell rounding, with the corpse of
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pyroptotic cells marked by a centralised nucleus in a deflated cell body (Fig. 3.6d and
Appendices for Chapter 3 Fig. 3.7). Similarly, the membrane integrity and cell shape of
BMDMs infected with B. cereus were compromised (Fig. 3.6d and Appendices for Chapter
3 Fig. 3.7). | also observed phagocytosed bacteria being expelled following membrane rupture
(Fig. 3.6d), consistent with previous findings ®%°¢°, Transmission Electron Microscopy further
revealed a loss of cytoplasmic content and nuclear condensation in BMDMs stimulated either

with HBL or the supernatant of B. cereus (Fig. 3.6e).

To investigate whether the toxin can directly induce a rupture of the cell membrane, |
monitored, using IncuCyte and uptake of SYTOX green nuclear stain that penetrates
compromised membranes, the dynamics of the viability of WT and NIrp3'" BMDMs exposed
to a low and high concentration of HBL. A low concentration of 5 nM HBL induced cell death
in WT BMDMSs, but not in NIrp3'" BMDMs (Appendices for Chapter 3 Fig. 3.8a). This
concentration sufficiently triggered activation of caspase-1, cleavage of GSDMD, secretion of
IL-1 b a nl8, ardIpyroptosis in BMDMs (Appendices for Chapter 3 Fig. 3.8a). However,

a high concentration of 0.5 &M HBL inbHNwp3%d very
BMDMs within 20 min (Appendices for Chapter 3 Fig. 3.8a). In addition, a high concentration
of HBL induced rapid release of LDH without inducing activation of caspase-1 and secretion
of IL-1 b a nlB (Apbpendices for Chapter 3 Fig. 3.8b). In addition, | observed that in
response to HBL treatment, BMDMs lacking the full pore-forming ability of the pyroptotic factor
gasdermin D (Gsdmd105N/1105N) 574.661.662 had an impaired ability to secrete IL-1 b a R18 and L
undergo cell death at 1 and 2 hr, compared with WT BMDMs (Appendices for Chapter 3 Fig.
3.9a,b). Collectively, these findings indicated that HBL binds and orchestrates disruption of
the cell membrane, leading to rapid cell lysis or activation of the NLRP3 inflammasome in a

manner dictated by the bioavailability and concentration of HBL.
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Figure 3.6 ¥HBL induces pores on the host cell membrane. ((a) Colorimetric analysis of
liposomes left untreated (UT), sonicated for 5 min at 100 amplitude (CTRL), or assessed 30

min after stimulation with individual HBL components, heat-inactivated HBL, HBL, buffer, or
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BSA. The absorbance (OD) of residual dye was measured at 595 nm. (b) Immunoblot analysis
of caspase-1 (left), the release of IL-1 b ( mHleft) dnd Kk-18 (middle-right), and death (right)
of WT BMDMs left untreated or assessed 3 hr after stimulation with recombinant HBL in
presence or absence of liposomes (lipo.). (c) Cryo-EM analysis of liposomes left untreated or
assessed 1 hr after stimulation with recombinant HBL. Images (left) and quantification of
percentages of liposomes (right) exhibiting membrane pores in untreated liposomes (n=469)
and HBL-treated liposomes (n= 814). (d) Scanning electron microscopy analysis of WT
BMDMs left untreated or assessed 3 hr after infection with B. cereus (MOI, 5), showing
attachment of B. cereus to BMDMs or dead BMDMs. Scanning electron microscopy analysis
of LPS-primed WT BMDMs assessed 3 hr after stimulation with HBL. (e) Transmission
electron microscopy analysis of WT BMDMs left untreated or assessed 3 hr after stimulation
with HBL or 2 hr after stimulation with the supernatant of B. cereus (Sup). Scale bar, 50 nm
(c), 2 ¢ neEachdymhohrdpresepts an independent experiment (a-c). **P <0.01, ***P
<0.001 and ***P < 0.0001 (one-way analysis of wvariance [-ANOVA]
comparisons test [a] or two-tailed t-test [b and c]). Data are representative of one (d and e),

two (c), or three independent experiments (a and b; mean and s.e.m. in a-c).

3.4.10 HBL-induced activation of the inflammasome requires K* efflux

Pore-forming toxins have the capacity to alter intracellular homeostasis. Indeed, efflux of K*
has been proposed to be a central mechanism by which the NLRP3 inflammasome can be
activated %, | used Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) to
measure intracellular concentration of K* in WT BMDMs stimulated with HBL and the
supernatant of B. cereus. Remarkably, treatment of HBL and the supernatant of B. cereus led
to significant reduction of cytosolic concentration of K* in WT BMDMs similar to that observed
in seen in BMDMs treated with the classical NLRP3 activator LPS+ATP (Appendices for

Chapter 3 Fig. 3.10a). | further observed that addition of extracellular K* inhibited activation
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of the inflammasome in a dose-dependent manner in response to recombinant HBL, the
supernatant of B. cereus or B. cereus (Appendices for Chapter 3 Fig. 3.10b,c). Addition of
extracellular K™ also inhibited activation of the inflammasome by LPS+ATP (Appendices for
Chapter 3 Fig. 3.10b,c), consistent with previous studies 133664665 Tq rule out the possibility
that addition of extracellularK*can i nter fere with HBthe mendbranends abi
and activate the inflammasome, | conducted immunofluorescence analysis of membrane
binding ability of the apical subunit HBL-B. Indeed, confocal analysis revealed that addition of
extracellular K* had no effect on membrane binding ability of subunit B (Appendices for
Chapter 3 Fig. 3.10d). In contrast, the intracellular concentration of the K* counterpart Na*
was found to be unaltered upon treatment with HBL, the supernatant of B. cereus and
LPS+ATP, and that addition of extracellular Na* did not inhibit activation of the inflammasome
in response to HBL or LPS+ATP (Appendices for Chapter 3 Fig. 3.10ei g). These data

suggest that HBL induced efflux of K* is sufficient to activate the inflammasome.

3.4.11 Pharmacological inhibition of the NLRP3 inflammasome prevents B. cereus-

induced lethality

| further investigated the role of the NLRP3 inflammasome in host defense against B. cereus
infection in vivo. To this end, WT, NIrp3'", and Casp1/11'" mice were infected with B. cereus
via an intraperitoneal (i.p.) route and monitored for their susceptibility to infection. Only 40%
(10/25) of the WT mice survived the infection, whereas 92% (12/13) of the NIrp3'" mice and
81% (13/16) of the Casp1/11'" mice survived (Fig. 3.7a). Analysis of the serum showed that
NIrp3'"" and Caspl/11'"" mice had a reduced level of IL-18 following infection with B. cereus
compared to infected WT mice (Fig. 3.7b). Similarly, administration of the supernatant of B.
cereus induced IL-18 in the serum of WT mice; levels of IL-18 in NIrp3'" and Casp1/11'" mice

were significantly reduced (Fig. 3.7¢).
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To confirm a role for HBL in the pathogenesis of B. cereus infection in vivo, | infected WT mice
either with WT or ghbl B. cereus. A higher percentage of WT mice survived when infected with
ghbl B. cereus (87%, 13/15) compared to mice infected with WT B. cereus (25%, 4/16) (Fig.
3.7d). Further, | observed that WT mice infected with ghbl produced substantially less I1L-18
in the peritoneal fluid and serum compared with WT mice infected with WT B. cereus (Fig.

3.7e,f).

