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Abstract

Despite the extensive research conducted on innate immune cell memory, there
are still many unknowns when it comes to the ability of endogenous danger
molecules, also known as damage-associated molecular patterns (DAMPs), to
influence the tolerisation of myeloid cells to repeated stimulation. This is partly
due to the majority of tolerisation studies using exogenous pathogen-associated
molecular patterns (PAMPs) such as Lipopolysaccharide (LPS). While
understanding virulence factor-induced LPS tolerance is important for treating
infectious diseases and sepsis patients, it is essential to examine cellular
stimulations using disease-relevant DAMPs to fully comprehend the development
of chronic inflammatory conditions such as rheumatoid arthritis. In my work, |
have utilized the Toll-like receptor 4 (TLR4) activating fibrinogen-like globe
domain (FBG-C) of the extracellular matrix protein tenascin-C to advance our
scientific understanding of the ability of DAMPs to trigger and tolerise a critical

aspect of TLR-mediated inflammation known as the NLRP3 inflammasome.

| discovered significant differences in the capacity of primary human monocytes
to produce and secrete the non-inflammasome regulated cytokine tumour
necrosis factor (TNF) compared to the inflammasome regulated cytokine
interleukin-1 beta (IL-1B8), as well as in their capacity to secrete IL-18 via
classical NLRP3 mediated pyroptotic means versus alternative non-pyroptotic
means. Additionally, | found that although the DAMP FBG-C and the PAMP LPS
induce a similar cytokine response in primary human monocytes in the first 24
hours of activation, subsequent restimulation revealed fundamental differences
in their capacity to induce tolerisation. Notably, this effect is specific to IL-18,
and hence the NLRP3 inflammasome, and not due to differences in the

requirement for the TLR4 co-receptor cluster of differentiation 14 (CD14).

Furthermore, | found that the inability of monocytes to tolerise the NLRP3
inflammasome following FBG-C activation is due to a delayed upregulation
response of the itaconate-producing enzyme aconitate decarboxylase 1 (ACOD1).
| then uncovered that ACOD1 upregulation is crucial for inhibiting the processing
of the pore-forming protein Gasdermin D and thus for inhibiting pyroptosis in
tolerised monocytes. Importantly, | also showed that monocytes isolated from RA

patient blood have a delayed ACOD1 upregulation response following both LPS
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and FBG-C TLR4 activation, which prevented the tolerisation of RA monocytes in
a Gasdermin D and pyroptosis-dependent manner. Finally, | uncovered that a 2%
oxygen (hypoxic) culture environment renders human monocytes unable to

tolerise the NLRP3 inflammasome in an ACOD1-independent manner.

In summary, my research revealed significant differences in the way primary
human monocytes interpret pathogen and damage signals, in addition to
uncovering substantial changes in their ability to produce the pleiotropic
proinflammatory cytokine IL-18 over a 48-hour period. This work demonstrated
that environmental stressors, endogenous triggers and chronic pathology could
all trigger loss of tolerance and a prolonged NLRP3 inflammasome priming

phenotype.
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Chapter 1 Introduction

1.1 The innate immune system

The human body is under constant attack from a variety of pathogens that
attempt to enter the body via barriers such as the skin and mucous membranes.
To defend against this ongoing threat, our bodies have developed a complex
immune system consisting of two closely connected arms: innate and adaptive
immunity. While the adaptive immunity provides specific responses to combat
invading pathogens, such as T cell cytotoxicity and the production of antibodies
from B cells, which offer long-term protection against repeated infection, it
takes time to mount these responses. Meanwhile, invading pathogens such as
Escherichia coli bacteria, which are capable of rapid replication, produce
millions of cells within hours (Cooper & Helmstetter, 1968). Therefore, the rapid
and nonspecific mechanisms of innate immunity are crucial for providing

protection during the initial phase of an infection (Medzhitov, 2007).

The outer layer of the skin and the membranes lining the respiratory, digestive,
reproductive, and urinary tracts are integral parts of the innate immune system.
These physical barriers act as a first line of defence, effectively separating the
host system from the outside environment (Proksch et al., 2008). The epithelial
tissues also produce mucous, saliva, and sweat, which help reduce pH levels and
physically eliminate pathogens. Furthermore, the epithelium provides a habitat
for a commensal microbiome to grow, which has a symbiotic relationship with
the host. This microbiome further hinders the spread of pathogens by competing
for nutrients and space and by producing antimicrobial molecules (Belkaid &
Hand, 2014).

When the physical protective barriers are breached, the cells of the innate
immune system spring to action. The response of the body's innate immune
system is orchestrated by circulating and tissue-resident cells, such as
monocytes, macrophages, neutrophils, and other granulocytes, as well as
dendritic cells (DCs) and natural killer cells. In order to identify the presence of
a pathogen, innate immune cells make use of pattern recognition receptors
(PRRs), which are proteins with versatile structures that can be categorised into
four main families: membrane-bound Toll-like receptors (TLRs), C-type lectin
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receptors (CLRs), NOD and RIG-like receptors (RLRs) (Mogensen, 2009). PRRs
detect molecular patterns from pathogens, collectively known as pathogen-
associated molecular patterns (PAMPs). PAMPs are defined as motifs present on
molecules produced only by microorganisms and not by the host and are thus
recognised as non-self. These molecules are crucial for the survival of
pathogens, and any changes in their structure could result in functional
impairment or lethality. Hence, PAMPs are conserved among large groups of
pathogens (Medzhitov, 2007). One of the most widely recognised PAMPs is
lipopolysaccharide (LPS), which is the main component of the outer membrane
in Gram-negative bacteria and is essential for protecting the bacterial cell from
external stressors (Bertani & Ruiz, 2018). LPS is recognised by the PRR Toll-like
receptor 4 (TLR4).

Recognition of PAMP ligands by PRRs initiates signalling pathways that lead to the
activation of genes necessary for the antimicrobial response (Takeuchi & Akira,
2010). Upon detecting PAMPs, the cellular response of the innate immune system
operates through a few different mechanisms. Namely, activated myeloid cells
such as monocytes and macrophages produce cytokines and chemokines, such as
tumour necrosis factor (TNF) and interleukin 6 (IL-6), which are multifunctional
signalling molecules that support inflammation and facilitate immune cell
infiltration into the affected tissue. Additionally, stronger activation of these
cells can lead to the secretion of the pleiotropic cytokine interleukin 1 beta (IL-
1B) via the assembly of large intracellular complexes known as nucleotide-
binding oligomerisation domain, leucine-rich repeat and pyrin domain containing
(NLRP) inflammasomes, which are discussed in detail later (Section 1.2.1)
(Blevins et al., 2022). Apart from secretory factors, innate immune leucocytes,
particularly macrophages, neutrophils, and dendritic cells, can also eliminate
pathogens via a process known as phagocytosis (Uribe-Querol & Rosales, 2020).
Phagocytosis begins via the identification of complement components and
opsonins on the surface of a pathogen by the phagocytic cells, leading to
engulfment and internalisation of the pathogen, followed by subsequent lysis
(Uribe-Querol & Rosales, 2020). Innate effector cells also provide guidance to
the adaptive arm of the immune system, enabling the development of a specific
immune response and long-term immune memory, a process primarily carried out

by dendritic cells but also to an extent by macrophages and monocytes (Lee et
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al., 2017). After capturing a pathogen, antigen-presenting cells can process and
present antigens to adaptive immune lymphocytes, such as T and B cells. In
addition to other functions, cytokines and immune mediators produced by the
innate immune cells also enhance antigen presentation efficiency and promote

lymphocyte movement and development (Lee et al., 2017).

1.1.1 Innate immune memory and endotoxin

tolerance

The conventional view is that the adaptive immune system has exclusive
ownership over immunological memory. Lymphocytes, the adaptive immune
cells, develop specificity to antigens, and when they recognise invading
pathogens, they activate, expand and then leave behind T and B memory cells,
enabling the immune system to provide targeted antibody and cytotoxic
responses upon subsequent infection by the same pathogen (Medzhitov, 2007).
However, in approximately 97% of living organisms, there is no antibody and
clonal selection-based memory system (Purvis & Hector, 2000), hence, it is hard
to imagine that plants and invertebrates, which are also faced with a multitude
of pathogenic microorganisms, have not developed acquired defence
mechanisms to enhance clearance upon re-infection. Increasing evidence
supports the concept that the innate immune system can also retain some
information about recent encounters with pathogens in order to mount an

adjusted response to subsequent infections.

At the start of the 20th century, neurological and psychiatric conditions, such as
neurosyphilis and psychosis, were managed with a treatment known as ‘fever
therapy'. This treatment involved inducing fever by deliberately infecting
patients with malaria (a method that received the Nobel Prize in 1927) or
injecting them with other fever-inducing substances, such as the typhoid fever
vaccine (Albert, 1999). It was noticed that patients who received the vaccine
showed diminished responses to subsequent vaccinations over time and needed
higher doses of the vaccine to produce a fever (Lehner & Hartung, 2002). This

puzzling effect was studied further in rabbits, and it was found that repeated
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administration of bacterial preparations led to a decrease in their ability to
induce fever. The same results were seen in vivo using purified bacterial LPS,
also called endotoxin, and this diminished responsive state was subsequently

termed endotoxin tolerance (ET).

Additional investigation conducted in rabbits showed that multiple injections of
endotoxin not only made the animals resistant to febrile responses but also
made them immune to the lethal effects of LPS (Watson & Kim, 1963).
Additionally, the survival of mice (Freudenberg & Galanos, 1988; Lehner et al.,
2001) and rats (Sanchez-Cantu, 1989; Williams, 1985) following a lethal LPS
challenge was improved by inducing endotoxin tolerance with low doses of LPS.
This reduction in toxicity is attributed to the observed suppression of
proinflammatory cytokine induction by LPS in tolerised animals since all three
species exhibited markedly reduced serum levels of TNF, IL-18, and IL-6
following endotoxin administration (Erroi et al., 1993; Mengozzi et al., 1991;
Sanchez-Cantu, 1989; Wakabayashi et al., 1994). A clinical trial with healthy
human volunteers also reported inhibition of TNF and IL-6 release in endotoxin
tolerance (Astiz et al., 1995).

The crucial role of myeloid cells in the development of ET was demonstrated in
1988 when LPS-susceptible macrophages were transferred, inducing endotoxin
tolerance in LPS-resistant mice (Freudenberg & Galanos, 1988). Since then,
impaired cytokine production in endotoxin-tolerised cells has been widely
observed in monocytes and macrophages in both in vitro and ex vivo studies of
cells isolated from both humans and different lab animals. Among all the studies
that have been conducted over the past 40 years, the most significant shared
feature appears to be the consistent suppression of TNF release following re-
challenge with LPS, observed in murine peritoneal macrophages (Dobrovolskaia
et al., 2003; Rajaiah et al., 2013; Tominaga et al., 1999), splenocytes (Julian et
al., 2015), bone marrow-derived macrophages (BMDMs) (Butcher et al., 2018;
O’Carroll et al., 2014) and human primary cells including peripheral blood
mononuclear cells (Pena et al., 2011; Weisheit et al., 2020), monocytes (Petes et
al., 2018; Widdrington et al., 2018), and monocyte-derived macrophages (Petes
et al., 2018), as well as in cell lines derived from both mouse (Virca et al., 1989)
and human (El Gazzar et al., 2007). In contrast to TNF, the secretion of other

inflammatory mediators, such as IL-6 and IL-18, has been reported to be either
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suppressed or augmented in endotoxin tolerance depending on the cell type and
activation context (reviewed in West & Heagy, 2002). Specifically, the
tolerisation of IL-1B following a re-challenge with LPS has been the subject of
debate since this cytokine is under the rigorous control of different
inflammasome complexes, and it will be discussed in detail later (Sections 1.2.2
and 1.3.2). Additionally, endotoxin-tolerised human monocytes displayed an
increased ability to phagocytose particles but had reduced capability to present
antigens (Del Fresno et al., 2009). This indicates the complexity of ET and

suggests that it is not merely a state of unresponsiveness.

The molecular processes underlying LPS tolerance have been debated since its
discovery. LPS requires three additional host proteins to initiate a response via
its receptor TLR4, namely, LPS binding protein (LBP), cluster of differentiation
14 (CD14), and myeloid differentiation protein-2 (MD-2). LBP carries LPS near
the cell, and CD14 delivers the molecule to MD-2 bound to TLR4 (Park & Lee,
2013). The assembly of the signalling platform, consisting of two copies of the
LPS-MD2-TLR4 complex, leads to the activation of a downstream signalling
cascade through the adaptor protein myeloid differentiation primary response 88
(MyD88), enabling the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) pathway activation, resulting in the production of proinflammatory
cytokines. LPS-induced signalling can also trigger a MyD88-independent pathway
by involving the adaptor molecule Toll/IL-1R domain-containing adaptor-inducing
interferon (IFN)- B (TRIF), which activates the interferon regulatory factor 3
(IRF3) transcription factor, leading to the upregulation of type | interferons
(Kawasaki & Kawai, 2014). Initially, the tolerant state observed in cells
stimulated by LPS was thought to be due to impaired signalling through its
receptor, TLR4. Indeed, in vitro stimulation of mouse peritoneal macrophages
with LPS led to a reduction in the surface expression of TLR4 within hours, and
this suppression was still present after 24 hours (Nomura et al., 2000). However,
additional research has shown that the TLR4 surface expression level was not
decreased in peripheral blood mononuclear cells 24 hours after LPS activation
(Adib-Conquy & Cavaillon, 2002), while CD14, was found to be increased
(Ziegler-Heitbrock et al., 1994), and its surface expression in human THP-1 cells
and mouse macrophages was either increased or remained unchanged (Martin et
al., 2001; Nomura et al., 2000). Additionally, levels of MD-2 mRNA in LPS
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tolerance were shown to be upregulated in human monocytes (Medvedev et al.,
2002) and downregulated in peripheral blood mononuclear cells (Adib-Conquy &
Cavaillon, 2002), while the TLR4 gene mRNA expression levels in human, mouse,
and rat cells have been reported as decreased, unchanged, or increased (Fan &
Cook, 2004). In summary, these findings do not provide enough support for the
hypothesis that sequestering of TLR4 and its co-receptors from the cell surface is

the primary mechanistic cause of LPS tolerance.

Following repeated exposure to LPS, cells that developed tolerance consistently
exhibited impaired activation of NF-kB, as demonstrated by multiple studies
(West & Heagy, 2002). This impaired activation is sometimes considered
evidence of tolerance induction, along with the suppression of TNF. For example,
inefficient phosphorylation and degradation of NF-kB inhibitors, which prevent
the nuclear translocation of this transcription factor, was observed in mouse
macrophages that had developed tolerance (Medvedev et al., 2000) and in
monocytes isolated from patients with Gram-negative sepsis (Shalova et al.,
2015). Additionally, several negative regulators of the MyD88-dependent
signalling cascade have been identified as relevant for ET (reviewed in (Biswas &
Lopez-Collazo, 2009) and may explain the reduced NF-kB activity. For instance,
the SH2-containing inositol phosphatase (SHIP), which inhibits NF-kB by reducing
phosphatidylinositol 3-kinase (PI3K) activity (Kalesnikoff et al., 2002), was found
to be upregulated in tolerised mouse macrophages (Sly et al., 2004) and human
monocytes (Piao et al., 2009). SHIP-/- bone marrow-derived macrophages were
unable to undergo endotoxic tolerance (Sly et al., 2004), and knockdown of
SHIP-1 using shRNA in THP-1 cells prevented them from undergoing ET as well
(Pan et al., 2010). Other molecules such as Interleukin-1 receptor-associated
kinase-M (IRAK-M), A20, and suppressor of cytokine signalling 1 (SOCS1) were
also observed to be upregulated in ET (Nakagawa et al., 2002; Xiong &
Medvedeyv, 2011), and their knockdown resulted in impaired tolerance in mouse
macrophages (Kinjyo et al., 2002; Kobayashi et al., 2002), or in human THP-1
cells (Xiong et al., 2011). Additionally, defects in the components of the MyD88-
NF-kB pathway were associated with the tolerant phenotype. A short splice
variant of MyD88, which has a reduced capacity to activate downstream
signalling, was upregulated in monocytes from septic patients (Adib-Conquy et
al., 2006).
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The modification of DNA through methylation, as well as the acetylation and
methylation of histone tails, have been observed to change the structure of
chromatin and its accessibility, thereby controlling gene transcription. These so-
called epigenetic alterations, also known as marks, can have repressive effects,
such as the example of dimethylation of histone H3 at lysine 9 (H3K9me2) and
tri-methylation of H3 at lysine 27 (H3K27me3), as well as activating effects, like
acetylation of H4 (H4Ac) and tri-methylation of H3 at lysine 4 (H3K4me3)
(Bannister & Kouzarides, 2011). Extensive epigenetic re-modelling in the
promoter and enhancer regions of LPS response genes was shown in endotoxin
tolerised human monocytes, leading to changes in transcriptional activity that
could account for some of the effects observed in the tolerised phenotype
(Foster et al., 2007; Novakovic et al., 2016; Saeed et al., 2014). For instance,
increased repressive marks such as H3K9me2 and DNA methylation and
decreased phosphorylation of histone H3 at serine 10, linked with open
chromatin, were identified at the TNF gene promoter in tolerised THP-1 cells (El
Gazzar et al., 2007; Gazzar et al., 2008).

It is crucial to note that the production of immune mediators like TNF, IL-18, and
IL-6 in response to LPS is regulated beyond gene transcription through post-
transcriptional control mechanisms. These mechanisms involve RNA-binding
proteins (RBPs) and microRNAs (miRNAs) that can bind to transcribed mRNA,
control its stability, and regulate cytokine translation (Mino & Takeuchi, 2013).
Additionally, RBPs and miRNAs have been found to promote the acquisition of
the ET phenotype by causing mRNA decay and inhibiting the translation of
tolerised effector genes. In THP-1 cells, miR-221, along with RBPs tristetraprolin
(TTP) and AU-rich elements/poly(U)-binding/degradation factor 1 (AUF1), have
been proven to degrade TNF transcripts, while miR-579 and miR-125b, together
with T-cell-restricted intracellular antigen 1-related protein (TIAR), are
responsible for halting protein synthesis (El Gazzar & McCall, 2010). Members of
the miR-181 family have been shown to target both TNF and IL-6 mRNA.
Inhibition of miR-181 has been demonstrated to enhance transcript half-life and
restore cytokine production in human and mouse cells in vitro (Dan et al., 2015;
Zhang et al., 2015). Conversely, it has been suggested that enhanced transcript
stability and translation efficiency contribute to the sustained expression of non-

tolerisable anti-inflammatory genes, such as secretory interleukin-1 receptor
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antagonist, as seen in LPS tolerised THP-1 cells (Learn et al., 2000). Two miRNAs
that target different downstream components of the TLR signalling cascade,
miR-146a and miR-155, have also been identified as crucial in the establishment
of ET (Nahid et al., 2011).