Given that activation of the NLRP3 inflammasome in response to B. cereus infection resulted
in rapid lethality in mice (Fig. 3.7a), | hypothesised that pharmacological blockade of the
NLRP3 inflammasome would yield a beneficial outcome in the host. To this end, | treated WT
mice with the small molecule inhibitor MCC950 or with PBS, the first dose administered 1 hr
prior to the infection and the second dose administered at the same time as the infection. All
(14/14) of the MCC950-treated mice survived the infection, whereas only 23% (3/13) of the
PBS-treated mice survived (Fig. 3.79g), suggesting that MCC950-mediated inhibition of the
NLRP3 inflammasome completely protected WT mice from B. cereus-induced lethality.
Further, administration of MCC950 to WT mice infected with B. cereus attenuated secretion
of IL-18 in the peritoneal cavity and circulation, whereas administration of PBS did not (Fig.
3.7h,i). This observation is supported by my finding demonstrating the potency of MCC950 in
inhibiting activation of the NLRP3 inflammasome in BMDMs infected with B. cereus
(Appendices for Chapter 3 Fig. 3. 1f). Together, these results highlighted that B. cereus
infection induces activation of the NLRP3 inflammasome in vivo and that therapeutic blockade

of the NLRP3 inflammasome efficiently rescued mice from B. cereus-induced mortality.
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Figure 3.7 ¥ The NLRP3 inflammasome mediates lethality induced by B. cereus
infection in vivo. (a) Survival of 8-week-old WT mice (n = 25), NIrp3'" mice (n = 13),
Casp1/11'" mice (n = 16), after intraperitoneal infection with 5 x 10° colony-forming units
(CFUs) of B. cereus. (b) Concentration of IL-18 in the serum of WT mice (n = 14), Nirp3'"
mice (n = 12), Casp1/11'" mice (n = 14), 16 hr after intraperitoneal infection with 7.5 x 108
CFUs of B. cereus. (c) Concentration of IL-18 in the serum of WT mice (n = 28), NIrp3'" mice

(n = 15), Casp1/11'" mice (n = 35), 16 hr after intraperitoneal injection with 200 n of the
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supernatant of B. cereus (Sup). (d) Survival of 8-week-old WT mice (n = 16) after
intraperitoneal injection with 5 x 10°® CFUs of B. cereus ATCC 10876 or of WT mice (n = 15)
after intraperitoneal injection with 5 x 10° CFUs of the isogenic mutant of B. cereus ATCC
108761 a ¢ ki n ghblH @)LCor(captration of IL-18 in the peritoneal fluid of WT mice (n =
14), 3 hr after intraperitoneal infection with 7.5 x 10® CFUs of B. cereus or of WT mice (n =
14), 3 hr after intraperitoneal infection with 7.5 x 10 CF U s  hblIB. cepeus. (f) Concentration
of IL-18 in the serum of WT mice (n = 10), 16 hr after intraperitoneal infection with 7.5 x 10°
CFUs of B. cereus or of WT mice (n = 15), 16 hr after intraperitoneal infection with 7.5 x 10°
CF Us hblfB. cgueus. (g) Survival of 8-week-old WT mice administered with PBS (n = 13)
or WT mice administered with 50 mg/kg MCC950 (n = 14), both via an intraperitoneal route,
followed by intraperitoneal infection with 5 x 10°®° CFUs of B. cereus with a corresponding
second dose of PBS or 50 mg/kg MCC950. (h) Concentration of IL-18 in the peritoneal fluid
of WT mice administered with PBS (n = 13) or WT mice administered with MCC950 (n = 14)
as in (g), 3 hr after infection with 7.5 x 106 CFUs of B. cereus. (i) Concentration of IL-18 in the
serum of WT mice administered with PBS (n = 13) or WT mice administered with MCC950 (n
=17) asin (g), 6 hr after infection with 7.5 x 10® CFUs of B. cereus. Each symbol represents
an individual mouse (b, ¢, €, f, h, i). **P <0.01, ***P < 0.001, and ***P < 0.0001 (log-rank test
[a, d and g] or one-way analysis of variance [ANOV A] wi t h Du nrcaongparisofss mul t i
test [b and c] or two-tailed t-test [e, f, h and i]). Data are pooled from two independent

experiments (a, b, and d-i) or from three independent experiments (c, s.e.m. inb, ¢, e, f, h and

).

3.5 Discussion

Activation of the inflammasome pathway is one of the hallmarks of innate immune recognition
of pathogens and danger signals. It has been shown that cytosolic bacteria, such as F.

novicida and L. monocytogenes, must escape the pathogen-containing vacuole to the
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cytoplasm of the host cell in order to induce activation of cytosolic inflammasome sensors
27,259,368.666  However, the mechanisms governing how secreted bacterial factors are detected
by innate immune sensors in the cytosol in the absence of bacterial invasion have remained

largely unknown.

My studies revealed that the multi-component toxin HBL produced by the foodborne pathogen
B. cereus is recognised by the cytosolic sensor NLRP3 (Appendices for Chapter 3 Fig. 3.11).
Identification of a role for the inflammasome in B. cereus infection and the specific microbial
activator triggering inflammasome responses have several important implications. B. cereus
is a ubiquitous spore-forming foodborne pathogen of humans. Ingestion of toxins secreted by
B. cereus is sufficient to result in vomiting and/or diarrhoea 7, suggesting that toxins of B.
cereus are strong inducers of gastrointestinal inflammation. In addition, B. cereus can cause
a range of often-lethal extra-gastrointestinal infections, including sepsis, pneumonia, and
meningitis 448, Despite the clinical importance of B. cereus in humans, little is known about the

role of the immune system in host defense against this pathogen.

In addition to inflammasome inhibition, administration of small-molecule inhibitors or antibody-
mediated neutralisation against HBL of B. cereus might prevent lethality. Indeed, previous
studies have shown that pharmacological inhibition or antibody-mediated neutralisation
against the anthrax toxin can prevent lethal infection by B. anthracis 85 These studies
would suggest that targeting bacterial toxins could be a highly effective and universal strategy

in the prevention and treatment of infection by toxin-producing bacteria.

My studies revealed that component B of HBL is the apical subunit initiating assembly of the
HBL pore on cell membrane, followed by recruitment of L; and L. | hypothesise that
attachment of B on the macrophage cell membrane induces a conformation change that
enables recruitment of L. Indeed, a previous study have suggested that B can oligomerise on

the cell membrane . L1 might also anchor to the cell membrane owing to its two putative
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transmembrane helices, forming a stable B-Li platform mediating the recruitment of the final

component, La.

Previous studies have shown that both HBL and NHE are tripartite pore-forming toxins 56507,
The structure of HBL-B °** and NHE-A *'* have been elucidated, showing that both are a-pore-
forming toxins. My data revealed that HBL-induced activation of the NLRP3 inflammasome
requires K* efflux. A previous study has shown that the NHE pore is also permeable to K* 7.
The NHE pore has a predicted diameter of 5 nm ¢’° whereas the HBL pore has a diameter of
1.2 nm °%, The different diameters of the pores between HBL and NHE might affect their

overall ion selectivity, and therefore, their ability to induce activation of the inflammasome.

In conclusion, this study identified NLRP3 as the cytosolic innate immune sensor of the human
foodborne pathogen B. cereus. This study also identified the multi-component toxin HBL as
an activator of the NLRP3 inflammasome and a virulence factor which drives infammasome-
mediated lethality in vivo. My results further highlight that pharmacological inhibition of

inflammasomes is a highly effective therapeutic option in potentially lethal bacterial infections.
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4.1 Preface

This chapter consists primarily of a publication in Nature Communications, of which | was

the co-first author with Daniel Fox (PhD student) from the lab.

Fox, D*, Mathur, A*, Xue, Y, Liu, Y, Tan, WH, Feng, S, Pandey, A, Ngo, C, Hayward, JA,
Atmosukarto, Il, Price, JD, Johnson, MD, JeRRberger, N, Robertson, AAB, Burgio, G, Tscharke,
DC, Fox, EM, Leyton, DL, Kaakoush, NO, Martlbauer, E, Leppla, SH, & Man, SM (2020).
Bacillus cereus non-haemolytic enterotoxin activates the NLRP3 inflammasome. Nature

Communications, 11:760. *Co-first authors

As the nominal first author, | generated greater than fifty percent of the content. My

contributions to the publication was as follows:

A Planning, design and execution of experiments outlined in Main figures: 4.1d,e; 4.2b,d;
4.3b,c,e-h; 4.4a-e; 4.5b,c,e,g,h,i; 4.6a-h; and Appendices chapter 4 figures: 4.1a,b,g,h;
4.2a-e; 4.3a-e; 4.4a-c; 4.5e,f, 4.6¢c-e; 4.7a-c; 4.9a,b.