Although ET is the first identified and most extensively researched memory-like
phenotype of the innate immune system, myeloid cell tolerance is not specific to
LPS. Other TLR ligands, like Pam3CSK4 (TLR2 agonist), lipoteichoic acid (TLR2
agonist), poly(l:C) (TLR3 agonist), flagellin (TLR5 agonist), and R848 (TLR7/8
agonist), can also induce a hyporesponsive state (Ifrim et al., 2014; Lehner et
al., 2001). Additionally, LPS and other stimuli can create cross-tolerance,
providing tolerance to a different secondary stimulus (Seeley & Ghosh, 2017).
These findings are supported by the presence of genome-wide epigenetic
reprogramming in ET, where repressive marks hinder the reactivation of specific

TLR-inducible genes, regardless of the secondary signal.

Together, these data suggest that LPS-induced tolerance goes beyond a
refractory state resulting from receptor desensitisation, and instead, it emerges
as a fundamental adaptation, enabling the most efficient, context-dependent
response of innate immune cells when faced with repeated reactivation,
protecting the host from excessive damage and unnecessary inflammation.
Indeed, chronic inflammation is one of the defining features of autoimmune
conditions, and a link could be made between the lack of tolerance in myeloid
cells and disease pathogenesis. Hence, it is paramount to understand how ET can
influence the maladaptation of tissue infiltrating myeloid cells in chronic
inflammatory conditions such as rheumatoid arthritis (RA), since these cells are
under constant repeated stimulation in the inflamed joint and inadequate
tolerisation of monocytes to repeated endogenous triggers could lead to
devasting proinflammatory cytokine production and secretion loop within the

diseased tissues.

1.1.2 Monocytes as immune effector cells

Monocytes are a subset of white blood cells that travel within the bloodstream

and function as immune system effector cells. They account for 5-10% of the
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total white blood cell count in humans and remain in the bloodstream for a brief
period before a portion of them move into tissues when needed, where they can
mature into different cells such as macrophages and cells with dendritic cell like
properties (Tacke & Randolph, 2006; Ziegler-Heitbrock, 2000; Zhao et al., 2023).
This process has highlighted the notable characteristic of monocytes, which is
their adaptable nature. Monocytes are primed to swiftly migrate in substantial
numbers to various locations in the body, playing roles in either promoting
inflammation or resolving it. Monocytes originate from hematopoietic stem cells
(HSCs) found in the bone marrow (BM). Hematopoietic stem cells continually
produce monocytes by carefully controlled population growth followed by
differentiation through multiple intermediate myeloid lineage-specific
precursors (Geissmann et al., 2010). HSCs generate common myeloid progenitor
(CMP) cells via various multipotent precursors, which then mature into
granulocyte and macrophage progenitors (GMP) dedicated to the myeloid
lineage. GMPs can then produce neutrophils, and a portion of GMP cells
subsequently develop into macrophages and dendritic cell progenitors (MDP).
The MDPs then give rise to common monocyte progenitors (cMoP), which are

committed to producing monocytes (Trzebanski & Jung, 2020).

A modified model has suggested that CMPs give rise to GMPs and MDPs through
distinct pathways. Both GMPs and MDPs produce progenitors that develop into
mature monocytes, but each type generates its own set of cells: MDPs give rise
to classical DCs and monocyte-derived DCs, whereas GMPs produce neutrophils,
neutrophil-like monocytes, and a group of atypical monocytes (Yanez et al.,
2017). Both internal and external factors influence the development of
monocytes. For instance, during infection or stress, haematopoiesis can be
altered to produce specific cell lineages needed for a particular systemic
immune response (Yanez et al., 2017). When monocyte chemoattractant protein
(MCP) chemokines activate C-C motif chemokine receptor 2 (CCR2), monocytes
exit the bone marrow and enter the bloodstream, where they respond to signals

of damage, infection, or inflammation (Kuziel et al., 1997; Shi & Pamer, 2011).

Monocytes have multiple PRRs and chemokine receptors that respond to external
stimuli and facilitate migration into the tissues where the signals originate.
Human peripheral blood monocytes express various TLRs, including TLR2, TLR4,
TLR5, and TLR9 (Cros et al., 2010). PRRs enable monocytes to recognise and
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initiate an immune response against different pathogens such as viruses,
bacteria, parasites and fungi (Kapellos et al., 2019). In the tissue environment,
monocytes can differentiate into either macrophages or cells with DC-like
properties, or they can continue mounting immune responses as monocytes until

they undergo cell death (Kapellos et al., 2019).

Human circulating monocytes are heterogeneous and are primarily identified
based on the presence of CD14 and CD16 proteins on their surface (Ziegler-
Heitbrock et al., 2010). CD14 acts as a coreceptor for TLR4, while CD16, also
known as Fc gamma RIll, is a receptor capable of binding immunoglobulin G (I1gG)
(Yeap et al., 2016). Based on the presence of these surface molecules,
monocytes are categorised into three subsets: classical, characterised by high
CD14 expression and no CD16 expression (CD14** CD16°); intermediate,
characterised by high CD14 expression and medium CD16 expression
(CD14**CD16%); and non-classical, characterised by medium, low or negative
CD14 expression and high CD16 expression (CD14*/-CD16**). The proportion of
each monocyte subset is variable among healthy individuals and can be subject
to further alteration in diseases such as rheumatoid arthritis (RA), where there is
an increased proportion of intermediate monocytes (Cooper et al., 2012;
Kawanaka et al., 2002). Classical monocytes comprise most circulating
monocytes at approximately 80-95%, while intermediate monocytes represent
roughly 2-8% of the population. Non-classical monocytes account for the
remaining 2-10% of monocytes in the circulation (Sampath et al., 2018). Each
monocyte subset exhibits distinct characteristics and functions, including
differences in size, granularity, surface receptor profiles, responses to cytokines,
transcriptional profiles and differentiation potential (Passlick et al., 1989;
Sampath et al., 2018).

The classical and intermediate monocytes are typically considered to have
inflammatory properties, while non-classical monocytes are thought to be
involved in patrolling activities. Classical monocytes express the highest levels of
CCR2, a receptor for chemokine ligand 2 (CCL2), which plays a role in directing
cell migration to the sites of inflammation (Patel et al., 2017; Shi & Pamer,
2011). Research in mice has shown that CCR2 is necessary for the exit of
monocytes out of the bone marrow. However, circulating monocytes lacking

CCR2 can still migrate to the site of infection once in circulation, indicating that
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the primary role of CCR2 is promoting the migration of monocytes out of the
bone marrow (Serbina & Pamer, 2006). CCL2 levels increase in response to
various inflammatory stimuli, which leads to an increase in the number of

monocytes entering the blood from the bone marrow (Gerard & Rollins, 2001).

Intermediate monocytes have been shown to exhibit characteristics commonly
associated with mature tissue macrophages (Weber et al., 2000). Compared to
classical monocytes, intermediate monocytes have lower levels of CCR2 but
higher levels of CCR5 (Weber et al., 2000). CCRS5 is responsible for detecting
macrophage inflammatory protein-1a (MIP-1a), also known as CCL3, a
macrophage chemokine that is elevated in the synovial fluid and tissue of RA
patients (Koch et al., 1994). In contrast to classical and intermediate monocytes,
non-classical monocytes perform surveillance along the endothelium moving
along the surface of the endothelium in a chemokine receptor C-X3-C motif
chemokine receptor 1 (CX3CR1) and in an integrin lymphocyte function-
associated antigen 1 (LFA-1) dependent manner (Auffray et al., 2007; Cros et al.,
2010). Upon detecting pathogens, non-classical monocytes quickly enter tissues

and mature into macrophages.

It has been shown that in humans, after classical monocytes emerge from the
BM, they circulate for a day, while intermediate and non-classical monocytes
circulate for approximately 4 and 7 days, respectively (Patel et al., 2017). In
mice, it has been shown that the different monocyte subsets reflect their
developmental status and that classical monocytes transform into non-classical
monocytes over time via Notch signalling triggered by notch ligand delta-like 1
(DU1) expressed on endothelial cells (Gamrekelashvili et al., 2016; Yona et al.,
2013). Additionally, murine models have shown that in the absence of
inflammation, some circulating classical monocytes return to the bone marrow in
a C-X-C chemokine receptor type 4 (CXCR4)-dependent mechanism (Chong et al.,
2016), where they differentiate into non-classical monocytes (Shi & Pamer,
2011). Notch2, which is highly expressed on CD14* human monocytes, is the
preferred target for Dll1, suggesting a similar mechanism for the transition of
human monocytes from classical to non-classical. The differentiation process of
classical monocytes into intermediate monocytes, and ultimately into non-

classical monocytes, is further supported by the observation that classical
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monocytes are the only subset found in the human bone marrow (Patel et al.,
2017).

Monocyte survival relies on the presence of specific growth factors present in
the bloodstream. Researchers commonly use human pooled plasma or human
pooled serum supplementation to mimic physiological conditions when
conducting experiments using isolated monocytes. Additionally, growth factors
such as macrophage-colony stimulating factor (M-CSF) are added directly into
the culture medium to ensure monocyte survival. The signalling of the M-CSF
receptor (M-CSFR) and its primary ligand, M-CSF (also known as CSF-1), is
essential for the survival and differentiation of myeloid cells and it involves
tyrosine kinase-dependent signalling cascades that activate the Phosphoinositide
3-kinase (PI13K)-Akt/Ras-Raf-MAPK- extracellular signal-regulated kinase (ERK)
pathways, which also regulate cytoskeleton remodelling and cell adhesion
(Mouchemore & Pixley, 2012; Pixley & Stanley, 2004).

Monocytes are commonly thought of as precursors to differentiated macrophage
effector cells, however, it is now more widely appreciated that they also have
their own hugely important immunological functions since they are quite
efficient at producing an array of proinflammatory cytokines once they recognise
a threat, as well as promoting homeostasis and repair. Each of the different
monocyte subsets can respond uniquely to immune stimulants, resulting in a
specific cytokine secretome when activated. For example, classical monocytes
act as professional phagocytes and generate inflammatory cytokines such as TNF,
IL-6 and IL-1B in addition to reactive oxygen species (ROS) in response to
microbial stimuli such as LPS (Rossol et al., 2011). On the other hand, non-
classical monocytes are ineffective phagocytes and have been reported as
unresponsive to ROS and cytokine production upon stimulation of cell surface
TLRs. However, non-classical monocytes respond to the stimulation of
intracellular TLR7/8 by viruses or immunocomplexes containing nucleic acids,
producing TNF and CCL3 (Cros et al., 2010). Classical monocytes have also
demonstrated their ability to enter tissues such as the skin and lungs under
steady-state conditions in order to transport antigens to the draining lymph
nodes without differentiating into macrophages and with minimal changes in

their gene expression (Jakubzick et al., 2013).
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The presence of proinflammatory stimuli results in an increased level of
monocyte recruitment to peripheral tissues. Excessive levels of endogenous
proinflammatory triggers present in certain chronic inflammatory conditions,
such as RA, can cause monocytes to be at the centre of disease pathogenesis
(Rana et al., 2018). In RA, monocytes contribute to pathogenesis through the
production of proinflammatory cytokines and chemokines upon detection of
disease stimuli known as damage-associated molecular patterns (DAMPs) by

PRRs, which will be discussed next.

1.1.3 Danger associated molecular patterns
(DAMPs) in health and disease

As previously discussed, the primary role of the innate immune system is the
identification and elimination of foreign entities, however, organisms face
threats to their internal balance beyond just infection. Non-microbial factors
stemming from cellular stress and tissue damage can also trigger inflammatory
reactions. These triggers include substances released when cells die and
components of the damaged extracellular matrix, which play a crucial role in
activating pathways involved in clearing cellular waste and restoring tissue
integrity (Bryant et al., 2015; Schaefer, 2014). Additionally, the immune system
can be stimulated by non-organic irritants like asbestos (Dostert et al., 2008),
accumulations of internal molecules such as amyloid-beta (AB) (Halle et al.,
2008) and cholesterol (Duewell et al., 2010), and tumour-associated antigens
(Woo et al., 2015). Collectively, these sterile triggers of the immune system have
been given the term damage-associated molecular patterns. The immune
response to DAMPs is triggered by pattern recognition receptors, the same
receptors that identify PAMPs. For example, TLR4, the receptor that recognises
bacterial LPS, also responds to several internal molecules, including biglycan
(Schaefer et al., 2005), fibronectin extra domain A (Fn-EDA) (Okamura et al.,
2001), and fibrinogen (Smiley et al., 2001). As DAMPs are molecules produced by
the host, they must be kept separate from PRRs in healthy tissues to prevent
unnecessary activation. Under normal conditions, DAMPs are segregated in

specific cellular compartments, downregulated, or sequestered in the
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extracellular matrix (ECM) (Schaefer, 2014). For instance, tenascin-C, a natural
ligand of TLR4, which will be discussed in detail later (Section 1.1.4), is not
present in healthy tissue but is produced in response to injury and inflammation
(Midwood et al., 2009).

Additionally, mitochondrial DNA, which is rich in cytosine-phosphate-guanine
(CpG) sites and secluded within the mitochondria, is discharged into the
bloodstream by cells after an injury, where it can be absorbed and trigger TLR9
(Zhang et al., 2010). A key constituent of the ECM, namely hyaluronan
fragments, accumulates during matrix degradation and prompts an immune
response through TLR4 and TLR2 (Jiang et al., 2005). Although the mechanism of
action of DAMPs is not entirely clear, it is known that similar to PAMPs, upon
recognition by PRRs, DAMPs induce the production of proinflammatory cytokines
and chemokines, leading to leukocyte recruitment to the site of damage and the
promotion of inflammation (Chen & Nunez, 2010). This immune response serves
as a pre-emptive safeguard in case the injury is no longer sterile. Additionally,
after being stimulated by DAMPs, activated innate immune cells become
effective antigen-presenting cells and can provide co-stimulatory signals to
lymphocytes when other relevant antigens emerge, such as pathogenic, tumour-

associated, or altered self-antigens (Zelenay & Reis E Sousa, 2013).

Endogenous and pathogenic triggers elicit responses that partly overlap,
however, while the immune system is prompted to combat invading pathogens
upon detecting PAMPs, DAMPs play a critical role in stimulating tissue repair.
During the initial inflammatory stage of wound healing, DAMP-induced
inflammation and subsequent leukocyte infiltration are vital for clearing cellular
debris. As dead tissue is removed from the injury site, immune mediators
prompted by DAMPs help shift leukocytes from a proinflammatory to a repair
program, facilitating the resolution of inflammation (Ellis et al., 2018).
Subsequently, macrophages and other innate immune cells direct fibroblasts to
produce ECM components such as collagen and promote proliferation and
migration of keratinocytes. Consequently, ECM regeneration occurs, and tissue
integrity is reinstated (Ellis et al., 2018; Zindel & Kubes, 2020). Thus, the
immune system does not just differentiate between harmful external and
harmless internal stimuli instead, it is capable of understanding the situation of

the identified danger, distinguishing between internal damage signals and PAMPs,
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and initiating a well-timed, appropriate reaction directed at tissue restoration

rather than being restricted to immediate inflammation.

Although the induction of sterile inflammation by DAMPs enables effective tissue
repair, they can also drive harmful pathological processes as they need to be
promptly eliminated by phagocytes after the proinflammatory phase of healing
to facilitate tissue repair completion. Failure to remove DAMPs from the
inflamed tissue can result in persistent activation of immune responses, leading
to unresolved inflammation and the development of chronic inflammatory
conditions (Gong et al., 2020). Dysregulated inflammation induced by DAMPs has
been implicated in various pathologies, including autoimmune diseases (e.g.,
rheumatoid arthritis (Goh & Midwood, 2012) and systemic lupus erythematosus
(Liu et al., 2020)), metabolic disorders (such as diabetes (Shin et al., 2015) and
atherosclerosis (Zimmer et al., 2015)), and neurodegenerative diseases (like
Alzheimer's disease (Venegas & Heneka, 2017) and Parkinson's disease (Pajares et
al., 2020)). Prolonged activation of inflammatory pathways by DAMPs can also
lead to disordered tissue remodelling and tissue fibrosis instead of physiological
regeneration. Then, the excessive fibrotic tissue, consisting of ECM components
secreted by the activated fibroblasts, accumulates in the sites of inflammation
and damage, leading to scarring and impaired organ function (Anders & Schaefer,
2014). Hence, while sterile inflammation is important in physiological tissue
repair, failure to resolve excessive DAMP-induced inflammation can contribute to

the development of pathology.

Similar to PAMPs, there is evidence suggesting that some DAMPs are capable of
inducing a refractory functional state resemblant to ET. These DAMPs include
high-mobility group box protein 1 (HMGB1) (Aneja et al., 2008), high-mobility
group nucleosome-binding protein 1 (HMGN1) (Arts et al., 2018), cold-inducible
RNA-binding protein (CIRP) (Zhou et al., 2020), and the 5100 A8 and A9 proteins
(Austermann et al., 2014). HMGB1 functions as a DNA-binding protein that
regulates gene transcription within the cell nucleus, however, when released
from the cell, it can bind to TLR4 and the receptor for advanced glycation
endproducts (RAGE), triggering the production of proinflammatory cytokines
(Yang et al., 2020). Research shows that priming THP-1 cells with HMGB1 reduces
the release of TNF in response to LPS (Aneja et al., 2008) or lipoteichoic acid

(LTA) (Robert et al., 2010) stimulation. This decrease in serum TNF levels
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following LPS challenge is also observed in mice pre-treated with HMGB1 (Aneja
et al., 2008). Similarly, HMGN1, a protein that binds to nucleosomal DNA and
affects chromatin structure, can stimulate TLR4 signalling when present outside
the cell (Yang et al., 2018). Studies have reported that HMGN1 induces reduced
responsiveness to LPS in human PBMCs, leading to decreased production of IL-6
and TNF. Furthermore, HMGN1 priming creates tolerance to cell activation with
Pam3CSK4 and flagellin (Arts et al., 2018). The primary function of CIRP is as an
RNA chaperone that regulates translation in reaction to various forms of cellular
stress. Outside the cell, however, it acts as a DAMP agonist of TLR4 (Aziz et al.,
2019). It has recently been shown that extracellular CIRP (eCIRP) promotes
tolerance to LPS in mouse peritoneal macrophages in vitro and ex vivo.
Interestingly, this process relies on eCIRP binding to a different receptor, IL-6
receptor (IL-6R), rather than TLR4 (Zhou et al., 2020). Lastly, the two members
of the S100 protein family, S100A8 (also known as myeloid-related protein 8, or
MRP8) and S100A9 (MRP14), are small calcium binding proteins released in
response to tissue damage, and they activate TLR4 (Wang et al., 2018). Primary
human monocytes exposed to either of these proteins become tolerised to a re-
challenge with the same stimulus, as well as to LPS and LTA (Austermann et al.,
2014).

These examples demonstrate that not only pathogenic factors but also certain
internal molecules generated in response to cell stress and injury can trigger a
form of memory within the innate immune system. Recent evidence supports
that both DAMP- and PAMP-based memory acquisition is linked in part to
epigenetic reprogramming (Austermann et al., 2014; Bekkering et al., 2014).
Apart from these recent discoveries, however, one molecule has been attributed
tolerising properties since 1988 - the proinflammatory cytokine TNF (Fraker et
al., 1988). It was first seen in rats and mice that TNF administration protected
these animals from lethal doses of subsequent TNF administration (Fraker et al.,
1988; Fraker et al., 1990). The treated mice were shielded from symptoms like
fever, gastrointestinal toxicity, liver injury, anorexia, hypertension, and
hypothermia induced by TNF-related inflammation (Huber et al., 2017).
Additionally, TNF stimulation of monocytes and macrophages in an in vitro

setting was found to induce tolerance to itself as well as cross-tolerance to LPS.
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Subsequent investigation revealed that cells that have been exposed to TNF
undergo a particular change in their transcriptome, causing a reduced
production of TNF, IL-18, IL-6, and IL-8 upon re-stimulation (Gunther et al.,
2014). On the other hand, there are cytokines that cannot be TNF tolerised.
Examples of such cytokines are IL-18 and IL-32 (Gunther et al., 2014). The
desensitisation induced by TNF is initiated by the activation of its receptor-
tumour necrosis factor receptor 1 (TNFR1) (Takahashi et al., 1995). Apart from
inhibition of TNFR1 in mice, inhibiting the glucocorticoid receptor also
negatively affected the development of a tolerant phenotype following TNF
priming (Takahashi et al., 1995). The acquisition of TNF tolerance involves two
different mechanisms depending on the concentration used for priming. Low TNF
doses primarily regulate a group of tolerisable genes through the control of
glycogen synthesis kinase 3 (GSK3), a serine/threonine kinase. GSK3
phosphorylates interaction partners p65 and transcription factor
CCAAT/enhancer binding protein (C/EBP) B, thus repressing transcription
(Gunther et al., 2014; Weber et al., 2003). Higher TNF doses affect a larger part
of the transcriptome, causing both absolute and induction tolerance. In addition
to GSK3, the protein governing high TNF tolerance is the A20 deubiquitinase, a
negative regulator of NF-kB signalling (Gunther et al., 2014). In a separate study
focusing on TNF/LPS cross-tolerance, GSK3 enhanced A20 expression (Park et al.,
2011). Since TNF is a major mediator of inflammation induced by PAMP/DAMP
sensing by PRRs, a logical question about its strong tolerising properties was
asked. Is it possible that the autocrine/paracrine activity of TNF released in
response to TLR4 activation by LPS is responsible for the acquisition of endotoxin
tolerance? This was investigated using TNF-neutralising antibodies, as well as
TNF receptor targeting antibodies: anti-TNFR1 and anti-TNFR2. Antibody
blockade of TNF and TNF signalling before priming with LPS had no effect on
endotoxin tolerance induction (Hunter & Loosbroock, 2014). Hence, the
induction of endotoxin tolerance is not dependent on TNF production following
TLR4 activation.

The existing data supports the notion that the protective memory mechanisms
triggered in innate immune cells control not only disease-causing immune
responses but also the immune responses driven internally. However, DAMPs

encompass a diverse range of molecules, and extensive further research is
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required to fully comprehend the distinct and shared aspects of cellular
reprogramming specific to endogenous triggers, as well as the commonalities
between DAMPs and PAMPs. Many inquiries regarding the danger model of
immunity remain unresolved, particularly concerning the definition of
endogenous inflammatory molecules and the mechanisms through which their
activity must be closely regulated to prevent potentially devastating
autoimmune damage. Addressing these inquiries will not only offer insights into a
compelling immunological puzzle but may also unveil new therapeutic
opportunities for treating non-infectious inflammatory diseases such as RA,

where internal inflammatory stimuli are believed to instigate the pathology.

1.1.4 The DAMP Tenascin-C: a matrix protein with

diverse immunomodulatory capabilities

Tenascin-C (TN-C) is a large protein made up of six subunits that is found in the
extracellular matrix. It is not usually produced in healthy tissues, but it is made
quickly when tissues are damaged. Typically, upon tissue injury, its expression is
transient, with mRNA levels decreasing and the protein disappearing by the time
tissue repair is finished (Chiquet-Ehrismann & Chiquet, 2003). However,
continual presence of tenascin-C is linked to various unhealthy conditions, where
it accumulates at inflammation sites in autoimmune, fibrotic and metabolic
diseases and in certain types of cancer (Udalova et al., 2011). With a complex
molecular structure that allows for a wide range of interactions, tenascin-C

influences many different cellular processes (Table 1.1).

Tenascin-C has a specific domain structure with the N-terminus containing an
assembly domain responsible for the formation of a so-called hexabrachion, a
six-armed oligomer. The N-terminus is then followed by epidermal growth factor-
like (EGFL) repeats, fibronectin type lll-like repeats (FNIII) that are both
constitutively expressed and alternatively spliced, and a C-terminal fibrinogen-
like globe (FBG-C). This intricate structure allows tenascin-C to participate in a
wide range of molecular interactions (reviewed in (Midwood et al., 2016)).
Tenascin-C plays a crucial role in regulating the extracellular matrix by

influencing its assembly and the physical properties of tissues. Its binding
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partners within the extracellular matrix include collagen, fibronectin, periostin,
fibrillin-2, and certain proteoglycans such as perlecan, aggrecan, neurocan, and
phosphacan/receptor protein tyrosine phosphatase 8/¢. Furthermore, tenascin-C
can bind to proteins present on the cell surface, such as syndecan 4, contactin,
glypican, annexin Il, and CALEB/CSPG5. Importantly, Tenascin-C can directly
affect internal cell signalling by binding to cell surface receptors such as
epidermal growth factor receptor (EGFR), TLR4, and integrins (Midwood et al.,
2016). Additionally, tenascin-C can bind to numerous growth factors, including
members of the fibroblast growth factor family and the transforming growth
factor beta (TGF-8) superfamily. This extensive array of interactions makes
tenascin-C a diverse regulator of cellular behaviour, influencing activities like
proliferation, migration, adhesion, and differentiation, based on the cellular
context and type (Midwood et al., 2016).

The inflammatory effects of tenascin-C have been attributed to three primary
binding partners, namely TLR4 and integrins a981 and aVB3 (Table 1.1). As
discussed earlier, TLR4 is a cell surface receptor found on leukocytes and stromal
cells initially identified as the PRR accountable for mediating innate immune
responses to the powerful bacterial virulence factor LPS, but it also has a
growing number of endogenous activators that are being discovered, including
tenascin-C, biglycan, fibrinogen, and $100 proteins, among others (Yu et al.,
2010). The most frequently reported effect of TLR4 activation by tenascin-C is
the stimulation of proinflammatory mediators, such as IL-6, IL-8, and TNF, in
macrophages (Midwood et al., 2009), (Benbow et al., 2016; Piccinini et al.,
2016; Zuliani-Alvarez et al., 2017), DCs (Machino-Ohtsuka et al., 2014),
fibroblasts (Midwood et al., 2009; Magbool et al., 2016), and chondrocytes (Patel
et al., 2011). Additionally, tenascin-C signalling through TLR4 has been shown to
be relevant in inflammasome priming. Inflammasomes and their activation will
be discussed in detail later (Section 1.2.1). Briefly, inflammasomes are
multiprotein, intracellular complexes that drive specific inflammatory
responses, including the release of the cytokines IL-18 and IL-18, and the
induction of pyroptosis, a type of programmed cell death (Broz & Dixit, 2016). In
most immune cell types, inflammasomes require two distinct signals for
activation. The first "priming” signal consists of PRR-driven pro-cytokine

production and synthesis of inflammasome components; this is followed by a
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second signal which drives inflammasome assembly and caspase-1-mediated

maturation and release of bioactive IL-18 and IL-18 (Jo et al., 2016). Activation

of rat epicardium-derived cells with tenascin-C led to TLR4-dependent pro-IL-18

transcription, highlighting increased tenascin-C expression in rat cardiac tissue

following ischemic injury as a potential priming step for inflammasome assembly

that can be followed by adenosine or adenosine triphosphate (ATP) as a second

signal fully activating the inflammasome (Hesse et al., 2017). Additionally,

elevated levels of secreted mature IL-1B were detectable in the cell culture

medium of mouse bone marrow-derived DCs stimulated with tenascin-C

(Machino-Ohtsuka et al., 2014), suggesting that tenascin-C may be capable of

driving IL-1 synthesis without an exogenous second signal in certain cell types.

Nevertheless, a direct connection between tenascin-C activation of TLR4

inflammasome signalling has not been previously explored.

Table 1.1 Tenascin-C as a modulator of cell activation. TN-C Source and TN-C Domain rows

were left blank if no details of source and type of used Tenascin-C were given in the reference

article.
Receptor Cell Type TN-C Source Response TN-C Domain Reference
TLR4 Primary human macrophages Recombinant human full-length TN-C domains [t IL-6, IL-8 and TNF FBG-C (Midwood et al., 2009)
TLR4 Human synovial fibroblasts 1 IL-6 (Midwood et al., 2009)
- Full-length TN-C purified from human 1f IL-6, IL-8, prostaglandin E2, nitrate and
TLR4 P h hond| Pateletal., 2011
rimary human chondrocytes glioblastoma cell line ADAMTS4 (Pateleta )
TLR4 Mouse bone marrow neutrophils f MMP-9 (Kuriyama et al., 2011)
TLR4 Human THP-1-derived macrophages Recombinant human TN-C puAnfled from mouse Macrophage differentiation into foam cells (Liuetal.,, 2012)
myeloma cell line
TLR4 Mouse bone marrow-derived DCs Fuli-tength TN-C purified from human t IL-6, IL-10t, IL-1p and IL-17 (Machino-Ohtsuka et al., 2014)
glioblastoma cell line
TLR4 [Human monocyte -derived macrophages Recombinant human FBG-C domain L:\I/_IPGJL:B TNF, IL-10, collagen, MMP-1 and FBG-C (Piccinini et al., 2016)
TLR4 Human and mouse fibroblasts Full-length TN-Cpurified ferm human f type | collagen, aSMA and TLR4 (Bhattacharyya et al., 2016)
glioblastoma cell line
TLR4 Human cardiac myofibroblasts Recombinant human FBG-C domain 4 IL-6 and MMP-3 FBG-C (Magbool et al., 2016)
TLR4 Mouse macrophage cell line IL-6, TNF (Benbow et al., 2016)
TLR4 Human hepatoma cell line 4 epithelial-mesenchymal transition (Benbow et al., 2016)
TLR4 Primary human macrophages Recombinant human FBG-C domain IL-6, IL-8 and TNF FBG-C (Zuliani-Alvarez et al., 2017)
) ) . 4 IL-6, IL-1a, IL-1b, TNF, CCL2, CCL3, CCL4,
9 M l h R binant FNIII3 d FNIN3 K t al., 2009
o ouse synovial macrophages ecombinan omain CXCL2 and CXCLS (Kanayama et a )
a9 Mouse synovial fibroblasts #1L-6, L1, CCL2, COL4, CXCLS, CXCL12 and (Kanayama et al., 2009)
MMP-9yMMP-2

a9 Mouse dendritic cells Recombinant mutant FNIII3 domain IL-6, IL-23, Th17 cell differentiation FNII3 (Kanayama et al,, 2011)

aVB3 Mouse peritoneal macrophages IL-6, IL-1P and TNF (Shimojo et al., 2015)

Several reports indicate that tenascin-C-mediated cytokine release also plays a

crucial role in creating a conducive microenvironment for selective T-cell

polarisation. DCs from mice lacking tenascin-C displayed reduced release of

proinflammatory cytokines when exposed to LPS and had a diminished ability to
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direct naive T cells towards T helper 17 (Th17) cell differentiation but not
towards T helper 1 (Th1), T helper 2 (Th2), or T regulatory (Treg) cell
differentiation (Ruhmann et al., 2012). Activation of DCs with exogenous
tenascin-C enhanced their capacity to promote Th17 cells, and this effect could
be nullified by using anti-IL-6 and anti-TLR4 antibodies, indicating that the
synthesis of IL-6, induced by tenascin-C activating TLR4, is a critical factor in T-
cell subset polarisation (Machino-Ohtsuka et al., 2014). Additionally, tenascin-C
stimulated chondrocytes to secrete prostaglandin E2 (Patel et al., 2011), a
complex inflammatory mediator known to be involved in Th17 cell polarisation
(Boniface et al., 2009; Napolitani et al., 2009).

A more thorough examination of the effects of activating TLR4 with tenascin-C in
primary human macrophages revealed functional outcomes that extend beyond
cytokine production. Comparing macrophages activated by either tenascin-C or
the pathogenic ligand LPS showed similar yet distinct impacts on cell behaviour.
While both stimuli trigger classical NF-kB and mitogen-activated protein kinase
(MAPK) signalling, LPS prompts macrophages to adopt an aggressive phenotype
geared towards combating infection, characterised by high levels of
proinflammatory cytokines and matrix-degrading metalloproteinases (MMPs). In
contrast, tenascin-C promotes the upregulation of extracellular matrix protein
expression and phosphorylation, leading to macrophage behaviour more aligned

with tissue repair (Piccinini et al., 2016).

Additionally, tenascin-C has been shown to drive macrophages to become foam
cells. Tenascin-C enhances oxidized low-density lipoprotein (oxLDL)-induced
foam cell formation in a TLR4-dependent manner. Tenascin-C is upregulated
following macrophage stimulation by oxLDL and can induce the expression of
CD36, a scavenger receptor involved in LDL uptake, which suggests the presence
of a positive feedback loop promoting the development of these cells crucial to
atherosclerosis (Liu et al., 2012). These findings collectively demonstrate that
tenascin-C significantly influences macrophage polarisation, induces a
macrophage phenotype distinct from that induced by pathogenic TLR4
activation, and generates different macrophage subsets based on the

environmental context.
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A broader range of cell types have also been documented to react to tenascin-C
through activation of TLR4. In murine bone marrow neutrophils, tenascin-C has
been demonstrated to increase the expression of MMP-9 in a manner dependent
on TLR4 (Kuriyama et al., 2011), and in fibroblasts, it induces high levels of IL-6
secretion without inducing IL-8 secretion, in contrast to macrophages where
both cytokines are induced by tenascin-C (Midwood et al., 2009). In primary
human foreskin fibroblasts, tenascin-C induces the production of type | collagen
and alpha-smooth muscle actin via TLR4 (Bhattacharyya et al., 2016). These
findings indicate that tenascin-C plays a role not only in initiating inflammation
mediated by immune cells but also in stromally driven defence responses,
suggesting that this matrix molecule contributes to both inflammatory processes
right after tissue damage and also the following tissue remodelling by activating

cell-type-specific responses through TLR4.

The fact that tenascin-C triggers a different type of inflammatory signalling
through TLR4 compared to LPS supports the concept that the immune system is
capable of distinguishing between various alarm signals using common receptors
in order to activate specific responses to particular threats, such as injury versus
infection. However, it is currently unclear at the molecular level how different
outcomes result from the activation of the same PRR. The mechanism through
which tenascin-C binds to and activates TLR4 is still not fully understood.
Nevertheless, it is known that the binding site consists of three distinct epitopes
within the FBG-C domain of tenascin-C and that FBG-C is the necessary and
sufficient domain needed to trigger a complete TLR4 inflammatory response
(Zuliani-Alvarez et al., 2017). Additionally, experimental data has suggested that
the classical LPS co-receptors, myeloid differentiation protein-2 and CD14, are

not necessary for TLR4 activation by tenascin-C (Midwood et al., 2009).

Tenascin-C has been shown to activate two other cell surface receptors that
drive inflammatory responses, namely Integrins a981 and aVB3, which are
transmembrane receptors capable of binding to various matrix proteins,
including fibronectin and are involved in the induction of proinflammatory
cytokine synthesis. The a981 interaction site responsible for the observed
effects of tenascin-C has been pinpointed to the third FNIII repeat (Kanayama et
al., 2009). Although aVB3 is known to bind to two different sites within tenascin-
C, the third FNIII repeat (Prieto et al., 1993) and the FBG-C domain (Yokoyama
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et al., 2000), it is still unknown which, if any, is responsible for conferring the
proinflammatory activity. In murine synovial macrophages and fibroblasts,
induction of a9 integrin-mediated signalling by tenascin-C upregulates a wide
array of proinflammatory molecules, including IL-6, IL-1a, CCL2, CCL4, and
CXCL5 (Kanayama et al., 2009). Activation of a9 integrin by tenascin-C is also
involved in Th17 cell differentiation through the induction of IL-6 and IL-23 in
DCs. It was shown that the stimulation of IL-6 secretion by tenascin-C is a
synergistic effect of signalling via both a9 integrin and TLR4 (Kanayama et al.,
2011). The impact of tenascin-C on cytokine secretion through the activation of
aVB3 was studied in peritoneal macrophages, where it led to the upregulation of
IL-6, IL-18, and TNF in an NF-kB-dependent manner (Shimojo et al., 2015). These
findings demonstrate that tenascin-C can upregulate cytokine synthesis by
activating more than one receptor family. The mechanisms that mediate this
interplay on the cellular level are yet to be elucidated, but the redundancy of

receptors underscores the importance of tenascin-C as a danger signal.