A Interpretation and analysis of results and compilation of figures listed above.

A Wrote the first draft of the manuscript.

A Edited subsequent versions of the manuscript and addressed comments from co-authors

and external peer reviewers with assistance from senior author Prof. Si Ming Man.

I would like to take this opportunity to thank my co-authors on this publication, whose

contributions are as follows:
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Author initials

Figure

Contribution

D.F. (Co-first
author)

Y.X.and Y.L.

W.H.T.

C.N.

S.F.

A.P.
J.AH.

N.O.K.

I.ILA. and
J.D.P.

M.D.J., D.L.L.,
N.J., E.M.,
A.AB.R., G.B,,
D.C.T., EM.F.
and S.H.L.
S.M.

Main figures: 4.1a-c; 4.2a-c,e;
4.3a,d,h; 4.4f,9; 4.5f, 4.6a-h

Appendices chapter 4 figures:
4.1a,c,e,f; 4.3f, 4.4d; 4.5a-d;
4.6a,b; 4.8 (figure compilation);
411

Main figures: 4.3e,f; 4.5a,f;

Appendices chapter 4 figures:
4.8a-c

Main figures: 4.3c; 4.5c-€;

Appendices chapter 4 figures:
4.8a-c, 4.10a-d

Appendices chapter 4 figures:
4.1d; 4.8a

Appendices chapter 4 figures:
4.3f

Main figure: 4.4g

Appendices chapter 4 figures:
4.8a; 4.10a

Main figures: 4.3g, 4.5b

Appendices chapter 4 figures:
4.10c

Main figures: 4.4a-e; 4.5h,i

Drew the Appendices chapter 4
Figure 4.11 (assisted by D.F.)

Executed experiments, performed
analysis and compilation of listed
figures. Wrote the abstract,
introduction, materials and methods
sections of the manuscript.

Executed experiments, performed
analysis and generated data for the
listed figures under my mentorship.

Prepare SEM and TEM samples
post fixing of samples by me.
Visualisation and compilation of
listed figures was done by me.
Assisted with protein production of
NHE (4.8a-c). Executed
experiments, performed analysis
and compilation of Fig. 4.10a-d.

Executed isolation of RNA and qRT-
PCR experiments, generated data,
interpretation and compilation of the
listed figures. Bioinformatics
analysis was conducted for 4.8a.
Assisted in collection of serum and
peritoneal fluid from mice.

Executed experiments, performed
analysis and compilation of the
listed figures.

Assisted in collection of serum and
peritoneal fluid from mice.

Assisted in image acquisition.

Designed the plasmids for the study.

Designed and executed
experiments, performed analysis
and generated data for the listed
figures. Interpretation and
compilation of the listed figures was
done by me.

Synthesised liposomes for the listed
figures.

Provided resources and intellectual
input.

Overall supervision and
conceptualisation of the study.
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4.2 Introduction

Bacillus cereus is a clinically important human foodborne pathogen. This Gram-positive and
rod-shaped bacterium is found ubiquitously in the environment and in undercooked and
processed food products 48, Ingestion of B. cereus endospores often leads to germination
and propagation of viable vegetative cells in the human gastrointestinal tract, which may lead
to emetic and diarrhoeal syndromes largely depending on the production of enterotoxins 00501,
Of concern is the potential for B. cereus to cause often-fatal extra-gastrointestinal disease in
immune-compromised patients, including systemic bacterial septicaemia, ocular infections,
anthrax-like pneumonia, cutaneous gas-gangrene like infections, and infections of the central

nervous system 448,

Of particular interest is that B. cereus isolates which lack HBL can cause inflammation and
disease in humans 59671672 syggesting that other non-redundant virulence factors are critical
in the pathogenesis of this pathogen. | have previously shown that a multicomponent toxin of
B. cereus called haemolysin BL (HBL) can induce activation of the NLRP3 inflammasome via
a mechanism independent of entry to the host cell cytoplasm 83, Here, non-haemolytic
enterotoxin (NHE) of B. cereus was identified to induce activation of the NLRP3 infammasome
and pyroptosis via a mechanism targeting the plasma membrane of host cells. This study also
demonstrates that NHE subunits assembled to form a functional pore, driving efflux of
cytosolic potassium. This toxin kills cell types from multiple lineages and host origin,
highlighting its functional repertoire in different host species. My results reveal that multiple
functionally conserved toxins from B. cereus are targeted by a single inflammasome to initiate
inflammation and cell death in the host. This host strategy offers a single pathogen sensor the
flexibility to mediate the recognition of functionally conserved toxins, often produced by
phylogenetically diverse bacterial species or even within different strains of a single bacterial

species.
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4.3 Material and Methods

4.3.1 Cell Lines

CaCo-2 cells were cultured for 3 days in EMEM (670086, ThermoFisher Scientific)
supplemented with 20% FBS, and 1% penicillin and streptomycin. CT26, Jurkat, RMA-S, and
THP-1 cells were cultured for 3 days in RPMI-1640 (11875093, ThermoFisher Scientific)
supplemented with 10% FBS, and 1% penicillin and streptomycin. HEK293T and HT-29 cells
were cultured for 3 days in DMEM supplemented with 10% FBS, and 1% penicillin and
streptomycin. L-929, LS 174T, MDCK and Vero cells were cultured for 3 days in EMEM
supplemented with 10% FBS, and 1% penicillin and streptomycin. K-562 cells were cultured
for 3 days in IMDM (12440053, ThermoFisher Scientific) supplemented with 10% FBS, and
1% penicillin and streptomycin. MC-38 cells were cultured for 3 days in DMEM supplemented
with 10% FBS, 1% non-essential amino acids (11140050, Gibco ThermoFisher Scientific), 1%
HEPES (15630080, Gibco ThermoFisher Scientific), and 1% penicillin and streptomycin.
MutuDCs were cultured for 3 days in IMDM supplemented with 10% FBS, 1% sodium
bicarbonate (25080094, Gibco ThermoFisher Scientific), 1% HEPES, and 1% penicillin and
streptomycin. U266B1 cells were cultured for 3 days in RPMI supplemented with 15% FBS,
and 1% penicillin and streptomycin. Cells were seeded in antibiotic-free media at a

concentration of 0.5 x 10° cells per well in 24-well plates.

4.3.2 Bacterial Culture

B. cereus was grown in Luria-Bertani (LB) media (244620, BD) overnight under aerobic
conditions at 30 "C ¢, The Bacillus strains used in this study are listed in (Table 2.4).
Salmonella enterica serovar Typhimurium was grown in LB media overnight under aerobic
conditions at 37 C. The next day, all bacteria were subcultured (1:10) in fresh media for 3-4

hr.
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4.3.3 Stimulation of BMDMs with Bacteria and Inflammasome Activators

Unprimed BMDMs were infected with WT or ghbl B. cereus at multiplicity of infection (MOI) of
2-5 for 3-20 hr for inflammasome activation; BMDMs were infected with ghbl B. cereus at MOI
of 2 for 0-60 min for plkB, IkB, pERK, ERK, NLRP3 and GAPDH protein levels. To activate
the canonical NLRP3 inflammasome, BMDMs were primed with 500 ng/ml ultrapure LPS from
E. coli (ALX-581-014-L002, Enzo Life Sciences) for 4 hr and stimulated with 5 mM ATP
(10127531001, Roche) for 45 min. To activate the NLRC4 inflammasome, BMDMs were
infected with S. Typhimurium at MOI of 2 for 4 hr. Ultrapure flagellnwa s mi xed wi th 20
the liposomal transfection reagent DOTAP (11202375001, Sigma-Aldrich) in PBS. After 30
min, the complexes were added to LPS-pr i me d B MD Ms Balamced FpaltnSkldtisn
(HBSS, H9394, Sigma-Aldrich) and incubated for 3-5 hr. To activate the AIM2 inflammasome,
2.5 g of tirlphtny ( dAvd V)OoGen) were resuspended in PE
Xfect polymer in Xfect reaction buffer (631318, Clontech Laboratories, Inc.). After 30 min, DNA
complexes were added to BMDMs in Opti-MEM (31985-070, ThermoFisher Scientific) and left
stimulated for 4 hr. To activate caspase-1 1 , 5 g of LPS was transfect
poly(dA:dT) transfection. Forinhi bi ti on studies, 50 €M o0of <cytoc
Al drich), 50 €M of cyt-Actdanlab)n PDO(EYM2T8B, t Begmal
NLRP3 inhibitor, MCC950 213215 50 mM of potassium chloride (KCI) (P9541, Sigma-Aldrich)
or 50 mM of sodium chloride (NaCl) (S9888, Sigma-Aldrich) were added to BMDMs 30 min
prior to stimulation. Cell culture supernatants were collected for ELISA and LDH assays. Cell

culture supernatants and cell lysates were collected for immunoblot analysis.