Aside from its impact via membrane receptor signalling, tenascin-C may also
indirectly control intracellular inflammation. In a human glioblastoma cell line,
tenascin-C reduces the levels of the Wnt inhibitor dickkopf-1 (DKK1), leading to
an increase in classical Wnt signalling by stabilising B-catenin (Ruiz et al., 2004).
Tenascin-C also binds to Wnt3a, and when human adenocarcinoma cell line cells
are placed on tenascin-C in the presence of Wnt3a, they show heightened
classical Wnt signalling. Interestingly, the signalling was significantly reduced
when cells were exposed to soluble tenascin-C (Hendaoui et al., 2014). This
observation may suggest that while soluble tenascin-C could capture Wnt
ligands, ECM-deposited tenascin-C is responsible for gathering ligands near the
cell surface to facilitate receptor activation. Given the complex interplay
between the Wnt and NF-kB pathways (Ma & Hottiger, 2016), the regulation of
Whnt signalling by tenascin-C could have both positive and negative effects on the

inflammatory response.

Moreover, increasing evidence supports the involvement of tenascin-C in PRR-
mediated responses to pathogen invasion. In murine bone marrow-derived
macrophages, rapid upregulation of tenascin-C upon LPS detection by TLR4
facilitates the maturation of the micro-RNA miR-155, while the lack of tenascin-

C hinders miR-155 maturation, causing loss in the effective translation of LPS-
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induced proinflammatory cytokines, including TNF (Piccinini & Midwood, 2012).
Lastly, tenascin-C has been shown to interfere with HIV transmission as natural
tenascin-C in human breast milk binds to the HIV-1 Envelope protein,
neutralising the infectious properties of this virus in reporter cell lines and
peripheral blood mononuclear cells (Mansour et al., 2016). This combined impact
of microbial and endogenous alarm signals illustrates the remarkable signalling

complexity within the innate immune system.

Since tenascin-C is upregulated in response to tissue damage and cellular stress,
but it cannot be detected after the completion of tissue repair, an important
question to answer is whether tenascin-C is actively involved in the resolution of
inflammation or if its absence in tissues simply creates a less proinflammatory
environment. Studies have demonstrated that tenascin-C binds to TGF-B (De
Laporte et al., 2013), which is a crucial factor in the resolution of inflammation
(Kelly et al., 2017). Interactions between TGF-B8 and tenascin-C can potentially
elevate local concentrations or activity of this immunosuppressive factor.
Furthermore, tenascin-C has been found to have immunosuppressive effects on
lymphocytes as several studies have shown that tenascin-C is capable of halting
T-cell activation induced by a humber of stimuli (Hibino et al., 1998; Jachetti et
al., 2015; Puente Navazo et al., 2001; Ruegg et al., 1989). Alternatively spliced
repeats A1 and A2 within the FNIIl domain of tenascin-C were shown to block
anti-CD3 MAb/fibronectin-induced activation of human peripheral blood T cells
via inhibition of TCR/CD3 complex internalisation (Puente Navazo et al., 2001).
This data demonstrated that tenascin-C is a sophisticated regulator of

inflammation, capable of conveying both pro- and anti-inflammatory responses.

In order to further study the overall effects of removing tenascin-C from a living
organism, mice were genetically manipulated (Forsberg et al., 1996; Saga et al.,
1992)]. Surprisingly, there were few noticeable differences between the mice
without the tenascin-C gene (TNC KO) and normal mice. TNC KO mice were born
healthy and able to reproduce, were of normal size, and went through the usual
development stages and life expectancy. Abnormalities in mice without tenascin-
C were only observed during the healing process after eye (Matsuda et al., 1999;
Sumioka et al., 2013) and heart (Tamaoki et al., 2005) injuries. These
differences included a reduced number of macrophages, a delay in the

recruitment of myofibroblasts, and a decrease in the production of TGF-B,
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fibronectin, and collagen in TNC KO mice compared to normal mice. Combined,

these factors resulted in slower wound healing.

However, in line with its proinflammatory properties observed in vitro, several
inflammatory disease models have demonstrated that the absence of tenascin-C
leads to reduced secretion of proinflammatory cytokines and subsequent
diminished recruitment of inflammatory cells, thereby offering a protective
effect. In an experiment involving transgenic mice overexpressing mutated
amyloid precursor protein, the suppression of Alzheimer's disease-specific
inflammation was observed following the removal of tenascin-C. This was
accompanied by decreased amyloid deposition and improved Alzheimer's disease
pathology, attributed to lower levels of proinflammatory mediators such as TNF,
IL-18, and IL-6, and higher levels of anti-inflammatory mediators including IL-10,
MRC1, and CCL2 in the central nervous system (Xie et al., 2013). Tenascin-C
ablation was also found to reduce immune cell infiltration and prevent brain
oedema and disruption of the blood-brain barrier in a surgical subarachnoid

haemorrhage model (Fujimoto et al., 2016; Fujimoto et al., 2018).

Notably, tenascin-C deficiency also demonstrated remarkable anti-inflammatory
effects in models of joint inflammation. In an acute inflammation model induced
by zymosan, the resolution of synovial inflammation was significantly faster in
animals lacking tenascin-C compared to those with normal levels of the protein.
Additionally, tenascin-C-deficient mice were safeguarded from prolonged
synovitis, cartilage, and bone destruction in a model of erosive arthritis
triggered by methylated BSA (Midwood et al., 2009). During the erosive arthritis
model, the absence of tenascin-C resulted in reduced cytokine synthesis in the
joint, including reduced IL-6 and IL-23 expression, leading to a
microenvironment unsupportive of Th17 polarisation, ultimately resulting in

significantly reduced IL-17 expression (Ruhmann et al., 2012).

TNC KO mice also portrayed a decrease in the production of IL-17 by Th17 cells
during experimental autoimmune encephalomyelitis, a mouse model of multiple
sclerosis, along with a decrease in the number of interferon-gamma-producing
Th1 cells (Momcilovic¢ et al., 2017). Additionally, in ovalbumin-induced bronchial
asthma, animals lacking tenascin-C exhibited significantly reduced allergic

inflammation, evidenced by reduced eosinophil infiltration and decreased levels
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of IgE antibodies. This attenuation of inflammation was attributed to impaired
differentiation of Th2 cells, leading to a decrease in the expression of IL-5 and
IL-13 (Nakahara et al., 2006). These findings support the data gathered from
laboratory studies, indicating that tenascin-C can influence T-cell polarisation.
Moreover, they emphasise the intricate and highly context-specific effects of
tenascin-C, impacting T-cell subsets known to coordinate specific pathologies
such as Th2 in asthma, Th17 in murine RA models, and Th17 and Th1 in

autoimmune encephalomyelitis.

Besides worsening inflammatory responses, tenascin-C has been found to have a
particularly harmful role in promoting tissue fibrosis. For instance, in the
cardiovascular system, the absence of tenascin-C reduces the thickening of
blood vessel walls after surgery (Sawada et al., 2007; Yamamoto et al., 2005)
and improves heart function following a heart attack (Nishioka et al., 2010).
Additionally, in a model of hepatitis induced by concanavalin A, a decrease in
the expression and accumulation of collagen was observed in the livers of TNC
KO mice. This was linked to reduced release of inflammatory cytokines such as
IFN-y, TNF, and IL-4, and lower infiltration of white blood cells into the liver,
along with a significant decrease in TGF-B expression compared to normal mice
(El-Karef et al., 2007). Reduced TGF-B signalling, with less movement of mothers
against decapentaplegic homolog 2 (Smad-2) and Smad-3 into the cell nucleus,
was shown to protect mice lacking tenascin-C from lung scarring in a model of
acute lung injury induced by bleomycin (Carey et al., 2010). Additionally, in
models of systemic sclerosis induced by bleomycin, reduction in TGF-8 and a
decrease in collagen accumulation led to reduced thickening of skin and lung
coverings and faster resolution of inflammation in TMC KO mice (Bhattacharyya
et al., 2016). These results indicate that increased fibrosis may be partly caused
by higher tissue levels of TGF-B, allowing scarring to take place by activating
fibroblasts and stimulating excessive production of the extracellular matrix
(Pohlers et al., 2009).

Finally, the regeneration of liver tissue was improved in tenascin-C KO mice in a
model of liver injury caused by lack of blood flow. In the absence of tenascin-C,
the release of IL-6, IL-18, and CXCL2 was decreased, and the recruitment of
white blood cells was less effective. These effects were accompanied by

reduced destructive processes, lower levels of cell death markers, and reduced
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expression and activation of MMP-9, an enzyme that breaks down the
extracellular matrix (Kuriyama et al., 2011), suggesting that tenascin-C can
affect tissue scarring by both promoting the build-up of matrix and inhibiting its

removal.

Combined, these research studies validate the hypothesis that tenascin-C
effectively controls inflammation and fibrosis within living organisms, however,
these findings also emphasise that tenascin-C demonstrates a significant
functional split. In certain scenarios, it positively impacts tissue healing by
promoting tissue remodelling and safeguarding against excessive inflammation,
while in other scenarios, it can drive ongoing inflammation and encourage pro-
fibrotic reactions, often leading to the deterioration of the organism. The
temporal tenascin-C levels within tissues may be crucial, as when its expression
is reduced, inflammation and healing mediated by tenascin-C can take place in a
regulated manner, while sustained expression of tenascin-C would contribute to
proinflammatory and pro-fibrotic reactions. Another significant influencing
factor may be the specific tissue environment, where the expression of distinct
tenascin-C splicing variations, proteolytic processing, and the presence of
various tenascin-C receptors on the cell surface are likely to also influence the

nature of tenascin-C-mediated responses.

Additional studies on the involvement of tenascin-C in the resolution of
inflammation in vivo demonstrated that it plays a role in the immune response
to LPS-induced sepsis. TNC KO animals were shielded from the systemic
inflammation following the cytokine storm caused by LPS administration,
indicating a role for tenascin-C in host defence against infection in vivo.
Interestingly, bone marrow transplants from wild-type littermates partially
restored the phenotype in tenascin-C-deficient mice (Piccinini & Midwood,
2012), highlighting the participation of both myeloid and stromally derived
tenascin-C in these immune responses. TNC KO animals have been reported to
exhibit a decrease in cell colony-forming capacity within the bone marrow
compartment without steady-state haematopoiesis being affected (Ohta et al.,
1998). Nevertheless, tenascin-C-deficient mice did demonstrate impaired
hematopoietic recovery following bone marrow ablation by irradiation
(Nakamura-Ishizu et al., 2012). Tenascin-C has been found to regulate bone

marrow-mediated angiogenesis, while another study revealed that tenascin-C



47

expressed in the bone marrow, but not the myocardium, was accountable for
attenuating fibrosis in a mouse model of cardiac hypertrophy. TNC KO animals
displayed worsened inflammation and impaired heart function following
transverse aortic constriction surgery, a phenotype that was reversed by a bone
marrow transplant from a wild-type donor, and conversely, transplant from a
tenascin-C-null donor to a wild-type recipient resulted in declined cardiac
function (Song et al., 2017).

These findings prompt questions regarding the site of tenascin-C action during
inflammation, suggesting a role not only locally at the site of inflammation but
also distally, impacting inflammatory cell behaviour at sites some distance from
the pathology. These findings also underscore the importance of considering the
background strain of mice used in studies, as different strains of mice are known
to exhibit different immune compartment biases that could determine the

overall impact of tenascin-C deletion in vivo.

Because of its unique characteristics and distinct expression pattern, tenascin-C
has long been considered a promising option for therapy targeting in medical
settings. Much of the current research is focused on using tenascin-C as a guiding
marker for delivering treatments directly to the tumour microenvironment
through aptamer or antibody technologies (reviewed in Spenlé et al., 2015).
However, the possibilities of targeting the proinflammatory capacity of tenascin-
C have not yet been explored. One way this could be done is by downregulating
tenascin-C production at the level of mRNA transcription or protein expression,
however, global inhibition of tenascin-C would eliminate not only the undesirable
prolonged engagement of proinflammatory signalling, but also desirable
functions such as supporting natural tissue healing and remodelling. The
characteristics of the tenascin-C knockout mouse suggest some redundancy for
this molecule during development, and its absence does not seem to have a
significant effect on acute tissue repair, which could offer a way to treat chronic

diseases without significantly affecting underlying biology.

Despite all the work characterising the effects of tenascin-C on immune
regulation, it is still not fully understood how the TLR4-binding domain of
tenascin-C, FBG-C, along with its ligand TLR4, drive human monocyte immune

responses, specifically, how FBG-C regulates the priming of the NLR family pyrin
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domain containing 3 (NLRP3) inflammasome and its capability to induce NLRP3

inflammasome tolerance.

1.2 The NLRP3 inflammasome

As discussed earlier, the identification of proinflammatory triggers through the
innate immune response is heavily reliant on the recognition of pattern
recognition receptors, which are categorized as receptors that are either located
on the cell membrane or within the cytoplasm. The membrane-bound receptors
include Toll-like receptors and C-type lectin receptors, while the cytosolic
receptors include nucleotide-binding oligomerization domain-Leucine Rich
Repeats (LRR)-containing receptors (NLRs), Retinoic Acid-Inducible Gene 1-like
receptors (RLRs), and Absence in Melanoma 2 (AIM2)-like receptors (ALRs)
(Unterholzner et al., 2010; Lamkanfi & Dixit, 2014; Amarante-Mendes et al.,
2018). These receptors can detect both pathogen-associated molecular patterns
and damage-associated molecular patterns (Chen & Nunez, 2010). PAMPs are
representative of the structurally conserved molecules frequently found in
microorganisms, such as LPS from Gram-negative bacteria, nucleic acids from
both bacteria or viruses, bacterial peptides like flagellin, and polysaccharides
like B-glucans (Mahla et al., 2013). DAMPs, on the other hand, are internal
molecules released during cellular stress or damage, such as chromatin-
associated proteins, heat shock proteins, uric acid, and extracellular matrix
fragments such as Tenascin-C (Chen & Nunez, 2010; Lamkanfi & Dixit, 2014;
Midwood et al., 2009). In addition to classical NF-kB signalling that leads to the
upregulation of inflammatory cytokines such as TNF and IL-6, activation of PRRs
by PAMPs or DAMPs initiates a signalling cascade that leads to the formation of
multimeric protein complexes known as inflammasomes (Lamkanfi & Dixit,
2014). These inflammasomes play a critical role in the cleavage and release of
additional proinflammatory cytokines such as IL-18 and IL-18. Over the past
twenty years, extensive studies have been conducted on the molecular
constituents and activation mechanism of various inflammasomes such as NLR
family pyrin domain containing 1 (NLRP1), NLRP3, NLRP6, NLRP12, NLR family
CARD domain-containing protein 4 (NLRC4) and absent in melanoma 2 (AIM2)

(reviewed in (De Zoete et al., 2014)). Out of all the different inflammasomes,
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the NLRP3 inflammasome, which is a primary subject of investigation in this
thesis, garners the most attention due to its ability to be activated by a wide
range of stimuli and its involvement in various inflammatory conditions such as

Alzheimer's disease, multiple sclerosis and rheumatoid arthritis.

1.2.1 NLRP3 Inflammasome assembly and

activation

NLRP3 is itself a cytosolic PRR protein that is produced by various cells, including
neutrophils, macrophages, monocytes, microglia, lymphocytes, epithelial cells,
osteoblasts, neurons, and dendritic cells (Rada et al., 2014; Zahid et al., 2019).
The NLRP3 protein comprises a leucine-rich repeat (LRR) domain at the C-
terminal, an ATPase-containing NACHT domain in the centre that facilitates
oligomerization, and a pyrin (PYD) domain at the N-terminal, which recruits
proteins for the formation of the inflammasome complex (Kelley et al., 2019).
Similar to other inflammasomes, the NLRP3 inflammasome complex has a sensor
- the NLRP3 protein, an adaptor - the apoptosis-associated speck-like protein
(ASC), and an effector molecule - caspase-1. (de Zoete et al., 2014;
Mamantopoulos et al., 2017). NLRP3 inflammasome formation occurs in two
stages, namely priming and activation. During the priming stage, the
transcription of the NLRP3 proteins and of proinflammatory cytokines such as
pro-IL-18 and pro-IL-18 increases following a classical PRR receptor trigger, such
as LPS via TLR4 or TNF via tumour necrosis factor receptor (Liu et al., 2017).
Priming leads to the activation of proteins and nuclear factors, including MyD88,
NF-kB, and the activator protein 1 (AP-1), which upregulate NLRP3 and
proinflammatory cytokines (Liu et al., 2017). The impact of priming on
transcription factors and protein expression is widely acknowledged, however,
recent research has suggested that priming also has a non-transcriptional role
(Lin et al., 2014), as it also regulates the post-translational modifications of
NLRP3, such as ubiquitination and phosphorylation, which play a significant role
in controlling NLRP3 activation (Yang et al., 2017). In its inactive state,
Adenosine diphosphate (ADP)-bound NLRP3 exists as either a monomer or

oligomer. Monomeric NLRP3 is found on membranes, providing a structure for
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creating a double-ring assembly with 5-8 sets of interlocking LRR domain dimers
arranged to form a circular cage (Andreeva et al., 2021; Hochheiser et al., 2021)
(Figure 1.1). Based on cryogenic electron microscopy (cryo-EM) studies, it is
suggested that the PYD domain is positioned inside the cage to prevent
unintended activation (Andreeva et al., 2021). A second stimulus then triggers
the activation process to create the active inflammasome complex. Unlike
classical PRRs, NLRP3 is triggered by a variety of unrelated stimuli such as solid
particles (e.g., uric acid crystals, silica, asbestos), extracellular ATP, and toxins
such as nigericin, as well as viral, bacterial, fungal, and protozoan pathogens
(Latz et al., 2013; Jo et al., 2016). While it is not fully understood how NLRP3
can detect such different signals, it is proposed that NLRP3 detects a common
cellular event caused by all stimuli rather than directly binding to the signals
(Kelley et al., 2019). Backed up by a myriad of scientific investigations, this
common cellular event caused by most activation stage stimuli, including ATP,
Nigericin and particulate matter, is believed to be the intracellular decrease of
potassium ions (K*) (Munoz-Planillo et al., 2013) followed by NIMA-related kinase
7 (NEK7) binding to NLRP3 (He et al., 2016) (Figure 1.1). Extracellular ATP,
through its binding and activation of the non-selective cation channel receptor
P2X purinoceptor 7 (P2X7), and nigericin via its effect as a K* ionophore directly
cause the efflux of K*, which is a necessary and sufficient signal for the
activation of NLRP3 (Munoz-Planillo et al., 2013; Katsnelson et al., 2015), while
monosodium urate (MSU) crystals indirectly cause a decrease in intracellular