4.3.4 Stimulation of BMDMs with Bacterial Supernatant

The overnight bacterial culture was centrifuged at 4,000 x g for 10 min. The supernatant was

filter-sterilised using low-protein-b i ndi ng 0.45 em filter (SLHVO033|
fractionati on, thidlER ceseuspvasrfracionaed tusingspin-fiper columns of

the 9 kDa (89884A, ThermoFisher Scientific), 30 kDa (UFC803096, Millipore), or 50 kDa range
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(UFC905096, Millipore). For h ehdlB. cereuawast heatedt i on, t
to 50 °C, 75 °C or 100 °C for 10 min. To remove proteins, DNA or RNA, the supernatant of
ph Blcereus was pre-treated with Proteinase K (1 mg/ml, 19133, Qiagen), DNase | (1 mg/ml,
Roche), or RNase A (1 mg/ml, Qiagen), respectively, for 1 hr. 50-1 50 ¢ | of bact e

supernatant were added to LPS-primed BMDMs.

For neutralisation studies, the supernatant from various B. cereus strains was treated with
antibodies against Ne-NHE-B R, eHBlof ( D . &HB®2),8r mg / ml
combination of NHB-NKEB)e |lanodd HBL8 (nkg-HBWIL2)Gor Bhr mg / ml
before addition to LPS-primed BMDMs 5%5%,  For contr ol s, mouse isotyyj

Cell Signaling Technologies) was used.

4.3.5 Cloning, Protein Expression and Purification

Putative transmembrane regions in individual component of NHE were predicted using the
software Membrane Protein Explorer server, also known as MPEXx 5, Helical wheel diagrams
were constructed using the HELIQUEST server 1. DNA sequences of the gene encoding
NHE-C and HBL-B were acquired from the genome of B. cereus NVH 1230-88 (GenBank:
CAB53340.2) and B. cereus strain ATCC 10876 (GenBank: CM000715.1) respectively, and
were submitted to GenScript for cloning. DNA sequences encoding NHE-C and HBL-B with
and without their putative transmembrane region were cloned into Ncol and Xhol restriction
sites of the pET-28a(+)-TEV plasmid containing kanamycin resistance. The BL21(DE3) E. coli
strain (C600003, ThermoFisher Scientific) was transformed with the pET-28a(+)-TEV plasmid
vector. A single colony was picked to inoculate a starter culture of 10 mL LB«an broth (LB broth
+ 30 eg/ ml kanamycin (10106801001, Roche) which
rpm) overnight. After overnight incubation, 10 mL of starter culture was transferred into 1 L of
LBkan broth and incubated at 37 °C, shaking (180 rpm) for 4 hr until an ODsggo of 0.6 was
obtained. Expression was i-hidthiogadadtopyranosideddmMi g i sop

IPTG, Roche) and the incubation continued under identical conditions overnight. The culture
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suspension was centrifuged (5,000 g, 20 min, 4 °C) to pellet the bacteria and stored at -80 °C
until required. The cell pellet was resuspended in lysis buffer (50 mM Tris, pH 8.0 (BP152-1,
ThermoFisher Scientific); 300 mM NaCl (SA046, Chem-Supply); 5 mM imidazole (12399,
Sigma-Al dr i ch) ; 250 e g/ ml |l ysozyme (89833,

phenylmethylsulfonyl fluoride (78830, Sigma-Aldrich)). Cells were subsequently disrupted by
sonication and centrifuged (27,000 x g, 20 min, 4 °C). The supernatant was passed through a
0.22 pum filter (SLGPO33RS, Merck). The C-terminal hexa-His-tagged proteins were purified
by using HisTrap HP histidine-tagged protein purification column (17524701, GE Healthcare
Lifesciences) at 4 AC using the NGC Que<RadE
and Chr omL ab E -Raul) Thewargetproteimsiwere eluted from the HisTrap column
using a stepwise gradient of imidazole (10% increments) from Buffer A (50 mM Tris, pH 8.0;
300 mM NaCl; 5 mM imidazole) to Buffer B (50 mM Tris, pH 8.0; 300 mM NaCl; 500 mM
imidazole). Purity of the eluted proteins was analysed by SDS-PAGE and Coomassie blue

staining. The protein concentration was determined by spectrophotometric measurements of

Thern

10 Ch

A280 using a NanoDropE 2000/ 2000c spectrophot ome

4.3.6 Circular dichroism measurement

Circular dichroism (CD) is valuable tool for rapid determination of the secondary structure of
purified proteins and is often used to determine if mutations affect the conformation or stability
of the protein 574, HBL protein samples (0.2-0.5 mg/ml; 2.53-2.67 uM) in PBS were filtered into

lmmpathl ength quartz cuvettes using a 0.22

fild

at 2 nm/s scanning speed on a ChirascanE ¥100 Ci

260 nm at 25 °C. The mean residue ellipticity was calculated using the formula to account for
the differences in molecular weight between the protein. The spectra are shown as an average
of three scans.

P —

0 QOEQI "AMOIQN O VAR OAw 5
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d = degree of ellipticity, C = protein concentr

pathlength (in cm)

4.3.7 Stimulation of BMDMs with Recombinant NHE and HBL

LPS-primed BMDMs were stimulated with all three NHE or HBL components, individually or
in various combinations (NHE: 100 nM of each component, HBL: 5nM of each component and
1-3 hr for caspase-1 activation). For binding order studies, LPS-primed BMDMs were
stimulated with a single NHE component (either A, or B, or C) for 1 hr. This step was followed
by extensive washing (denoted by: - ) with PBS three times to remove unbound toxin. The
two remaining components were added in concert (denoted by: +), or the second individual
component was added for 1 hr followed by the third individual component, with washing steps
in between. For transfection of NHE, each reaction consisted of individual NHE components
(100 nM each) or a combination of two components (50 nM each) mixed with 10 pl of the
liposomal transfection reagent DOTAP. After 30 min the complexes were added to LPS-

primed BMDMs in HBSS and left for 3 hr.

4.3.8 Liposome Studies

Liposomes were synthesised 672 and treated with NHE (30 nM of each component), individual

NHE component (30 nM), heat-inactivated NHE, HBL (0.5 uM), a protein buffer used to carry

NHE and HBL [10 mM Tris HCI, 0.5 mM EDTA (pH 8. 0)
ImmunoResearch) or NHEn.. (30 nM). The liposomes were sonicated at 100 amplitude for 5

min as control (CTRL). The released dye was captured by a cation exchanger resin Dowex

(10-15 mg per well). The absorbance (OD) of residual dye was measured at a wavelength of

595 nm using the Infinite 200 PRO system (Tecan). To investigate the capacity of liposomes

to inhibit NHE-induced activation of the inflammasome, recombinant NHE (100 nM) was left

untreated or treated with liposomes (7 mM) for 1 hr, prior to addition to LPS-primed BMDMs.
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4.3.9 Immunaoblotting Analysis