K* due to an influx of water, resulting in a decrease in intracellular K* and
leading to the activation of the NLRP3 inflammasome (Schorn et al., 2011)
(Figure 1.1). Similarly to MSU, an increase in intracellular Na+ and the
subsequent water influx causes the intracellular K* concentration drop,
activating the NLRP3 inflammasome (Munoz-Planillo et al., 2013). In a related
fashion, particulate matter (e.g., cholesterol crystals, silica, aluminium salts,
uric acid crystals, and asbestos) and misfolded proteins (e.g., AB) affect K*
efflux indirectly by inducing lysosomal damage (Murakami et al., 2012;
Katsnelson et al., 2016) (Figure 1.1). It has even been shown that K* free
medium alone is capable of activating the NLRP3 inflammasome by causing K*
efflux due to a difference in extracellular and intracellular K* ions (Munoz-
Planillo et al., 2013). Extracellular Ca2* was also shown to indirectly activate

NLRP3 through K* efflux (Munoz-Planillo et al., 2013). For a long time, reactive
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oxygen species and mitochondrial dysfunction were considered activators of the
NLRP3 inflammasome, however, although it is widely accepted that these two
factors play a significant role in overall inflammatory responses (Gong et al.,
2018; Mahalanobish et al., 2020; Ko et al., 2021), many studies have disputed
the requirement of mitochondrial dysfunction and ROS in NLRP3 activation
(Munoz-Planillo et al., 2013; Allam et al., 2014; Lawlor & Vince,

2014). Recently, it was demonstrated that deletion of the potassium channel
subfamily K member 6 (Kcnk6) gene encoding the tandem pore domain weak
inward rectifying K* channel 2 (TWIK2) protein, which is a K* efflux channel,
prevents NLRP3 activation in macrophages, highlighting the role of this family of
ionic channels in inflammasome activation (Di et al., 2018). Similar to K* efflux,
it has been shown that the breakdown of the trans-Golgi network (TGN) by
various NLRP3 stimuli can attract and activate NLRP3 in a NEK7 dependent
manner (Chen & Chen, 2018; Magupalli et al., 2020; Andreeva et al., 2021)
(Figure 1.1). The TGN disassembly results in the localization of the NLRP3 cage
on the dispersed TGN vesicle membranes, which are then transported to the
microtubule-organizing centre, where NEK7 is located. Downstream of either K*
efflux or TGN breakdown, the binding of NEK7 to NLRP3 disrupts the NLRP3
double-ring structure, leading to a structural reorganization that exposes the
pyrin domains and allows for NACHT domain oligomerization (Andreeva et al.,
2021). Previous research has positioned the NEK7 binding site at NLRP3's LRR
domain, however, recent studies suggest that the LRR domain is not essential for
NLRP3 inflammasome activation and that NEK7 may have at least one additional
binding site (Hafner-Bratkovic et al., 2018; He et al., 2018). Following NACHT
domain activation through ATP exchange and NEK7 binding, the PYD domain
recruits the adaptor molecule ASC to form a filamentous complex known as the
ASC pyroptosome or ‘speck’ through PYD-PYD domain interactions. The caspase
recruitment domain (CARD) of ASC interacts with procaspase-1, which also
possesses a CARD domain (CARD-CARD interaction). This interaction leads to the
conversion of pro-caspase-1 into active caspase-1 through proximity-induced
autoproteolysis (Lu et al., 2014; Lu & Wu, 2015; Malik & Kanneganti, 2017)
(Figure 1.1). Caspase-1, once activated, transforms biologically inactive peptides
such as pro-IL-1B and pro-IL-18 into their active forms, IL-18 and IL-18,
respectively. It also cleaves and thereby activates Gasdermin D (GSDMD), a

protein that has a defined membrane pore-forming function involved in the
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programmed cell death process known as pyroptosis (Shi et al., 2015; Malik &
Kanneganti, 2017) (Figure 1.1). The N-terminal domain of GSDMD (GSDMD-NT)
exhibits a strong affinity for plasma membrane lipids such as cardiolipin and
phosphoinositides; hence after being cleaved, GSDMD-NT forms oligomers that
create openings in the cell membrane, resulting in the disturbance of the cell's
osmotic balance, leading to pyroptosis and the discharge of internal contents,
such as the inflammatory cytokines IL-18 and IL-18 (Ding et al., 2016; Evavold et
al., 2018) (Figure 1.1).

This type of NLRP3 inflammasome activation mediated by caspase 1 is known as
the canonical pathway, as there is also another pathway termed non-canonical
through which the NLRP3 inflammasome can be activated (Figure 1.1). However,
activation of the NLRP3 inflammasome through either the canonical or non-
canonical pathway leads to similar outcomes, albeit through different processes.
In the non-canonical pathway, inflammasome formation is triggered by caspase-4
and caspase-5 in humans and by caspase-11 (also called caspase-4/11) in mice in
response to Gram-negative bacterial infection (Kayagaki et al., 2015) (Figure
1.1). Similar to the canonical pathway, TLR4-MyD88 initiates the downstream
signalling, leading to the translocation of NF-kB into the nucleus to increase the
expression of NLRP3, pro-IL-18, pro-IL-18, and other inflammatory mediators
(Liu et al., 2017). Additionally, downstream of TLR4 activation, TRIF triggers
interferon regulatory factors (IRFs) that subsequently boost the expression of
interferon (IFN)-a/B. IFN-a/B binds to IFN-a/B receptors, activating caspase-
4/11 expression through JAK/STAT signalling (Gurung et al., 2012; Rathinam et
al., 2012). Notably, an important difference between the canonical versus non-
canonical pathways of NLRP3 inflammasome activation is that recognition of
extracellular LPS by TLR4 is dispensable for non-canonical inflammasome
stimulation (Kayagaki et al., 2013), since phagocytosed intracellular LPS is
directly detectable by caspase-4/11, which leads to oligomerization and self-
cleavage of caspase-4/11 (Shi et al., 2014; Lee B. L. et al., 2018) (Figure 1.1).
Cleaved and activated caspase-4/11 then promotes pyroptosis by cleaving
proteins such as GSDMD and controlling the release of IL-1a (Kayagaki et al.,
2015; Shi et al., 2015; Wiggins et al., 2019). Nonetheless, many of the substrates
of caspase-4/11 are still not fully understood and previous research indicates

that caspase-4/11 may not be able to convert pro-IL-18 and pro-IL-18 into their
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active forms, unlike caspase-1, but it can still enhance NLRP3-induced caspase-1
activation and cytokine release through different mechanisms (Kayagaki et al.,
2011; Py et al., 2014; Agnew et al., 2021).
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Figure 1.1 Canonical and non-canonical pathways of NLRP3 inflammasome activation in human
myeloid cells. The activation of the NLRP3 inflammasome involves a two-step process in most cell
types. Initially, cells need to be primed by exposure to a toll-like receptor or cytokine receptor
ligand such as LPS or TNF, which activates the NF-kB pathway and leads to the transcription of
NLRP3, caspase-1, pro-IL-18 and pro-IL-18. The second step can be triggered by various damage or
pathogen associated events such a toxins, extracellular ATP or particulate matter, all of which
ultimately cause potassium ion efflux. The NLRP3 inflammasome is then assembled from
components including NLPR3, NEK7, ASC and inactive caspase 1. Once activated, the NLRP3
inflammasome facilitates the processing of caspase-1, which in turn cleaves inactive cytokines

pro-IL-18, pro-IL-18, and the pore forming protein GSDMD into their active forms. The non-
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canonical NLRP3 inflammasome pathway is triggered by the sensing of cytosolic LPS by inactive
caspase 11 and by upregulation of the CASP11 gene via IFN-B auto-paracrine signalling. Activated
caspase 11 then cleaves GSDMD, resulting in the formation of GSDMD-NT membrane pores, leading
to potassium efflux and promoting the activation of the canonical NLRP3 inflammasome pathway.
In both the canonical and non-canonical pathways cleaved GSDMD-NT fragments form membrane
pores which allow mature IL-18 and IL-18 to be secreted through the pores, ultimately resulting in

pyroptotic cell death caused by osmotic imbalance. Figure was generated using BioRender.

In addition to the canonical and non-canonical pathways of NLRP3 inflammasome
activation, recent studies have shown that human monocytes possess the ability
to activate the inflammasome in what is termed the alternative pathway. Unlike
human macrophages and murine myeloid cells, human monocytes can activate
NLRP3 and secrete mature IL-18 immediately after LPS activation via TLR4
without the need for K* efflux caused by a signal 2 such as ATP, nigericin or
particulate matter. (Gaidt et al., 2016). It was shown by Gaidt and colleagues
that the alternative inflammasome is only activated via TLR4 engagement of the
TRIF signalling pathway and that it is fully dependent on caspase-8 activation for
the cleavage and maturation of the NLRP3 protein complex. This phenomenon
puts human monocytes in a unique position in terms of their inflammatory
potential since, unlike human macrophages where the production of IL-18 is
under the rigorous control of secondary signal engagement, human monocytes
could potentially produce IL-18 immediately upon DAMP recognition by TLR4,
causing a proinflammatory loop within sterile inflammatory environments such
as the RA joint.

1.2.2 NLRP3 Inflammasome dysregulation in
inflammatory diseases and the implications

of tolerance

The important defensive function of inflammasomes in reacting to pathogens
and other signals of danger also indicates that inflammasome dysfunction could
be involved in human diseases caused by chronic inflammation (Schroder &
Tschopp, 2010; Liu & Chan, 2014; Moossavi et al., 2018; Boxberger et al., 2019;
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Eren & Ozoren, 2019). Different studies have demonstrated that abnormal NLRP3
activation can worsen the pathology of various diseases driven by inflammation.
A good example are the cryopyrin-associated periodic syndromes (CAPS), which
comprise a set of conditions resulting from gain-of-function mutations in the
nlrp3 gene. CAPS were the first autoinflammatory disorders associated with
NLRP3 inflammasome dysregulation, as identified by Hoffman et al. in 2001.
Inappropriate activation of NLRP3 in CAPS patients leads to recurring fever
episodes, hive-like rashes, inflamed eyes, joint pain, swelling, headaches, and,
if not treated, potential deafness and amyloidosis (Kuemmerle-Deschner et al.,
2017). Conditions classified under the term CAPS include familial cold
autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and
neonatal-onset multisystemic inflammatory disease (NOMID). It was discovered
that mutations in amino acids near serine 295 (Ser295) in human NLRP3 cause
CAPS since phosphorylation of Ser295 by protein kinase A is crucial for negatively
controlling NLRP3, so mutations in that region cause NLRP3 to be excessively
activated (Mortimer et al., 2016). Recent research has also revealed that
treating a CAPS knock-in mouse model expressing an asparagine 745 to lysine
substitution mutation (N475K) of NLRP3 (corresponding to human N477K
mutation) with the proton-pump inhibitor (PPI) esomeprazole can suppress IL-18
secretion, decrease amyloid deposition, increase IL-1 receptor antagonist (IL-
1Ra) production, and improve survival rates (Bertoni et al., 2020). Due to the
fact that CAPS are rare genetic conditions, there are currently limited treatment
options. Existing treatment methods involve IL-1 inhibitors, but the development

of drugs targeting the NLRP3 inflammasome is highly sought after.

In addition to CAPS, the involvement of the NLRP3 inflammasome has been
implicated in a multitude of central nervous system (CNS) diseases. For example,
inflammation has been associated with promoting the advancement of
Alzheimer’s disease (AD) and elevated levels of IL-1B are discovered in the
serum, cerebrospinal fluid, and brains of AD patients, where they exert
neurotoxic effects on microglia and astrocytes (Rubio-Perez & Morillas-Ruiz,
2012; Parajuli et al., 2013; Saresella et al., 2016; Italiani et al., 2018; Ng et al.,
2018). AD is identified by the buildup of amyloid-beta and hyperphosphorylated
tau tangles. Microglial cells phagocytose the excess amyloid-beta that forms in

the brain, however, the accumulation of the AB peptide in lysosomes leads to
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lysosomal swelling and destabilisation, causing the discharge of lysosomal
contents, and thereby the activation of NLRP3 (Halle et al., 2008). The
association between NLRP3 and AD pathology has also been demonstrated in
other research, where the genetic deficiency and pharmacological inhibition of
NLRP3 in mice that overexpress human amyloid precursor protein (APP) and
presenilin 1 (PS1) both reduce AB deposition and enhance cognitive functions
(Heneka et al., 2013; Dempsey et al., 2017; Yin J. et al., 2018). Moreover, it has
been shown that in mice, the activation of NLRP3 leads to the
hyperphosphorylation of tau in a manner that is dependent on IL-18, suggesting
that NLRP3 also operates upstream of tau (Ising et al., 2019). Due to the fact
that there has been a range of unsuccessful clinical trials with drugs targeting AB

and tau tangles, NLRP3 has attracted significant interest as a new target for AD.

In addition to AD, the involvement of NLRP3 and IL-18 in the autoinflammatory
disease multiple sclerosis (MS) is well-documented, as both are known to
promote CNS immune cell infiltration and excessive inflammation. Caspase-1 and
IL-18 are present in MS plaques and are upregulated in the peripheral blood
mononuclear cells (PBMCs) of individuals with MS (Ming et al., 2002; Cao et al.,
2015). In the experimental autoimmune encephalomyelitis (EAE) animal model
for MS, NLRP3-expressing antigen-presenting cells contribute to T-cell migration
to the CNS by increasing the expression of chemotaxis-related proteins (Inoue et
al., 2012). Moreover, the expression of NLRP3 is elevated in the spinal cords of
mice with EAE, and mice lacking NLRP3 and ASC are resistant to EAE,
emphasising the significance of the inflammasome in MS (Gris et al., 2010; Inoue
et al., 2012). Additionally, IFN-B, which is one of the few therapeutic options for
MS, is a known suppressor of NLRP3 inflammasome activation (Inoue et al.,
2016).

Neuroinflammation is the typical reaction to traumatic brain injury (TBI), and
numerous studies have provided evidence of the increase in inflammatory
mediators, such as NLRP3, in the brain from hours to days after a TBI (Liu et al.,
2013; Wallisch et al., 2017). mRNA for the cytokines IL-18 and IL-1a is elevated
as early as 3 hours post-TBI in rats, and pre-TBI administration of antibodies
targeting these two cytokines diminishes the loss of hippocampal neurons
significantly (Lu et al., 2005). Patients who have suffered severe TBI also exhibit

upregulation of NLRP3 and other inflammatory mediators in the brain, and
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recent research indicates that pharmacological inhibition of NLRP3 reduces cell
death and prevents neurological deficits in TBI mouse models, demonstrating the
potential for drug intervention targeting NLRP3 in TBI (Chen et al., 2019; Kuwar
et al., 2019; Yan et al., 2020). The association between TBI and AD is well
established, and some studies support the notion that there is a higher risk of
neurodegenerative diseases for patients with a history of TBI (Gardner & Yaffe,
2015; Hayes et al., 2017; Ramos-Cejudo et al., 2018; Delic et al., 2020). These
heightened risks are likely attributed to neuroinflammation, as post-TBI
neuroinflammation leads to increased hyperphosphorylation of tau protein and
AB plaques, which are two hallmarks of AD (Johnson et al., 2010; Edwards et al.,
2020).

Moving away from the CNS, a classic example of a peripheral disease caused by
excessive NLRP3 inflammasome activation is gout. Gout develops due to high
levels of uric acid in the blood, which over time form uric acid crystals that then
build up in the joints, where they are engulfed by monocytes, macrophages and
synoviocytes (Dalbeth et al., 2021; Richette & Bardin, 2010). Once engulfed, uric
acid crystals disrupt lysosomes, leading to the activation of the NLRP3
inflammasome, causing the release of cytokines and the onset of inflammation
and pain (Martinon et al., 2006). Due to the constant presence of uric acid in the
blood of gout patients, the cycle of crystal formation and NLRP3 activation
provides a mechanism for the chronic nature of the disease. Moreover, soluble
uric acid has been found to trigger NLRP3 independently of crystal formation,
indicating that inflammation can begin even earlier (Braga et al., 2017). Various
NLRP3 inhibitors have been demonstrated to reduce the inflammation associated

with gouty arthritis, underscoring the significance of targeting NLRP3 in gout.

RA has many of the same symptoms as gout, however, the pathology of these two
diseases is different. While gout is caused by elevated levels of uric acid in the
bloodstream, RA is a chronic inflammatory condition with pronounced
autoimmune elements. Numerous studies support the involvement of NLRP3 in
the pathogenesis of RA, however, the mechanism remains elusive. Some of the
main characteristics of RA include persistent synovial inflammation in small
diarthrodial joints and progressive cartilage and bone destruction (Mclnnes &
Schett, 2011). Significant NLRP3 expression has been observed in the synovial

proliferation and subchondral vasculitis areas in the paws of collagen-induced
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arthritis (CIA) mice (Zhang et al., 2016). Additionally, although inhibition of IL-18
as a treatment option for RA patients has not been as successful as other anti-
proinflammatory cytokine therapies, pharmacological inhibition of the NLRP3
inflammasome with different inhibitors has been shown to reduce RA Pathology
(Yan et al., 2012; Voon et al., 2017; Guo et al., 2018; Marchetti et al., 2018).
Further research is indeed needed in order to elucidate the mechanistic link

between RA and inappropriate inflammasome activation.

Much like the endotoxin tolerance in myeloid cells described previously, there
has been some investigation on whether the NLRP3 inflammasome could be
tolerised to repeated LPS stimulations of TLR4. From a biological standpoint,
inflammasome tolerance would be logical since uncontrolled cytokine production
paired with pyroptosis could be devastating for the inflamed tissue where
infection occurs. Indeed, Bambouskova et al. recently showed that in mouse
BMDMs, the NLRP3 inflammasome does get tolerised to repeated long (24 hours)
stimulation with LPS via a mechanism involving metabolic rewiring. Specifically,
Bambouskova and colleagues found that the immunometabolite itaconate
accumulates in mouse BMDMs following LPS activation, reaching a critical level
at 24 hours which in conjunction with accumulated nitric oxide (NO) is able to
prevent the cleavage of GSDMD to its active GSDMD-NT form leading to inhibition
of both pyroptosis and IL1b secretion upon TLR4 restimulation (Bambouskova et
al., 2021). Considering the array of sterile inflammatory conditions described,
including RA, where the accumulation of DAMPs in the affected tissue leads to
the repeated activation of different immune cells, it is evident how crucial this
line of investigation is since the loss of inflammasome tolerance could be causing
a portion of the pathology that has not been explored yet. The importance of
NLRP3 inflammasome tolerance as a mechanism becomes even more evident in
cells such as human monocytes, which, as discussed above, are capable of
secreting IL-18 without undergoing pyroptosis and without the need for a second
signal. Given their ability to activate the alternative inflammasome pathway,
inappropriately tolerised human monocytes could potentially undergo multiple

rounds of IL-1B secretion before experiencing pyroptotic cell death.

Hence, it is of paramount importance to understand whether human monocytes
can be tolerised by PAMPs and DAMPs via the immunometabolic mechanism

described in mouse myeloid cells.



59

1.3 Immunometabolism of myeloid cells

Over the past twenty years, immunometabolism has become an increasingly
important area of study with a significant impact on therapy development (Lee
& Olefsky, 2021; Palsson-McDermott & O’Neill, 2020). Immunometabolism refers
to the connection between immunology and metabolism, and the interaction
between these two major research areas has multiple aspects. For example,
immune cells found in adipose tissue, or the liver, play a role in maintaining
tissue balance and metabolic functions, such as the breakdown of fats and the
effects of insulin (Daemen & Schilling, 2020; Lee & Dixit, 2020; Remmerie et al.,
2020). Additionally, the consumption of nutrients like sugars, fats, or proteins
and their metabolism can influence immune responses (Lee & Dixit, 2020).
Inflammation, driven by cellular and molecular elements of the immune
response and affecting the liver, adipose tissue or the pancreas, contributes to
the development and advancement of conditions linked to non-alcoholic fatty
liver disease, obesity and type 2 diabetes (Remmerie et al., 2020). For instance,
the accumulation and activation of macrophages in adipose tissue and the liver
are involved in the progression of metabolic disorders (Remmerie et al., 2020).
Interestingly, the function of macrophages in adipose tissue and the liver during
obesity is controlled by changes in their metabolism, which is prompted by the
lipid-rich tissue environment. Thus, the obese adipose tissue and liver are
characterised by an increase in a specific subset of macrophages with a
signature related to lipid metabolism, known as "lipid-associated macrophages”,
as recently identified through single-cell analysis (Daemen et al., 2021; Jaitin et
al., 2019).

Another significant aspect of the interaction between immunology and
metabolism, which will be discussed in depth in this section, is that cellular
metabolism is a central regulator of the function and activation of immune cells
(Ryan & O’Neill, 2020). Different activation states of innate immune cells,
particularly monocytes and macrophages, are linked to distinct cellular
metabolic states; therefore, cellular metabolic adjustments support appropriate
immune responses and adaptability (Ryan & O’Neill, 2020). Metabolic
reprogramming of innate immune cells is also a crucial part of innate immune

memory, such as trained immunity and the previously discussed endotoxin
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tolerance, which means that certain stimuli can induce nonspecific memory in
innate immune cells, resulting in increased preparedness for inflammation, as
for example, trained innate immune cells exhibit heightened inflammatory
responses upon subsequent challenges (Bekkering et al., 2021; Penkov et al.,
2019). Cellular metabolism not only influences the functions of mature myeloid
cells but also their production in the bone marrow, a process known as
myelopoiesis (Hajishengallis et al., 2021). Changes in the metabolism of
precursors of innate immune cells in the bone marrow are essential for
differentiation and lineage decisions during myelopoiesis under normal
conditions and in times of stress (Hajishengallis et al., 2021). Furthermore,
immunometabolism has been implicated in autoimmune disorders such as
multiple sclerosis, type 1 diabetes and rheumatoid arthritis, as specific
alterations in the metabolism of immune cells may contribute to the loss of
immunological tolerance and the emergence of autoreactive immune cells
(Galgani et al., 2020; Weyand & Goronzy, 2020). Accordingly, targeting the
dysfunctional interaction between immunology and metabolism is an important
approach for developing new therapies not only for metabolic diseases but also

for chronic inflammatory disorders.

Myeloid cells are crucial to the immune response as they react to pathogens and
tissue damage, initiate inflammation and host defence, and participate in tissue
repair. Recent advances in metabolomics have provided intriguing new insights
into the precise and regulated metabolic changes that occur in these cells at
various states of activation. Specific changes in metabolites have been
associated with effector mechanisms, as glycolysis and succinate have been
shown to drive inflammatory responses, while fatty acid oxidation has been
linked to anti-inflammatory (Mills et al., 2017; O’Neill & Pearce, 2016).

One specific metabolite called itaconate is particularly notable for
demonstrating how a regular metabolic process can be redirected to produce
significant immunologic effects. Itaconate is synthesised from cis-aconitate in
the tricarboxylic acid cycle (TCA cycle) in monocytes and macrophages that are
activated by various factors such as TLR4 ligands and cytokines like type | and
type Il interferons (Michelucci et al., 2013; Shin et al., 2011; Strelko et al.,
2011) (Figure 1.2). These stimuli elevate the expression of the enzyme aconitate

decarboxylase 1 (ACOD1), which was originally named immune-responsive gene 1



61

(IRG1). Upon production of the ACOD1 enzyme, cis-aconitate is diverted from
the TCA cycle and reformed into itaconate (Figure 1.2). The functional use of
itaconate is likely to have existed for a long evolutionary time, as it has also
been recently observed in New Zealand mussels during bacterial infection
(Nguyen et al., 2018). All the evidence currently points to itaconate as being

both an antimicrobial and an anti-inflammatory metabolite.
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Figure 1.2 TCA cycle remodelling following myeloid cell TLR4 activation. Activation of myeloid
cells through TLR4 stimulates the production of itaconate from the TCA intermediate aconitate,
mediated by the increased expression of the ACOD1 enzyme. Itaconate then inhibits the
succinate dehydrogenase (SDH) enzyme preventing fumarate production and causing an increase

in intracellular succinate accumulation. Figure was generated using BioRender.

Gustav Crasso was the first to publish the name itaconate in 1840 as a
permutation of the letters of the word aconitate since he demonstrated that
itaconate is a product of the thermal decomposition of aconitate (Crasso, 1840).
Later, itaconate gained attention during Hans Krebs' investigations of the TCA
cycle as one of the substances he tested as a potential central metabolism
intermediate in pigeon mitochondrial extracts (Holmes, 1993). He did, however,
find that, unlike malate or succinate, itaconate was unable to support
respiration. Subsequently, the interest in itaconate during the 20th century

diminished, however, the scientific understanding of the role of this metabolite
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in mammalian metabolism has evolved considerably in the 21st century. In 2011,
it was reported by three different groups that itaconate production was
observed in relation to mammalian immune responses. These observations were
made in the lungs of mice infected with Mycobacterium tuberculosis (Shin et al.,
2011), in intracellular lysates of LPS-activated RAW264.7, and in the
supernatants of the LPS-activated RAW264.7 cells (Sugimoto et al., 2012). The
biosynthetic pathway of itaconic acid production was then further characterised,
showing that itaconate is obtained via decarboxylation of cis-aconitate, an
intermediate of the TCA cycle derived from citrate. This was done using
uniformly labelled 13C-glucose feeding (Strelko et al., 2011). Two years later,
Michelucci et al. identified an LPS-inducible gene called irg1 to be responsible
for itaconate production in activated macrophages (Michelucci et al., 2013). The
irg1 gene was first isolated from a complementary DNA (cDNA) library of LPS-
stimulated macrophages in 1995, and its function remained unknown for 18 years
(Lee et al., 1995). However, the potential importance of the gene was
immediately appreciated, as it was observed that it is not expressed at all in
steady-state macrophages but is upregulated by almost 200-fold in activated
macrophages, making it one of the most highly induced genes upon TLR4
activation, hence, it was named “immune responsive gene 1” (Lee et al., 1995).
Then, in 2005 it was established that irg? (now called ACODT) is activated by LPS
in an MYD88-independent manner (Kawai & Akira, 2005), and more recently, the
transcription factor interferon regulatory factor 1 (IRF1) has been suggested as

the primary regulator of irg7 on the level of mRNA (Gidon et al., 2021).

1.3.1 The antimicrobial role of itaconate

Ever since itaconate was identified as a metabolite in mammals, its function in
host-pathogen and antimicrobial interactions has been the subject of prominent
scientific investigation. It was shown that itaconate could suppress microbe
growth by inhibiting a bacterial enzyme called isocitrate lyase (ICL) (McFadden
et al., 1971; McFadden & Purohit, 1977; Nguyen et al., 2019), which is necessary
for the glyoxylate shunt during bacterial infection (Hillier & Charnetzky, 1981;
Lorenz & Fink, 2002; McKinney et al., 2000; Muioz-Elias & McKinney, 2005). This

inhibition restricts the growth of pathogens, like Pseudomonas Indigofera, that



63

rely on ICL activity (Naujoks et al., 2016; McFadden & Purohit, 1977; Price et al.,
2019). Itaconate's breakdown product, itaconyl-Coenzyme A (CoA), has also been
found to limit the growth of pathogens such as M. tuberculosis (Ruetz et al.,
2019) since during M. tuberculosis infection, the metabolism of cholesterol-
derived propionyl-CoA is essential for its pathogenicity (Berg et al., 2002) and
itaconyl-CoA was shown to inhibit methylmalonyl-CoA mutase (MCM), an enzyme
required for propionate metabolism (Ruetz et al., 2019; Savvi et al., 2008).
Furthermore, itaconate reduces macrophage chemokine production and inhibits
recruitment of neutrophils to the lungs of M. tuberculosis-infected mice, thus
preventing M. tuberculosis-associated immunopathology (Nair et al., 2018).
Recently, it was demonstrated that the Rab32 GTPase interacts with ACOD1 to
help deliver itaconate into Salmonella-containing vacuoles (SCVs), thereby killing
the pathogen (Chen et al., 2020). Upon further investigation, it was found that
Salmonella typhimurium can bypass antimicrobial responses by using the
secretion effectors SopD2 and GtgE, leading to a potential selection for
itaconate-resistant strains of Salmonella (Spano et al., 2011; Spano et al., 2016).
The absence of SopD2 and GtgE impaired Salmonella replication in
hematopoietic cells but had no effect on replication in other cell types. Studies
using mouse BMDMs lacking Rab32 and biogenesis of lysosome-related organelles
complex 3 (BLOC3), which is necessary for Rab32 function, revealed that Rab32
plays a crucial role in delivering itaconate into specific compartments within
cells (Spano et al., 2011; Spano et al., 2016). Furthermore, deficiencies in

BLOC3 and ACOD1 led to increased replication of S. Typhimurium.

All these investigations highlight that itaconate is a natural antimicrobial
molecule, however, some pathogens have developed sophisticated methods to
counteract it during an infection. For instance, certain bacteria have the
capability to decompose and utilize itaconate to produce pyruvate and acetyl-
CoA. Although the breakdown of itaconate by bacteria has been studied for many
years, the specific enzymes responsible and their function during infection were
not clearly understood until a recent discovery that both Yersinia pestis and
Pseudomonas aeruginosa contain multiple genes encoding the enzymes itaconate
CoA transferase, itaconyl-CoA hydratase, and (S)-citramalyl-CoA lyase, which are
essential for itaconate breakdown, and which thereby grant those pathogens

increased survival within macrophages (Cooper & Kornberg, 1964; Cooper et al.,
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1965; Martin et al., 1961; Sasikaran et al., 2014). Likewise, M. tuberculosis
produces the enzyme B-hydroxyacyl-CoA lyase, which is vital for itaconate
breakdown and leucine catabolism, consequently enhancing M. tuberculosis’
ability to cause disease (Wang et al., 2019). Additionally, Pseudomonas
aeruginosa and Staphylococcus aureus are two notable examples of pathogens
that can utilize host-produced itaconate to support the creation of biofilms,
leading to greater pathogenicity and survival (Riquelme et al., 2019; Riquelme et
al., 2020). Because of its electrophilic nature, itaconate triggers a prosurvival
membrane stress response in Pseudomonas (Juarez et al., 2017; Wongsaroj et
al., 2018), and when experiencing membrane stress, P. aeruginosa prioritizes the
synthesis of extracellular polysaccharides (EPS) over LPS, which in turn has been
found to alter the metabolic processes of macrophages further, increasing
itaconate production resulting in a positive feedback loop (Riquelme et al.,
2020). EPS production also results in enhanced biofilm formation, creating a
favourable environment for P. aeruginosa to survive in the lungs (Maurice et al.,
2018). Similarly, itaconate has recently been discovered to play a critical role in
driving biofilm formation during S. aureus infection (Tomlinson et al., 2021). The
upregulation of itaconate caused by S. aureus leads to itaconate-mediated
suppression of staphylococcal aldolase, causing the redirection of fructose-6-
phosphate to glucosamine-6-phosphate and thereby fuelling EPS biosynthesis and
subsequent biofilm formation (Tomlinson et al., 2021). From these studies, it is
evident that although itaconate has antimicrobial properties, certain bacterial
species have evolved mechanisms of defence against its harmful effects and can

even use it to their advantage.

1.3.2 The immunomodulatory properties of

itaconate

In addition to its antimicrobial function, itaconate has been shown to have a
variety of anti-inflammatory properties. Itaconate possesses a five-carbon
dicarboxylic acid structure with an a,B-unsaturated alkene, which renders it
mildly electrophilic. Structurally, it bears resemblance to several metabolites

such as succinate, malonate, phosphoenolpyruvate, and fumarate, and due to its
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structural similarity to succinate and malonate, itaconate has the ability to
competitively inhibit succinate dehydrogenase (SDH), preventing the oxidation
of succinate to fumarate (Cordes et al., 2016; Lampropoulou et al., 2016)
(Figure 1.2). Moreover, the presence of the alkene group enables itaconate to
function as a Michael acceptor and react with cysteine residues akin to fumarate
(Mills et al., 2018). In the past, two derivatives were commonly utilised in cell
culture experiments as a surrogate for itaconate, namely 4-octyl itaconate (4-0l)
and dimethyl itaconate (DI), due to their high membrane permeability. However,
both 4-0l and DI are much more electrophilic compared to natural itaconate;
hence, the effects they have on the modulation of immune cell effector
functions have been shown to be different to that of natural itaconate (Swain et
al., 2020) and observations made using these derivatives should not be
considered synonymous to the effects that itaconate exerts within immune
effector cells. Nonetheless, studies carried out using these itaconate derivatives
have uncovered some potential anti-inflammatory functions that physiological
itaconate could exert in myeloid cells.

The first ever immunoregulatory role of itaconate that was demonstrated was its
ability to inhibit SDH (Cordes et al., 2016; Lampropoulou et al., 2016) (Figure
1.2), and although it was known for many years that itaconate competitively
inhibits SDH due to its structural similarity to succinate (Booth et al., 1952), the
physiological roles of itaconate as an SDH inhibitor remained unexplored. For
example, the generation of complex-driven mitochondrial reactive oxygen
(mtROS) is inhibited when SHD is blocked since the oxidation of succinate to
fumarate is prevented (Chandel et al., 1998; Mills et al., 2016). The blockade of
mtROS generation supports prolyl hydroxylase activity, which in turn suppresses
the stabilisation of hypoxia-inducible factor (HIF), altering immune cell response
to different stressors such as TLR receptor activation and hypoxia (McGettrick &
O’Neill, 2020). Furthermore, it was observed that Irg7 knockout (KO) BMDMs
could not store succinate following exposure to LPS, indicating the presence of
catalytically active SDH. Additionally, when faced with inflammatory triggers,
Irg1 KO cells had increased release of proinflammatory cytokines such as IL-6, IL-
18, IL-18, and IL-12p70 compared to normal cells. TNF levels, however, were
unaffected (McGettrick & O’Neill, 2020).
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Although less electrophilic than the artificial derivatives 4-Ol and DI, at
sufficient intracellular levels, naturally produced itaconate is also able to modify
cysteine residues in a process termed “itaconation”, also called 2,3-
dicarboxypropylation (Bambouskova et al., 2021; Hooftman et al., 2020; Mills et
al., 2018). Hence, in addition to SHD inhibition, the anti-inflammatory
properties of itaconate are linked to the regulation of aerobic glycolysis since
various enzymes involved in glycolysis, such as aldolase A (ALDOA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and lactate dehydrogenase
A (LDHA), have been found to contain alkylated cysteine residues (Liao et al.,
2019; Mills et al., 2018; Qin et al., 2019). It has been reported that itaconate
reduces ALDOA enzyme activity, glucose consumption, and lactate production,
with Irg1 KO macrophages showing increased ALDOA activity (Qin et al., 2019).
Liao et al. demonstrated that 4-0Ol alkylates cysteine 22 (C-22) of GAPDH, thus
inhibiting its enzymatic activity, lactate production, and extracellular
acidification rate (ECAR), aligning with glycolytic inhibition phenotypes (Liao et
al., 2019). Additionally, the impact of 4-Ol on the expression of IL-18, TNF and
inducible nitric oxide synthase (iNOS) mirrored the effects of the known GAPDH
inhibitor heptelidic acid (Liao et al., 2019). Cells expressing mutant GAPDH with
alanine-substituted C-22 showed reduced IL-1B8 production, indicating the
functional importance of C-22 in maintaining GAPDH activity and also
demonstrating why itaconation of this part of the protein can influence its
function (Liao et al., 2019). Since most of the investigation was carried out using
the highly electrophilic 4-0l, irg1 KO was done in order to investigate the role of
endogenous itaconate in regulating GAPDH. It was found that Irg1~/- BMDMs
exhibited increased GAPDH enzyme activity, lactate production, and ECAR (Liao
et al., 2019). Notably, GAPDH has also been shown to be a target of dimethyl
fumarate (DMF) (Kornberg et al., 2018). Screens for cysteine succination in
fumarate hydratase-deficient cells, which accumulate endogenous fumarate,
have revealed that both GAPDH and LDHA are succinated by fumarate (Ternette
et al., 2013), hence, it appears that both itaconate and fumarate can control
glycolysis in myeloid cells. Furthermore, itaconate has been demonstrated to act
as an inhibitor of fructose-6-phosphate 2-kinase, functioning similarly to the
itaconate analogue phosphoenolpyruvate, which is an intermediate in glycolysis,
leading to a reduction in the synthesis of fructose-2,6-biphosphate (Sakai et al.,
2004; Van Schaftingen et al., 1981). Given that fructose-2,6-biphosphate
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stimulates the activity of phosphofructokinase, it is plausible to suggest that a
decrease in fructose-2,6-biphosphate levels due to itaconate inhibition could

contribute to the inhibition of glycolysis in LPS-activated macrophages.