For caspase-1 immunoblotting, BMDMs and supernatant were lysed in lysis buffer and sample
loading buffer containing SDS and 100 mM DTT. For immunoblotting of plkB, IkB, pERK,
ERK, NLRP3 and GAPDH, the supernatant was removed and BMDMs were washed once
with PBS, followed by lysis in RIPA buffer and sample loading buffer containing SDS and 100
mM DTT. Proteins were separated on 8-12% polyacrylamide gels. Following electrophoretic
transfer of proteins onto PVDF membranes (IPVH00010, Millipore), membranes were blocked
in 5% skim milk in TBST and incubated overnight with primary antibodies against caspase-1
(2:1,000 dilution, AG-20B-0042, Adipogen), plkB (1:1,000 dilution, 2859, Cell Signaling
Technologies), kB (1:1,000 dilution, 9242, Cell Signaling Technologies), pERK (1:1,000
dilution, 9101, Cell Signaling Technologies), ERK (1:1,000 dilution, 9102, Cell Signaling
Technologies), NLRP3 (1:1,000 dilution, AG-20B-0014, Adipogen), GAPDH (1:10,000 dilution,
5174, Cell Signaling Technologies), CD14 (1:1,000 dilution, 17000-1-AP, Proteintech),
gasdermin D (1:1,000 dilution, ab209845, Abcam), IL-1 b (1: 1, 000 diluti on,
R&D Systems), NHE-C (1:200 dilution, NHE-C rabbit antisera), NHE-B (1:1,000 dilution, 1E11,
0.8 mg/ml), NHE-A (1:1,000 dilution, 1G4, 0.8 mg/ml) or HBL-B (1:1,000 dilution, HBL-B
mouse antisera)®®%%, PVDF membranes were then incubated with HRP-conjugated
secondary antibody (1:5,000) for 1 hr and proteins were visualised using the Super Signal
Femt o substrate (34095, ThermoFi sher Scientific

System (BioRad). Uncropped full length immunoblots are provided in the Source Data file.

For detection of t oxi n ¢ omp o nB cetegs,wer@ixed with o f t h
100 ¢l of sample |l oading buffer. Pri mandyL, anti bo
(1:1,000 dilution) %8, or against NHE-B, NHE-A, NHE-C (1:1,000 dilution) °¢° were used. Silver

staining was performed for total protein loading controls inaccordancewi t h t he manuf act

instructions (24612, Thermo Scientific).
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4.3.10 Immunofluorescence Staining

Immunofluorescence staining for visualisation of inflammasomes were described in my
previous publication 673, For visualisation of NHE and cell membrane, BMDMs were stimulated
with NHE component Cwr or Cmu, Or C+B for 1 hr, or C+B+A for 30 min, washed three times
with PBS and fixed with 4% paraformaldehyde at room temperature for 15 min, followed by
blocking in 1% BSA in PBS for 1 hr. Cells were incubated with a rabbit sera anti-NHE-C (1:200
dilution in 1% BSA) °%°, a mouse anti-NHE-B, or -A (1:200 dilution in 1% BSA) %%, an mouse
anti-Histidine antibody (1:200 dilution in 1% BSA, ab18184, Abcam), and a rat FITC-
conjugated anti-CD11b antibody (1:200 dilution in 1% BSA, 101205, BioLegend) overnight at
4 °C. PBS containing 0.05% Tween-20 was used to wash between incubation steps. An anti-
mouse secondary Rhodamine red antibody (115295146, Jackson ImmunoResearch) or rabbit

secondary Rhodamine red antibody (111295144, Jackson ImmunoResearch) were used. The

samples were mounted with VECTASHIELD® Har dset E Mounting Medi

1500, Vector Laboratories, Inc.) and analysed using a Leica SP5 confocal microscope.

4.3.11 Scanning Electron Microscopy

BMDMs were washed with PBS and post-fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer overnight and further washed with PBS. Cells were fixed in 1% osmium tetroxide in
double distilled water for 1 hr and dehydrated in a series of alcohol. Dehydrated samples were
dried using liquid carbon dioxide using critical point drying. Samples were then sputter-coated
with platinum (3 nm thickness) at 15 mA for 2 min using the EMI TECH K550 Sputter coater

and visualised under a Zeiss UltraPlus Field emission scanning electron microscope at 5 kV.

4.3.12 Transmission Electron Microscopy

BMDMs were washed with PBS and post-fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer overnight and further washed with PBS. Cells were fixed in 1% osmium tetroxide in

double distilled water for 1 hr and dehydrated in a series of alcohol, and embedded in LR white
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resin (C023, ProSciTech). Samples were polymerised in a 60 C oven overnight. Thin sections
were cut at 80 nm and viewed using a Hitachi HA7100 transmission electron microscope at

100 kV.

4.3.13 Cryo-Transmission Electron Microscopy

Liposomes left untreated or treated with recombinant NHEwr or NHEmu:. (30 nM) for 1 hr were
applied on a holey carbon 400 mesh grid and left to adhere for 30 s. Grids were then blotted
for 10 s to remove excess liposomes before plunge frozen using liquid ethane surrounded by
a bath of liquid nitrogen. Samples were visualised under Hitachi 7100 TEM at 100 kv with a

Cryo-TEM holder.

4.3.14 Separation of Membrane and Cytosolic Compartments

BMDMs were stimulated vablB.ltereush(eb Os uepl e)r, n arteacpptmboi fn agn
or NHEm.. (100 nM), and HBL-BWT or HBL-Bm.:. (5 nM) for 1 hr, washed three times with PBS

followed by separation of membrane and cytosolic fractions using the Mem-PER Plus

Me mbr ane Protein Extraction Ki t according to t

ThermoFisher Scientific).

4.3.15 Lactate Dehydrogenase Assay

Levels of lactate dehydrogenase released by cells were determined using the CytoTox 96
Non-Radi oactive Cytotoxicity Assay according to t

Promega).

4.3.16 IncuCyte and Cytotoxicity Analysis

Totrackvi ability, BMDMs or various cell types were
nM NHE (low), LPS+ATP, or with 200nM NHEwr or NHEm., in presence of the SYTOX Green
nuclear stain that penetrates compromised membranes ( 1 ¢ M; S7020; Life Tec

Cell death was monitored over 3 hr using the IncuCyte Zoom imaging system (Essen
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Biosciences) or fluorescence was assessed wusing a Zeiss Axio Observer

Fluorescent/Brightfield microscope.

4.3.17 Real Time PCR analysis

RNA was extracted from BMDMs using TRIzol (15596018, ThermoFisher Scientific). The
isolated RNA was converted into cDNA using the High-Capacity cDNA Reverse Transcription
Kit (4368813, ThermoFisher Scientific). RT-PCR was performed on an ABI StepOnePlus
System PCR instrument with SYBR Green Real-Time PCR Master Mixes (4364346,

ThermoFisher Scientific). Primer sequences can be found in Supplementary Table 2.

4.3.18 Cytokine Analysis

Cytokine concentrations from BMDMs were calculated using a multiplex ELISA (MCYTOMAG-
70K, EMD Millipore) or IL-18 ELISA (BMS618-3TEN, ThermoFisher Scientific) according to
the manufacturersd i nstructlicalsnwere calcyldted kising a
human IL-1 b ELI SA -RTEN SThe2rdoFisher Scientific) or human IL-18 ELISA

(BMS267-2TEN, Ther moFi sher Scientific) accordi

4.3.19 ICP-OES analysis

The intracellular concentrations of K* and Na* ions were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis. BMDMs were stimulated with
recombinant WT or mutant NHE for 2 hr, washed three times with PBS followed by lysis with
concentrated nitric acid (HNOs). The cell lysates were analysed for K* and Na* ions performed
through ICP-OES using a PerkinElmer OPTIMA 7300 ICP Optical Emission Spectrometer

(PerkinElmer).
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4.3.20 Animal Infection

To investigate the role of NHE in inflammasome activation in vivo, WT mice were injected
intraperitoneally with 299l B.eereusavhich ad peenmtrestegdant o f
with either isotype control, anti-HBL neutralising antibodies, anti-NHE neutralising antibodies
or both anti-HBL neutralising antibodies and anti-NHE neutralising antibodies. To investigate
contributions from the NLRP3 inflammasome, mice were injected, via an i.p. route, with 5 x
10° colony forming units (CFUs) of culture of ghbl B. cereus. To investigate the effects of
MCC950 213215 mice were intraperitoneally injected with 50 mg per kg of MCC950 dissolved
in PBS or with an equal amount of the vehicle control PBS. One hour later, mice were
intraperitoneally injected with 5 x 10° CFU of ¢ghbl B. cereus along with a second dose of 50
mg per kg of MCC950 or a second dose of PBS. For cytokine measurement serum and

peritoneal fluid were collected after 1-16 hr for analysis by ELISA.
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4.4 Results

4.4.1 A non-redundant factor of B. cereus activates the inflammasome independently

of HBL

| have previously demonstrated that innate immune recognition of Bacillus cereus infection
requires inflammasome-mediated sensing of a toxin known as HBL ¢, Stimulation of primary
wild-type (WT) bone-marrow-derived macrophages (BMDMs) with the supernatant of WT B.
cereus led to activation of caspase-1, cleavage of gasdermin D, secretion of IL-1 b a nl8,
and pyroptosis within 3 hr, whereas stimulation of WT BMDMs with the supernatant of an
isogenic mutant of B. cereus lacking HBL (ghbl B. cereus) did not (Fig. 4.1a), consistent with
my previous findings ®”. Surprisingly, WT BMDMs treated overnight with the supernatant of
ghbl B. cereus underwent robust activation of caspase-1, cleavage of gasdermin D, secretion
of IL-1 b a nl®, andlinduction of cell death (Fig. 4.1a; top panel). Similarly, live ghbl B.
cereus bacteria also induced activation of the inflammasome in WT BMDMs following
overnight stimulation (Fig. 4.1a; bottom panel). Furthermore, the unknown factor activated the
inflammasome after 6h of incubation with the supernatant of ghbl B. cereus by inducing
activation of caspase-1, secretion of IL-1 b a R18, ard induction of cell death (Appendices
for Chapter 4 Fig. 4.2a,b). These findings suggest that an additional non-redundant secreted

factor of B. cereus might be sensed by the infammasome.

To elucidate the identity of the inflammasome sensor responsible for the recognition of the
secreted factor, LPS-primed primary WT, Nlrp3'", Nlrc4'", Aim2'"", Asc'"', Casp1/11'", and
Caspl11'" BMDMs were stimulated with the supernatant of ghbl B. cereus. The supernatant
of ghbl B. cereus induced caspase-1 activation, cleavage of gasdermin D, secretion of IL-1 b
and IL-18, and cell death in WT, NIrc4'", Aim2'", and Casp11'" BMDMs (Fig. 4.1bi d). In
contrast, the supernatant of ghbl B. cereus did not induce activation of the inflammasome and
cell death in NIrp3'" and Asc'" BMDMs (Fig. 4.1bi d), indicating that NLRP3 is the cytosolic

sensor of the secreted factor of B. cereus. Consistent with the results obtained using cell-free
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supernatant, live ghbl B. cereus bacteria activated the NLRP3 inflammasome at this later time
point (Fig. 4.1b,c and Appendices for Chapter 4 Fig. 4.1a). Further, pharmacological
inhibition of NLRP3 using the small molecule inhibitor MCC950 232! abrogated caspase-1
activation, secretion of IL-1b and IL-18, and cell death in WT BMDMs stimulated with the

supernatant or live bacteria of ghbl B. cereus (Appendices for Chapter 4 Fig. 4.1f).

It was further confirmed that assembly of the inflammasome complex, which can be visualised
by immunostaining of the ASC speck 27, occurred in WT BMDMs treated with the supernatant
from either WT B. cereus or ghbl B. cereus or infected with either WT B. cereus or ghbl B.
cereus (Fig. 4.1e and Appendices for Chapter 4 Fig. 4.1e). Indeed, NIrp3'" BMDMs had an
impaired ability to generate ASC specks in response to either strain of B. cereus (Fig. 4.1e

and Appendices for Chapter 4 Fig. 4.1e).

The gene and protein expression analysis of pro-inflammatory cytokines tumour-necrosis
factor (TNF) (Fig. 4.1c), keratinocyte chemoattractant (KC, also known as CXCL1) and pro-
IL-1b, and the phosphorylation status of IkB and ERK between WT and NIrp3'" BMDMs
following stimulation by the supernatant or live bacteria of ghbl B. cereus were similar
(Appendices for Chapter 4 Fig. 4.1bid). These data confirm that the production of
inflammasome-independent cytokines was not affected by the genetic deletion of NLRP3, and
that the unknown secreted factor did not affect priming of the inflammasome. Collectively,
these data suggest that a putative secreted factor of B. cereus activates the NLRP3

inflammasome.
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Figure 4.1 | A non-redundant secreted factor of B. cereus activates the NLRP3

inflammasome independently of HBL. (a) Immunoblot analysis of pro-caspase-1 (Casp-1),

the active caspase-1 p20 subunit, pro-pyroptotic effector protein gasdermin D (GSDMD), the
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active GSDMD p30 subunit and release of IL-1 b a nld8 and death of WT BMDMs left
untreated [Medium alone (Med.)] or LPS-primed and assessed either 3 hr or 20 hr after
stimulation with the supernatant of WT B. cereus (B. cer.) or ghbl B. cereus (ghbl) (top; Sup.)
or infection with B. cer. or ghbl (bottom; MOI of 5). (b) Immunoblot analysis of caspase-1,
gasdermin D and GAPDH (loading control) in WT or mutant BMDMs left untreated or LPS-
primed and assessed 20 hr after stimulation with ghbl supernatant, or after infection with ghbl
(MOl of 5). (c) Release of IL-1 b , -18larkd TNF and death of BMDMs after treatment as in (b).
(d) Brightfield microscopy analysis of BMDMs 8 hr after stimulation as in (b). (e)
Immunofluorescent analysis of ASC speck formation (red) in BMDMs after treatment as in (b).
Quantification of the prevalence of ASC specks is shown on the right as a percentage of total
cells (DAPI). At l east 200 cells from each

Arrowheads indicate pyroptotic cells (d) or ASC specks (e). NS, not significant, *** P<0.001

geno-H

and **** P<0.0001 (one-way analysis of variance [ANOV A] wi t h Dunnettos

compari sons test ( c) ttest (a, ). Eack symbot represepta anr e d

independent experiment (a, ¢ and e). Data are representative of three independent

experiments (a-e; mean and s.e.m. in a, ¢ and e).

4.4.2 The inflammasome-activating secreted factor is a heat-sensitive protein of 30-50

kDa in size

To decipher the biological identity of the putative secreted inflammasome-activating factor,
WT BMDMs were stimulated overnight with the supernatant of ghbl B. cereus which had been
heat-treated or treated with proteinase K, DNase, or RNase. It was found that the supernatant
heated to 50 C, but not 75 C and 100 C, retained its ability to induce cleavage of caspase-
1 and gasdermin D, secretion of IL-1b and IL-18, and cell death in WT BMDMs (Fig. 4.2a).
Further, the supernatant treated with proteinase K did not lead to activation of caspase-1,

cleavage of gasdermin D, secretion of IL-1b and IL-18, and cell death in WT BMDMs, whereas
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treatment of DNase or RNase did not affect the ability of the supernatant to induce
inflammasome responses (Fig. 4.2b). To deduce the molecular size of the secreted factor,
filter-mediated size-fractionation techniques was used to separate the supernatant of ghbl B.
cereus into different molecular-sized fractions. It was found that the supernatant fractions of
>9 kDa, >30 kDa and <50 kDa, but not fractions of <9 kDa, <30 kDa and >50 kDa, potentiated
activation of the inflammasome (Fig. 4.2c). These findings indicate that a heat-labile
proteinaceous factor of 30-50 kDa secreted by B. cereus is a potent activator of the

inflammasome.