Recently, the significance of confirming mechanistic studies conducted with
derivatives such as 4-0l and DI by using underivatised itaconate and Irg1~/-
macrophages has been demonstrated by Swain et al. (Swain et al., 2020). There
was previous uncertainty about the cell permeability of underivatised itaconate,
but Swain and colleagues showed that BMDMs could take up exogenous
itaconate, as evidenced by an increase in both intracellular itaconate and
succinate levels upon exogenous itaconate administration. In fact, neither DI nor
4-0l were able to raise intracellular itaconate levels and were ineffective in
causing succinate buildup in Irg1 deficient macrophages, suggesting that the
immunomodulatory effects of highly electrophilic itaconate derivatives are
unrelated to SDH inhibition (Swain et al., 2020). Furthermore, it was observed
that DI and 4-0Ol notably decreased glutathione (GSH) levels, while exogenous
itaconate did not, demonstrating a clear consequence of the enhanced
electrophilicity of the derivatives and emphasising the necessity of confirming
the physiological roles of itaconate in Irg1 KO cells or with exogenous
underivatised itaconate (Swain et al., 2020). This study also reported a
significant distinction between itaconate and its derivatives in the control of
type | IFNs (Swain et al., 2020). Type | IFNs, which are released by activated
monocytes and macrophages, play various roles in defending against infections
(McNab et al., 2015). Initially, itaconate was believed to hinder type | IFN
responses based on studies using 4-0l and DI, which showed a substantial
reduction in type | IFN-related genes in LPS-activated macrophages
(Bambouskova et al., 2021; Mills et al., 2016). However, Swain and colleagues
showed that the diminished induction of type | IFNs in response to LPS in Irg1 KO
BMDMs was restored to normal levels upon administration of extracellular
itaconate, indicating that itaconate is involved in the upregulation and not the
inhibition of type | IFNs in macrophages. However, the exact mechanism by
which the derivatives reduce type | IFNs or how itaconate enhances type | IFN

production is currently unclear.

An intriguing emerging function of itaconate is its ability to dampen the

activation of the NLRP3 inflammasome, which, as discussed earlier, is an innate
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immune process that stimulates the secretion of proinflammatory cytokines upon
detection of a priming signal such as microbial products (e.g., LPS) and a second
activating signal such as cellular damage or toxins (e.g., ATP/nigericin) (Swanson
et al., 2019). Initially, an increase in IL-18 and IL-18 release was observed in
Irg1~- BMDMs stimulated with LPS and ATP (Lampropoulou et al., 2016); however,
the precise mechanism through which itaconate inhibited inflammasome
activation and IL-1B8/IL-18 release remained unclear. Swain et al. later
demonstrated that exogenous itaconate specifically reduced IL-1B release
without affecting the transcription of pro-IL-1B, indicating a direct influence on
NLRP3 activity and the potential targeting at the level of signal 2 for NLRP3

activation (Swain et al., 2020).

Two recent research studies have outlined detailed mechanisms explaining how
itaconate could downregulate the activation of NLRP3 (Bambouskova et al.,
2021; Hooftman et al., 2020). According to Hooftman et al., the effects on the
suppression of NLRP3 activation by itaconate are attributed to the alkylation of
cysteine 548 (C-548) on NLRP3, thus preventing its interaction with NEK7
(Hooftman et al., 2020). In this study, after the initial LPS stimulation, 4-Ol was
introduced to specifically explore the effects of itaconate on signal 2. To rule
out potential effects of 4-Ol on LPS-mediated signal 1, no impact on pro-IL-18
expression was observed (Hooftman et al., 2020). 4-Ol was found to inhibit
lactate dehydrogenase (LDH) release, IL-18 release, ASC speck formation,
Gasdermin D and IL-1B processing, all of which are indicators of NLRP3
activation. Additionally, 4-Ol had no impact on the NLRC4 or AIM2
inflammasomes and the effects observed using 4-Ol were confirmed by
exogenous itaconate and Irg1-deficient BMDMs. Lastly, in a system where the
murine inflammasome was reconstituted in HEK293 cells, overexpressing Irg1
inhibited IL-1B release (Hooftman et al., 2020).

On the other hand, Bambouskova and colleagues proposed a mechanism in which
itaconate and iNOS work together to induce tolerance to late NLRP3
inflammasome activation (Bambouskova et al., 2021). The experimental model
that was used involved two LPS activations with a 24-hour interval followed by
ATP as signal 2. The idea behind this experimental design is that primary LPS
activation tolerises the cells, presumably due to upregulation of ACOD1 and

accumulation of endogenously produced itaconate. To prove this hypothesis,
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they showed that while LPS tolerised wild-type BMDMs were unable to process
pro-IL-18 and secrete mature IL-18, LPS tolerised irg7 KO BMDMs showed normal
levels of pro-IL-1B processing and mature IL-18 secretion (Bambouskova et al.,
2021). In contrast to the findings of Hooftman et al., this study suggested that
itaconate acts downstream of ASC speck formation, as wild-type BMDMs
activated classically exhibited levels of ASC speck formation like those in
tolerised BMDMs (Bambouskova et al., 2021). Furthermore, GSDMD cleavage and
pyroptosis were inhibited entirely in wild-type LPS tolerised BMDMs, while Irg1
KO BMDMs were able to cleave GSDMD into its active GSDMD-NT form and
thereby undergo pyroptosis and IL-18 secretion, showing their inability to
become tolerised by primary LPS stimulation. Notably, the addition of cell-
permeable glutathione ethyl ester to wild-type BMDMs restored IL-18 secretion
upon late inflammasome activation, indicating that thiol reactivity may be
responsible for inflammasome tolerance induced by itaconate. To further
understand the mechanism, a proteomic screen was conducted, identifying
numerous potential targets for itaconate during late inflammasome activation.
Importantly, using mass-spec analysis, itaconated GSDMD at cysteine 77 was
shown in WT macrophages, specifically at late time points of LPS stimulation
when a sufficient intracellular accumulation of itaconate could occur, allowing
itaconate, albeit mildly electrophilic, to function as a Michael acceptor and
react with cysteine residues. This GSDMD modification was also found in Irg1 KO
macrophages reconstituted with the addition of 1mM exogenous itaconate but
not in unreconstituted KO cells (Bambouskova et al., 2021). Although GSDMD is
traditionally considered downstream of caspase-1, caspase-1 activity upon late
inflammasome activation was shown to be largely dependent on GSDMD,
suggesting that GSDMD may be necessary for late inflammasome activation and
caspase-1 processing (Figure 1.1). Thus, it is reasonable to consider the
alkylation of GSDMD by itaconate as a potential mechanism of NLRP3 inhibition

by itaconate.

It is still unknown, however, if itaconate-mediated tolerisation of the NLRP3
inflammasome also occurs in primary human monocytes and whether the
tolerisation mechanism is dependent on the cleavage of GSDMD to its active
GSDMD-NT. Additionally, in order to fully understand inflammasome tolerance in

human myeloid cells, it is important to consider other immunometabolic factors,
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such as hypoxia, for example, that have been shown to influence the

responsiveness to different stimuli and the inflammatory state of these cells.

1.3.3 The effects of hypoxia on myeloid cells in

chronic inflammatory conditions

Many chronic inflammatory diseases, like RA and chronic obstructive pulmonary
disease (COPD), commonly exhibit hypoxia within the tissue microenvironment.
The presence of hypoxia in the synovial fluid of the RA joint was initially
documented in the 1970s (Lund-Olesen, 1970) and is gaining recognition in COPD
(Kent et al., 2011). Hypoxia in an inflammatory setting occurs when the demand
for oxygen surpasses the supply, and in the context of inflammation, this
occurrence is linked to the heightened infiltration and proliferation of immune
cells, which primarily rely on oxygen for metabolic processes in order to function
effectively. In the case of RA, it is also thought that tissue overgrowth,
accumulation of synovial fluid, and movement of the injured joint can disrupt
the capillary network and block blood flow to the tissue (Jawed et al., 1997). As
a result of the excessive oxygen demand, neovascularisation takes place,
however, these newly generated structures are relatively dysfunctional and
inadequately organised, thus contributing even further to hypoxia within the
tissue (Kennedy et al., 2010; Strehl et al., 2014). Consequently, immune cells
such as blood monocytes face environmental challenges when recruited to the
inflammatory tissue, as it is widely acknowledged that to be able to adapt to
hypoxic microenvironments and maintain survival and functionality, immune
cells adjust via the expression of the transcription factor hypoxia-inducible
factor 1 alpha (HIF-1a) (Semenza & G. L.Wang, 1992). This master regulator has
been reported to control various processes, including cell metabolism,
angiogenesis, migration, and inflammatory cascades (Semenza, 2009). HIFs
typically consist of heterodimers, comprising an oxygen-regulated alpha subunit
and a stable beta subunit (Semenza & G. L. Wang 1992). Under normal oxygen
levels, prolyl hydroxylases (PHDs) hydroxylate the alpha subunits, which are then
targeted for degradation by an E3 ubiquitin ligase complex known as von Hippel

Lindau tumour suppressor protein (pVHL). The polyubiquitinated alpha subunits
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are subsequently degraded by the proteasome (Berra et al., 2003). In hypoxic
conditions, the enzymatic activity of PHDs is inhibited due to the lack of oxygen,
which is essential for their activity, leading to the stabilisation of the alpha
subunits and the formation of the heterodimer (Epstein et al., 2001; lvan et al.,
2001). Subsequently, the stabilised HIFs can translocate into the nucleus to
regulate the transcription of genes responsible for the adaptation to hypoxic
conditions (Fangradt et al., 2012; Staples et al., 2011). Although this mechanism
is well established in macrophages, it is debated in human monocytes. Despite
the stabilisation of HIF-1a under hypoxic conditions in monocytes, it has been
suggested that NF-kB may be responsible for the necessary transcriptional
processes, as HIF-1a seems to be absent from the nucleus (Fangradt et al.,
2012). Recent studies have also proposed that mitochondrial complex Il may
regulate hypoxia adaptation in monocytes (Sharma et al., 2017). These studies
illustrate the need for further investigation into the precise mechanism of

monocyte adaptation to hypoxia.

Regardless of the mechanism, however, when faced with an environmental
challenge like hypoxia, it is believed that myeloid cells change their functional
characteristics. To understand how hypoxia affects the phenotype of human
monocytes, Bosco et al. conducted a comprehensive study of hypoxia-cultured
monocytes (Bosco et al., 2006). It was revealed that monocytes increase the
expression of several genes linked to typical hypoxia responses, including
vascular endothelial growth factor (VEGF) -responsible for angiogenesis,
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) - responsible
for apoptosis, glucose transporter 1 (GLUT-1) - responsible for glucose transport,
hexokinase 2 (HK2) - responsible for glycolytic metabolism, and chemokine-
related genes -CCL15, CCL2 and CCR2. Monocytes displayed elevated levels of
CCL20 gene and protein expression when exposed to low oxygen levels,
suggesting that hypoxia could enhance the migration of other immune cells to
the inflamed area (Bosco et al., 2006). Later studies identified CD300a as a
surface receptor induced by hypoxia that can regulate CCL20 and VEGF
expression (Raggi et al., 2014). The significance of hypoxia in mediating
chemotactic responses in monocytes was further emphasised by the upregulation
of CXCR4 receptor expression (Schioppa et al., 2003). Additionally, CCL20

production has also been linked to the activation of the p50 subunit of NF-kB



72

(Battaglia et al., 2008). The action of this subunit supports the notion that NF-kB
is crucial for hypoxia adaptation in human monocytes (Battaglia et al., 2008;
Fangradt et al., 2012). Interestingly, decreased O2 levels in the joint have been
associated with increased canonical NF-kB signalling in the synovial fluids of
active RA patients (Oliver et al., 2009). Hypoxic conditions in vitro have also
been demonstrated to enhance the survival rate of both monocytes and
macrophages, believed to occur through the stimulation of glycolytic metabolism
(Roiniotis et al., 2009) and upon encountering hypoxic sites, both monocytes and
macrophages have been shown to decrease their migratory properties (L. Turner
et al., 1999; Grimshaw & Balkwill, 2001). Furthermore, macrophages are
believed to alter their proteolytic capacity under hypoxic conditions by
increasing MMP-7 gene expression (Burke et al., 2003). In palmitate-activated
macrophages, hypoxia is believed to enhance the production of IL-6 and IL-18
(Snodgrass et al., 2016).

Overall, this evidence indicates that hypoxia may encourage proinflammatory
properties in myeloid cells, and its presence in chronic inflammatory tissue such
as the RA joint exacerbates disease severity. It is, however, still unknown
whether RA joint hypoxia in tandem with continuous stimulation by DAMPs, such
as tenascin-C, could alter and break the NLRP3 tolerisation phenotype of human
monocytes, leading to disease chronicity due to dysregulated secretion of the

proinflammatory cytokine IL-18.

1.4 Rheumatoid arthritis as a chronic

inflammatory disease

It is currently estimated that RA impacts 17.6 million individuals globally, with

an estimated increase to 31.7 million RA patients by 2050 (Black et al., 2023). RA
is currently recognised as a chronic inflammatory disease characterised by
persistent uncontrollable synovitis, as well as pannus and bone erosion
(Gravallese & Firestein, 2023; Komatsu & Takayanagi, 2022). Typically, RA
presents as symmetrical polyarthritis, predominantly affecting small joints in the

extremities (Grassi et al., 1998; Sokolova et al., 2021;). Generally, there are two
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subdivisions of RA patients, namely those who manifest disease with anti-
citrullinated protein antibodies (ACPAs) and/or autoantibodies to
immunoglobulin G, termed rheumatoid factor (RF), and those that are both ACPA
and RF-negative (Sokolova et al., 2021). The two groups of patients are termed
seropositive and seronegative, respectively. About 80% of RA patients are
seropositive; hence, the majority of research is focused on seropositive RA
(Bizzaro et al., 2013). ACPA production has been associated with both genetic
and environmental factors. The strongest genetic links are associated with the
human leukocyte antigen (HLA)-DRB1 (Gonzalez-Gay et al., 2002), and the
strongest environmental triggers include exposure to toxic agents, such as
cigarette smoke and silica dust (Stolt et al., 2010), and Porphyromonas gingivalis
infection (Wegner et al., 2010). ACPAs can be present in the blood before clinical
disease manifestation; hence, in some instances, they can serve as a predictive
tool for early RA diagnosis (Bizzaro et al., 2013). However, it must be noted that
not all individuals with ACPAs progress to RA. In RA, articular symptoms may be
accompanied by systemic complications, such as pulmonary interstitial fibrosis
and cardiovascular disease (Akiyama & Kaneko, 2022; Figus et al., 2021; Weber
et al., 2023), hence individuals who receive inadequate or delayed treatment
experience joint destruction, disability, and even death in the years following
initial symptoms. Therefore, although there is currently no cure for RA,
adequate and timely treatment is paramount for the successful management of

RA symptoms.

1.4.1 Pathogenesis and cellular mediators of RA

Autoantibodies can be identified in some individuals with RA several years before
they show symptoms (Bizzaro et al., 2013), however, it is still under
investigation whether they are actively involved in disease pathogenesis or
simply a byproduct of an already present diseased cellular state. The most
widely investigated autoantibodies are those against citrullinated proteins.
Citrullination is the enzymatic conversion of specific polypeptide arginine amino
acids to the amino acid citrulline, a reaction catalysed by peptidylarginine
deiminases (PADs). Citrullination changes some of the properties of the

polypeptide as citrulline is a neutral amino acid while arginine is a positively
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charged amino acid. Citrullinated proteins have a higher affinity for the antigen-
binding groove of HLA-DRB1 (Van Der Helm-van Mil et al., 2006) and are more
immunogenic compared to natural proteins (Ge & Holmdahl, 2019). Neutrophil
extracellular traps (NETs) are a significant source of citrullinated proteins, and
recent research has revealed that more NETs are present in the circulation and
synovial fluids of RA patients compared to healthy individuals, with the
formation of NETs leading to a sustained inflammatory microenvironment in the
joints (Apel et al., 2018). Additionally, studies have shown that citrullinated
proteins from NETs can be internalised through the receptor for advanced
glycation end-products pathway, leading to an inflammatory phenotype in

fibroblast-like synoviocytes (FLS) (Carmona-Rivera et al., 2017).

It has been found that a subset of autoantibodies recognizing a citrullinated
epitope in the FBG-C domain of tenascin-C are detectable years before any
disease manifestation and thus could help in early diagnosis (Schwenzer et al.,
2016), as well as in disease prediction among people presenting with early
synovitis (Raza et al., 2016). Additionally, the levels of activated CD4* T cells
specific for five different citrullinated tenascin-C epitopes were shown to be
elevated in the peripheral blood and synovial fluid of RA patients, and two of
these epitopes were also recognized by antibodies within the serum and synovial
fluid of RA patients (Song et al., 2021). These findings highlight the possibility
that coinciding citrullinated Tenascin-C epitopes recognized by both T and B cells
have the potential to increase autoimmunity and promote RA disease

progression.

Chronic inflammation caused by inappropriately activated immune cells plays a
crucial role in the development of RA. Rheumatoid joints are mainly infiltrated
by T cells, with CD4* T cells outnumbering CD8* T cells in most patients (Kondo
et al., 2018). T cells in the synovium exhibit an activated phenotype and behave
similarly to cytokine-stimulated T cells rather than T cell receptor-stimulated T
cells (Brennan et al., 2002), with specific cytokines present in inflamed joints
leading to the predominant expression of distinct T cell transcription factors,
such as T-bet and retinoic acid receptor-related orphan receptor gamma t
(RORYT), resulting in an imbalance in T cell differentiation, favouring T helper 1
cells over Th2, and Th17 over regulatory T cells (Kondo et al., 2018). The

activated Th1 cells then contribute to the activation of infiltrating myeloid cells,
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perpetuating joint inflammation. In addition to CD4* T cells, recent reports have
indicated that Granzyme K* CD8* T cells in the synovium of RA patients produce
high levels of IFN-y, amplifying the proinflammatory microenvironment in the
joint (Jonsson et al., 2022). Furthermore, a recent study using mass cytometry
to analyse activated T cells in joint tissue from RA patients identified a subset of
CD4* PD1* CXCR5™ follicular helper T cells (Tfh) located near B cells, whose main
function is to produce interleukin IL-21 to support the proliferation and
differentiation of B cells (Rao et al., 2017).