4.4.3 NHE is a non-redundant toxin driving the activation of the NLRP3 inflammasome

| previously excluded a contribution from Non-Haemolytic Enterotoxin (NHE) in driving the
early inflammasome response owing to a role for HBL ®”3. However, toxins have different
kinetics and assembly processes which determine their activity ®33. Therefore, | reasoned that
NHE could have been overlooked as a potential candidate °%. This idea is supported by my
finding that another 30-50 kDa secreted factor is acting in a non-redundant manner in the
activation of the NLRP3 inflammasome during B. cereus infection (Fig. 4.2c¢), and that NHE is

comprised of three subunits, called A, B and C, all of which are of 30-50 kDa in size 508510675,

To this end, the supernatant of WT B. cereus was neutralised with antibodies against NHE
and/or HBL and stimulated WT BMDMs with the supernatant overnight. It was found that
neutralisation of both NHE and HBL, but not NHE or HBL alone, abolished the ability of the
supernatant to induce activation of caspase-1, cleavage of gasdermin D, secretion of IL-1 b
and IL-18, and pyroptosis in WT BMDMs (Fig. 4.2d). Further, neutralisation of NHE abrogated
the ability of the supernatant of gqhbl B. cereus to induce activation of caspase-1, cleavage of
gasdermin D, secretion of IL-1 b a n-1B, ahdLpyroptosis in WT BMDMs (Fig. 4.2e),

Conversely, neutralisation of HBL abolished the ability of gmnhe B. cereus to elicit
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inflammasome responses in WT BMDMs (Fig. 4.2e). Neutralisation of the supernatant with
antibodies against either or both NHE and HBL did not affect the secretion of TNF and KC in
BMDMs (Fig. 4.2d,e and Appendices for Chapter 4 Fig. 4.1g,h), suggesting that secretion
of inflammasome-independent cytokines was not compromised in response to supernatant
treated with neutralising antibodies. To dissect the kinetics between HBL and NHE toxins we
utilised antibody mediated neutralisation of the two toxins in the supernatant of B. cereus from
various strains namely, ATCC 14579, ATCC 10876, and F837/76. It was found that with
neutralisation of HBL, NHE was found to be associated with inflammasome activation after 6h
of stimulation whereas HBL activated in 3h (Appendices for Chapter 4 Fig. 4.2ci e). These
data revealed that, in addition to blockade of HBL, abrogation of NHE by means of
neutralisation or genetic deletion prevented cytosolic inflammasome sensing of B. cereus

infection.

To investigate further, three recombinant subunits which comprise NHE: subunit A (41 kDa),
subunit B (40 kDa), and subunit C (37 kDa) were expressed 5. Treatment with recombinant
NHE resulted in robust activation of inflammasome responses in LPS-primed WT BMDMs but
not in LPS-primed Nirp3'" BMDMs (Fig. 4.3a). Importantly, treatment of LPS-primed WT and
Caspl11'" BMDMs with NHE resulted in inflammasome activation (Appendices for Chapter
4 Fig. 4.3a), indicating that NHE-induced inflammasome responses were not due to NHE-
mediated translocation of extracellular LPS into the cytoplasm to activate the caspase-11-
NLRP3 pathway. Further, NHE induced ASC speck formation in WT BMDMSs but not in Nirp3'
" BMDMSs, whereas dsDNA poly(dA:dT) induced ASC speck formation in both WT and NIrp3'
" BMDMs (Fig. 4.3b). In addition, it was observed that in response to NHE, BMDMs lacking
the full pore-forming ability of the pyroptotic factor gasdermin D (Gsdmd'105N/1105N) 574,661,662 haq
an impaired ability to secrete IL-1 b a R18 antl undergo cell death at 1 and 2 hr, compared
with WT BMDMs (Appendices for Chapter 4 Fig. 4.3c,d). Electron microscopy analyses
revealed that stimulation with NHE led to a disruption of cellular morphology and architecture

in BMDMs (Fig. 4.3c and Appendices for Chapter 4 Fig. 4.3e). Further, it was found that
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NHE induced secretion of IL-1 b a nl@ ant led to cell death in human THP-1 monocytes,
and that this response was impaired following inhibition of NLRP3 by MCC950 (Appendices
for Chapter 4 Fig. 4.3f). These findings highlight that NHE is a non-redundant toxin driving
activation of the NLRP3 inflammasome during B. cereus infection, and that innate immune

recognition of NHE by the NLRP3 inflammasome is functionally conserved between mice and

humans.
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Figure 4.2 | NHE is an activator of the NLRP3 inflammasome. (a) Immunoblot analysis of
caspase-1 and gasdermin D, release of IL-1 b  a nr18, ardldeath of BMDMs left untreated

(Med.) or LPS-primed and assessed 20 hr after treatment with the supernatant of ghbl (ghbl
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Sup.) which had been treated with the indicated temperatures; (b) Immunoblot analysis of
caspase-1 and gasdermin D, release of IL-1 b a nl@, andldeath of BMDMs left untreated
or LPS-primed and assessed 20 hr after treatment with the supernatant of ghbl which had
been treated with proteinase K (ProtK), DNase or RNase; (c) Immunoblot analysis of caspase-
1 and gasdermin D, release of IL-1 b a nr1@, andldeath of BMDMs left untreated or LPS-
primed and assessed 20 hr after treatment with the size-fractionated supernatant of gbl. (d)
Immunoblot analysis of caspase-1 and gasdermin D, release of IL-1 b , -18lahd TNF, and
death of BMDMs left untreated or LPS-primed and assessed 20 hr after treatment with the
supernatant of WT B. cereus (Sup.) treated with an isotype control (Iso.), anti-HBL neutralising
antibodies (a-HBL), anti-NHE neutralising antibodies (a-NHE) or with both anti-HBL and anti-
NHE neutralising antibodies (a-Tox.). (¢) Immunoblot analysis of caspase-1 and gasdermin
D, release of IL-1 b , -18lahd TNF, and death of BMDMs left untreated or LPS-primed and
assessed 20 hr after treatment with the supernatant of ghbl treated with an isotype control or
anti-NHE neutralising antibodies or assessed 20 hr after treatment with the supernatant of
gnhe B. cereus (gqmhe Sup.) treated with an isotype control or anti-HBL neutralising antibodies.
NS, not significant, ** P<0.01, *** P<0.001 and **** P<0.0001 (one-way analysis of variance
[ANOVA] with Durmeatptadrs snowmlst itpelsea (a, b taestdc,
e). Each symbol represents an independent experiment (a-e). Data are representative of three

independent experiments (a-e; mean and s.e.m. in a-e).

4.4.4 A specified order of assembly by NHE subunits on the plasma membrane is

essential

The tripartite composition of NHE suggests that an important assembly process must occur in
order to exert the full activity of this toxin. Indeed, neither the individual components of NHE
nor all possible combinations of two of the three components of NHE trigger activation of the

NLRP3 inflammasome (Fig. 4. 3a and 3d), suggesting that all the three subunits of NHE are
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essential in eliciting activation of the NLRP3 inflammasome. An earlier study reported that the
B subunit is the binding component of the NHE complex on Vero cells *%°. A later study found
that both the B and C subunits can bind to Vero cells, whereas the A subunit exerts cytotoxic
effects in these cells %*°. A further study revealed that the C subunit initiates binding on

Chinese Hamster Ovary cells °%,

To investigate whether a specified order of assembly of NHE components leads to activation
of the NLRP3 inflammasome in BMDMs, WT BMDMs were stimulated either with A, B or C for
30 min, followed by extensive washing to remove unbound subunits prior to addition of the
remaining subunits. It was observed that C- A+B (where the arrow symbol indicates a
washing step and the plus symbol indicates d6adde
1, secretion of IL-1 b a nl1@, andlpyroptosis (Fig. 4.3e). The order of A- B+Cor B- A+C
did not trigger inflammasome responses (Fig. 4.3e). These data suggest that C is the apical
binding subunit. To elucidate the precise order of subunit assembly leading to inflammasome
activation, the WT BMDMs were treated with individual components in the order of C- A- B
or C- B- A. It was identified that the order of C- B- A led to activation of caspase-1,
secretion of IL-1 b a niB, ahdLpyroptosis (Fig. 4.3f). These findings demonstrate that
individual subunits of NHE follow a specific and linear order of NHE complex assembly to

induce effective engagement of the NLRP3 inflammasome.
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Figure 4.3 | NHE assembles in a linear order to induce K" efflux and trigger activation
of the NLRP3 inflammasome. (a) Immunoblot analysis of caspase-1, release of IL-1 b and

IL-18, and death of WT or NIrp3'" BMDMs left untreated (Med.) or LPS-primed and assessed
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3 hr after treatment with recombinant NHE, or with the individual NHE subunits A, B or C. (b)
Immunofluorescent analysis of ASC speck formation (red) in WT or NIrp3'" BMDMs left
untreated or LPS-primed and assessed 3 hr after stimulation with NHE or 5 hr after
transfection with poly(dA:dT). Quantification of the prevalence of ASC specks as a percentage
of total cells (DAPI). At least 200 cells from each genotype were assessed. Arrowheads
indicate ASC specks. (c) Scanning electron microscopy analysis (top) or transmission electron
microscopy analysis (bottom) of WT BMDMs left untreated or LPS-primed and assessed 3 hr
after treatment with NHE. (d) Immunoblot analysis of caspase-1, release of IL-1 b a nl@,
and death of WT BMDMs left untreated or LPS-primed and assessed 3 hr after treatment with
binary combinations of NHE, or after treatment with tripartite NHE. (€) Immunoblot analysis of
caspase-1, release of IL-1 b a n18, arld death of WT BMDMs left untreated or LPS-primed
and assessed 3 hr after treatment with A- (B+C), B- (A+C) or C- (A+B) or after treatment
witht ri partite- NHEndwhatres i3 wash steps and

concert. (f) Immunoblot analysis of caspase-1, release of IL-1 b a nr18, andldeath of WT
BMDMs left untreated or LPS-primed and assessed 3 hr after treatment with C- A- B or
C-B-A or after treat ment widhindi patre $t &)
Inductively coupled plasma-optical emission spectrometry analysis of intracellular
concentrations of K* of BMDMs left untreated or assessed 2 hr after treatment with NHE, or
30 mins after treatment with LPS+ATP. (h) Immunoblot analysis of caspase-1, release of IL-
1 b anld, arndldeath of WT BMDMs left untreated or LPS-primed and assessed 3 hr after
treatment with NHE, or 30 mins after treatment with LPS+ATP, in the absence (-) or presence

(+; 50 mM) of extracellular KCI . Scal eP<®h0Odr

and **** P<0.0001 (one-way analysis of variance [ANOV A] wi t h Dunnett 6s

comparisonstest (d-g) or st ud e ntestd(as b and p).&Each syohbol represents an
independent experiment (a, d, e, f, g and h). Data are representative of three independent

experiments (a-h; mean and s.e.m. ina, b, d, e, f, g and h).
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4.4.5 NHE induces K" efflux from the plasma membrane to activate NLRP3

To assess whether NHE is maintained on the plasma membrane leading to activation of the
NLRP3 inflammasome, WT BMDMs were treated with NHE and performed
immunofluorescence staining using antibodies against individual subunits of NHE.
Immunofluorescence staining techniques revealed that all three subunits of NHE co-localised
with the cell-surface marker CD11b of BMDMSs, suggesting that NHE localises on the plasma
membrane (Appendices for Chapter 4 Fig. 4.4aic). Further, the cell-membrane and
cytosolic fractions were separated from BMDMs stimulated with the supernatant of ghbl B.
cereus and found all three subunits of NHE in the membrane fraction (Appendices for
Chapter 4 Fig. 4.4d). In addition, inhibition of phagocytosis using the inhibitor cytochalasin B
or cytochalasin D did not impede the ability of NHE, the supernatant of ghbl B. cereus, or live
ghbl B. cereus to induce activation of the inflammasome in WT BMDMs (Appendices for
Chapter 4 Fig. 4.5ai d). These results indicate that internalisation of NHE into BMDMs is not
required to drive inflammasome activation. Indeed, transfection of NHE subunits into WT
BMDMs did not trigger inflammasome activation, whereas transfection of flagellin triggered
activation of the inflammasome (Appendices for Chapter 4 Fig. 4.5e,f). These data suggest
that localisation of NHE on the plasma membrane is sufficient to induce activation of the

inflammasome.

The localisation of NHE implies that the mechanism driving activation of the NLRP3
inflammasome might emanate from the plasma membrane. NLRP3 is activated by membrane-
induced cellular perturbations via pathways dependent on K* efflux or independent of K* efflux
133,140,664665676  To investigate the role of K* efflux in NHE-induced activation of the
inflammasome, Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) was
used to measure the cytosolic concentration of K* in WT BMDMs stimulated with NHE. The
level of cytosolic concentration of K* in BMDMs treated with NHE decreased substantially

compared with untreated BMDMs, a reduction which is similar to that seen in BMDMs treated
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with the classical NLRP3 activator LPS+ATP (Fig. 4.3g). To confirm this observation, KCl was
added into the cell culture media prior to addition of NHE. It was observed that addition of
extracellular K* inhibited activation of the inflammasome in response to NHE, the supernatant
of ghbl B. cereus, ghbl B. cereus, or LPS+ATP (Fig. 4.3h and Appendices for Chapter 4
Fig. 4.6a,b). Further, no difference in the cytosolic concentration of Na* was observed in
BMDMs treated with NHE or LPS+ATP compared with untreated BMDMSs, and that addition
of extracellular Na* did not inhibit activation of the inflammasome in response to NHE or
LPS+ATP (Appendices for Chapter 4 Fig. 4.6¢i e). These data suggest that localisation of
NHE on the plasma membrane is sufficient to induce activation of the inflammasome via efflux

of K*.

4.4.6 NHE induces pore formation in the lipid bilayer of mammalian plasma membranes

and causes cytotoxicity in multiple cell types

Given that NHE subunits localises on the mammalian plasma membrane and induce K* efflux,
I hypothesised that NHE might be able to create a membrane pore, destabilising the plasma
membrane of BMDMSs. To test this possibility, liposomes composed of the lipid species DPPC,
DSPC and DOPC and cholesterol were synthesised, which mimic the mammalian plasma
membrane %81, These liposomes contain an internal aqueous methylene blue dye, which when
released can be captured by dye-capturing resins (Fig. 4.4a). Addition of NHE, but not
individual components of NHE, heat-inactivated NHE, or bovine serum albumin resulted in the
release of dye from the liposomes (Fig. 4.4b,c). The level of dye leakage induced by NHE
was similar to that of HBL or sonication of the liposomes (Fig. 4.4b,c). Further, incubation of
NHE with liposomes inhibited the ability of NHE to induce inflammasome responses in BMDMs

(Fig. 4.4d), suggesting potential sequestration of NHE on the membrane of the liposome.
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Under Cryo-transmission electron microscopy (Cryo-TEM), | observed distinct pores in the
membrane of liposomes treated with NHE (Fig. 4.4e). The ability of NHE to insert into the
membrane suggests that this toxin could kill different cell types from different host species. To
this end, immune and non-immune cells were treated with NHE and found that NHE induced
cell death in all cell types tested, including those from humans, mice, monkeys and dogs (Fig.
4.41,9). To further explore the dynamics of NHE-induced cell death, BMDMs were treated with
NHE and examined cell viability kinetics using IncuCyte assays. A lower concentration of 100
nM NHE induced activation of caspase-1, cleavage of gasdermin D and pro-IL-1 b , se
ofIL-1 b a n18, arid tell death in WT BMDMs, but not in NIrp3'" BMDMs (Appendices for
Chapter 4 Fig. 4.7ai c¢). However, a higher concentration of 500 nM NHE induced rapid cell
death in both WT and Nirp3'" BMDMSs within 20 min but was unable to induce inflammasome
responses (Appendices for Chapter 4 Fig. 4.7aic). Accumulation of NHE pores on the
plasma membrane of BMDMs would mediate membrane rupture independently of the
inflammasome, which provides an explanation for the mechanism of cell death in cell types
which do not express inflammasome components (Fig. 4.4f,g). Taken together, these findings
indicate that NHE induces pore formation in the cell membrane and can induce cytotoxic

effects across multiple cell types and host species dictated by the bioavailability of the toxin.
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Figure 4.4 | NHE forms pores in the cell membrane and elicits cytotoxicity in multiple
cell types. (a) Schematic of toxin-induced liposomal rupture and leakage of dye. (b)

Colorimetric analysis of liposomes left untreated, sonicated for 5 mins at 100 amplitude
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