Although B cells make up only a small proportion of cells in the synovium, they
are considered important contributors to the start and continuation of RA
pathology. Activated B cells perform various effector functions, such as releasing
cytokines, creating abnormal germinal centres, activating T cells through
antigen presentation, and transforming into antibody-producing cells (Wu et al.,
2021). B cells and plasma cells make and secrete RF and anti-modified-protein
antibodies (AMPAs), including ACPAs, anti-carbamylated protein antibodies, and
anti-acetylated-protein antibodies. Evidence suggests that most RA patients have
at least two types of AMPAs, indicating that a variety of antigens could
potentially activate B cells, both during their initial development in lymph nodes
and in the synovium, where they may encounter different modified antigens
(Scherer et al., 2022). Recent research data has revealed that a B cell
population characterised by the co-expression of nuclear receptor subfamily 4
group A member 1 (NR4A1), NR4A2, and NR4A3 is highly concentrated in RA
synovial tissue where it helps produce and maintain synovial germinal centres by
releasing IL-6, lymphotoxin a, lymphotoxin B (Meednu et al., 2022). Additionally,
age-associated B cells (ABC) with high expression levels of integrin subunit alpha
X (ITGAX), T-bet, and activation-induced cytidine deaminase, originally found in
systemic lupus erythematosus (SLE), have been shown in the synovium and
peripheral blood of RA patients where they contributed to the development of
RA by inducing activation of FLS via TNF-mediated ERK1/2 and JAK-STAT1
pathways (Qin et al., 2022).

RA is characterised by the presence of persistent, severe synovitis with
significant enlargement of the synovial lining and sublining layers. FLS present in
human synovial tissue originate from mesenchymal stem cells and can

demonstrate characteristics resembling those of tumours, as these cells not only
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proliferate extensively in RA but also invade and degrade the cartilage (Nygaard
& Firestein, 2020). The use of single cell RNA sequencing (scRNA-seq) technology
has led to the identification of several new types of pathogenic FLS. Recently, a
subset of CD34- CD90* FLS originating from vascular endothelial cells has been
discovered through scRNA-seq analysis of synovial tissue organoids, and the
differentiation of this subset was shown to be crucial for the development of
inflammatory arthritis (Wei et al., 2020). Additionally, longitudinal
transcriptomics approaches combined with scRNA-seq have revealed CD45- CD31-
Podoplanin (PDPN)* cells in the peripheral blood of RA patients, which have FLS
characteristics (Orange et al., 2020). These cells were termed PRIME cells and
were shown to become activated by B cells several weeks before RA relapse and
to migrate to the synovial tissue and cause local inflammation (Orange et al.,
2020).

In addition to FLS, in human synovial tissue, two main synovial tissue
macrophage populations have been identified based on their expression of the
tyrosine kinase receptor MerTK and their expression of the C-type lectin
mannose receptor CD206 (Kurowska-Stolarska & Alivernini, 2022). Using different
single-cell examination methodologies, these synovial tissue macrophages have
been shown to contain distinct clusters that become enriched or diminished at
different stages of RA development and progression (Alivernini et al., 2020). For
example, in healthy synovium, the predominant subtype is the MerTK* CD206*
subtype (Alivernini et al., 2020; Culemann et al., 2019). Additionally, it was
found that remission RA synovium is characterised by higher levels of MerTK*
CD206" synovial tissue macrophages (Alivernini et al., 2020), and the ratio of
MerTK* CD206* to MerTK CD206 cells can predict the persistence of remission

when medications are discontinued in RA patients (Alivernini et al., 2020).

In RA, the majority of proinflammatory cytokines are produced by joint
infiltrating monocytes, macrophages, and FLS. These cytokines include TNF, IL-
1B, IL-6, and others. TNF has been shown to enhance inflammation by activating
the NF-kB pathway, increasing TNF receptor 2 levels, and promoting the
secretion of receptor activator of NF-kB ligand (RANKL) for osteoclast formation,
among other proinflammatory functions (Jang et al., 2021; Marahleh et al.,
2019). In a similar fashion, IL-1B8 has been shown to trigger rapid and strong

proinflammatory responses, such as encouraging the proliferation of FLS and the
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production of IL-6, IL-8, GM-CSF, collagenase, and prostaglandins, as well as
promoting the expression of adhesion molecules in FLS and endothelial cells
(Gabay et al., 2010). Both TNF and IL-1B are highly produced by human
monocytes following activation, and the distribution of circulating monocyte
populations has been shown to change in RA, leading to an increase in
intermediate monocytes, primarily due to higher CD16 expression across all
monocyte subtypes (Lacerte et al., 2016). It has been shown that in both early
and long-standing RA patients, CD14** classical monocytes show elevated CD16
expression (Cooper et al., 2012). Notably, variations in monocyte populations are
evident when comparing active disease and remission in RA, with a decrease in
intermediate monocyte populations during remission (Radwan et al., 2016).
Given that CD16 functions as a coreceptor to TLR4, the increased expression of
CD16 likely results in an enhanced induction of the proinflammatory cytokine
cascade upon TLR4 activation. This proposition is supported by prior studies
indicating CD16* monocytes as the main producers of TNF in response to LPS
(Cros et al., 2010). Additionally, intermediate monocytes exhibit higher TLR2
expression compared to classical monocytes (Iwahashi et al., 2004). The increase
in TLR2 expression can then contribute to heightened TNF responses to
endogenous ligands in the joint (Iwahashi et al., 2004). Changes in receptor
expression occur alongside distinct alterations in gene expression in RA
monocytes. The modified transcriptional profile is often linked to TNF
(Smiljanovic et al., 2012). Several changes in monocytes are also observed in
signalling pathways, notably in the PI3K-mammalian target of rapamycin (mTOR)
pathway. The significance of this pathway in RA was demonstrated through the
inhibition of mTOR in monocytes isolated from RA patients, resulting in reduced

osteoclast production and, hence, reduced bone erosion (Cejka et al., 2010).

1.4.2 Current RA treatment strategies

If left untreated, RA is an extremely debilitating disease with a drastic decrease
in the quality of life of patients, leading to chronic disabilities. There is no cure
for RA, however, early diagnosis and initiation of treatment has been shown to
reduce joint destruction and disability and to promote a higher chance for

clinical remission to occur (Moura et al., 2015). It has been shown that patients
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receiving delayed therapy are at a higher risk of bony erosions (Finckh et al.,
2006), with poorly controlled RA patients presenting with erosive changes
predictive of poorer functional outcomes within two years of initial symptoms.
Based on these observations, the established treatment principles for RA involve
immediate symptomatic management and disease treatment modification,
commonly known as the treat-to-target approach. In this widely used treatment
methodology, disease progress is measured rigorously, and therapy is
administered as appropriate until remission is achieved (Klarenbeek et al.,
2011). As our scientific understanding of RA pathogenesis has increased, new and
effective therapeutic drugs have been developed over the last three decades.
These drugs are termed disease-modifying antirheumatic drugs (DMARDs), and
they have significantly reduced joint inflammation and bone destruction in RA
patients (Smolen et al., 2023). The current DMARDs mainly fall into three
categories: conventional synthetic DMARDs (csDMARDs), biological DMARDs
(bDMARDs), and targeted synthetic DMARDs (tsDMARDs) (Smolen et al., 2023).
Conventional synthetic DMARDs include anti-inflammatory drugs such as
Methotrexate, Sulfasalazine and Hydroxychloroquine; biological DMARDS include
antibodies targeting prominent proinflammatory cytokines such as TNF and IL-6;
targeted synthetic DMARDs include inhibitors of the Janus kinase (JAK)- Signal

transducer and activator of transcription (STAT) signalling pathway.

As a first line of treatment upon RA diagnosis, a combination of methotrexate
and glucocorticoids successfully leads to remission in 25% of patients within 6
months, a success rate which isn’t surpassed by using biological DMARDs and
methotrexate instead (Nam et al., 2014; Smolen et al., 2017). This observation
has so far led to the consensus that currently, all newly diagnosed RA patients
are started on the methotrexate plus glucocorticoid treatment before
considering biological DMARDs or targeted synthetic DMARDs due to an
unwarranted increased price of treatment without any increased benefit in
disease modification (Kavanaugh et al., 2013) and the possibility of
overtreatment in 25% of newly diagnosed patients. Albeit the undeniable and
crucial success of DMARD treatment, genetic and environmental factors are
thought to contribute to resistance to DMARD therapy in between 30% to 50% of
patients (Smolen et al., 2018) hence, even with a continuous treat-to-target

approach, about half of treatment responders suffer disease relapse shortly after
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treatment termination (Smolen et al., 2018). This highlights the need for a
better understanding of RA pathology and disease progression in order for better

standalone and/or complementary RA therapies to be developed.

1.5 Hypothesis and Aims

Despite the extensive research that has been carried out on innate immune
memory, a lot remains unknown about the DAMP-mediated tolerisation of
myeloid cells since the majority of tolerisation experiments are carried out using
the PAMP LPS. Although understanding LPS-mediated endotoxin tolerance is
crucial for infectious disease treatment and sepsis patients, to fully understand
the pathogenesis of chronic inflammatory conditions such as RA, cellular
stimulations need to be examined using disease-relevant DAMPs instead. For
example, most research on a crucial aspect of TLR-mediated chronic
inflammation, namely the NLRP3 inflammasome, is carried out exclusively using
PAMPs. In order to further the scientific understanding of endogenous
inflammatory triggers crucial to the development of autoimmunity, | have used
the proinflammatory TLR4 activating domain, FBG-C, of the RA-relevant ECM
protein tenascin-C. Specifically, | have hypothesised that the DAMP FBG-C is
capable of activating the NLRP3 inflammasome in human monocytes, but that,
unlike the PAMP LPS, its ability to tolerise the secretion of the proinflammatory
cytokine IL-18B is altered due to a delayed upregulation of the metabolite
itaconate. | have also hypothesised that additional environmental stressors, such
as joint hypoxia, can alter the inflammasome tolerance phenotypes conferred by
both DAMPs and PAMPs, contributing to RA disease pathogenesis.

This work specifically aims to:

o Characterise the temporal differences between the secretion profiles of
the proinflammatory cytokines TNF and IL-1B8 in human monocytes when
activated by FBG-C or LPS.

e Investigate the ability of FBG-C to activate the alternative inflammasome
pathway in human monocytes and whether caspase 8 inhibition can block

its activation.
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Investigate the ability of FBG-C to prime the canonical NLRP3
inflammasome in human monocytes and examine the requirement for the

TLR4 co-receptor CD14 when cells are primed with either FBG-C or LPS.

Determine whether FBG-C and LPS can tolerise the NLRP3 inflammasome
to repeated TLR4 activation in human monocytes and whether the
tolerisation is dependent on the immunometabolite itaconate and its
enzyme ACOD1.

Investigate the role of Gasdermin D and pyroptosis in the establishment of

itaconate mediated NLRP3 inflammasome tolerance.

Investigate the effects of hypoxia on NLRP3 inflammasome activation and

tolerisation in human monocytes activated by either FBG-C or LPS.

Explore whether monocytes from RA patients exhibit a reduced ability to
tolerise the NLRP3 inflammasome compared to those from healthy donors

and investigate the potential involvement of itaconate.
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All materials used in the experiments presented in this thesis are shown in Table

2.1.

Table 2.1 List of all reagents and resources used, along with source and identifier.

REAGENT or RESOURCE |SOURCE |IDENTIFIER

Antibodies

Tetra-His Antibody, BSA-free Qiagen Cat# 34670; RRID:AB_2571551
Goat anti-Mouse IgG (H + L)-HRP Conjugate Bio-Rad Cat# 1706516; RRID:AB_11125547
PE/Cyanine5 mouse anti-human CD3 Antibody BioLegend Cat# 317356; RRID:AB_2904343
Brilliant Violet 605™ mouse anti-human CD14 Antibody BioLegend Cat# 301834; RRID:AB_2563798
PE mouse anti-human CD16 Antibody BioLegend Cat# 360704; RRID:AB_2562749
Brilliant Violet 510™ mouse anti-human CD19 Antibody BioLegend Cat# 302242; RRID:AB_2561668
Brilliant Violet 510™ mouse anti-human CD56 (NCAM) Antibody |BioLegend Cat# 318340; RRID:AB_2561944

FITC mouse anti-human CD45 Antibody

BD Biosciences

Cat# 555482; RRID:AB_395874

Rabbit anti-human IRG1 (D6H2Y) Antibody

Cell Signaling Technology

Cat# 77510; RRID:AB_2799901

Rabbit anti-B-Actin (13E5) Antibody (HRPConjugate)

Cell Signaling Technology

Cat# 5125; RRID:AB_1903890

Rabbit anti-human Gasdermin D (E9S1X) Antibody

Cell Signaling Technology

Cati# 39754; RRID:AB_2916333

Rabbit anti-human IRF-1 (D5E4) Antibody

Cell Signaling Technology

Cat# 8478; RRID:AB_10949108

Goat Anti-Rabbit Immunoglobulins/HRP

Agilent

Cat# P0448; RRID:AB_2617138

Biological samples

Human leucocyte cones

NHS Blood and Transplant, Newcastle|

N/A

Fresh human blood from healthy individuals

Sir Greame Davies Building, Glasgow

N/A

Fresh human blood from indviduals with RA

Gartnavel General Hospital, Glasgow

N/A

Commercial assays

PyroGene™ Recombinant Factor C Endpoint Fluorescent Assay |Lonza Cat# 50-658U
EasySep™ Human Monocyte Isolation Kit Stemcell Technologies Cat# 19359
LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells Invitrogen Cat# L3224
Human TNF alpha Matched Antibody Pair ELISA kit Invitrogen Cat# CHC1753
Human IL-1 beta Matched Antibody Pair ELISA kit Invitrogen Cat# CHC1213
Griess Reagent System Promega Cat# G2930
PureLink™ Genomic DNA Mini Kit Invitrogen Cat# K182001
T7 Endonuclease | surveyor kit New England Biolabs Cat# M0302S
Mix2Seq Kit NightXpress Eurofins Genomics N/A
Chemicals, pepties, recombinant proteins and culture media

Recombinant Human M-CSF PeproTech Cat# 300-25
Lysogeny broth powder (Luria Broth Base) Invitrogen Cat# 12795084
Carbenicillin disodium salt Sigma-Aldrich Cat# C1389
Isopropyl B-D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich Cat# 15502
Urea powder Sigma-Aldrich Cat# U5378
Tris Sigma-Aldrich Cat# 73253
HisPur™ Ni-NTA Superflow Agarose Thermo Scientific Cat# 25215
Triton™ X-114 Invitrogen Cat# AC422365000
Imidazole Sigma-Aldrich Cat# 1202
Cystamine dihydrochloride Thermo Scientific Chemicals Cati# B22873.22
B-mercaeptoethanol Gibco Cat# 31350010
2-hydroxyethyldisulphide Sigma-Aldrich Cat# 380474
Precision Plus Protein Dual Color Standards Bio-Rad Cat# 1610374
Coomassie Brilliant Blue Thermo Scientific Cat# 20279
Sodium chloride crystals Thermo Scientific Chemicals Cat# 194090010
Acrylamide/Bis-acrylamide Sigma-Aldrich Cat# A3699
Ammonium persulfate Sigma-Aldrich Cat# 248614
Tetramethylethylenediamine (TEMED) Thermo Scientific Cat# 17919
Sodium dodecyl sulfate Sigma-Aldrich Cat# L4509
Glycine Sigma-Aldrich Cat# G7126
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Glycerol Sigma-Aldrich Cat# G5516
Bromophenol Blue Sigma-Aldrich Cat# B0126
Methanol Sigma-Aldrich Cat# 5895961000
Acetic acid Sigma-Aldrich Cat# A6283
Tween 20 Sigma-Aldrich Cat# P1379
Sodium thiosulfate Sigma-Aldrich Cat# 217263
Silver nitrate Sigma-Aldrich Cat# S6506
Sodium carbonate Sigma-Aldrich Cat# 223530
Formalin solution Sigma-Aldrich Cat# HT501128
Bovine Serum Albumin Sigma-Aldrich Cat# A9418
Ficoll-Paque PLUS density gradient media Cytiva Cat# 17144003
RBC Lysis Buffer Invitrogen Cat# 00-4333-57
EDTA (0.5 M), pH 8.0, RNase-free Invitrogen Cat# AM9260G
Fetal Bovine Serum Sigma-Aldrich Cat# FO9665
Trypan Blue Solution, 0.4% Gibco Cat# 15250061
RPMI 1640 Medium (Dutch modification) Gibco Cat# 22409015
Penicillin-Streptomycin Gibco Cat# 15070063
GlutaMAX™ Supplement Gibco Cat# 35050061
Sodium Pyruvate Gibco Cat# 11360070
Lipopolysaccharides from Escherichia coli 055:B5 Sigma-Aldrich Cat# L4524
Polymyxin B solution Sigma-Aldrich Cat# 92283

RIPA Lysis and Extraction Buffer Thermo Scientific Cat# 89900

Halt™ Protease and Phosphatase Inhibitor Cocktail, EDTA-free  [Thermo Scientific Cat# 78441
Nigericin sodium salt InvivoGen Cati tlrl-nig
Caspase-8 Inhibitor Il Sigma-Aldrich Cat# 218759

TMB Solution (1X) Invitrogen Cat# 00-4201-56
Pierce™ Bradford Protein Assay Kit Thermo Scientific Cat# 23200
NuPAGE™ Bis-Tris Mini Protein Gels, 4-12%, 1.0-1.5 mm Invitrogen Cat# NP0321BOX
iBlot™ 2 Transfer Stacks, PVDF, regular size Invitrogen Cat# 1824001
SuperSignal™ West Pico PLUS Chemiluminescent Substrate Thermo Scientific Cat# 34579
SuperSignal™ West Femto Maximum Sensitivity Substrate Thermo Scientific Cat# 34094
NuPAGE™ Sample Reducing Agent Invitrogen Cat# NP0004

Gel Loading Buffer Il Invitrogen Cat# AM8547
NuPAGE™ MOPS SDS Running Buffer Invitrogen Cat# NP0001

FcR Blocking Reagent, human Miltenyi Biotec Cat# 130-059-901
Fixable Viability Dye eFluor™ 780 Invitrogen Cat# 65-0865-14
Anti-Mouse Ig, k/Negative Control Compensation Particles Set |BD Biosciences Cat# 552843
Cytofix™ Fixation Buffer BD Biosciences Cat# 554655
DreamTaq Green PCR Master Mix Thermo Scientific Cat# K1081

TAE (10X), RNase-free Invitrogen Cat# AM9869
SYBR™ Safe DNA Gel Stain Invitrogen Cat# S33102
Software and algorithms

FlowJo™v10.10 FlowJo https://www.flowjo.com/
Prismv10.2.3 GraphPad https://www.graphpad.com/
BD FACSDiva™ Software v9.0 BD Biosciences https://www.bdbiosciences.com/
Biorender Biorender https://www.biorender.com/
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2.2 Methods

In-house made buffers were prepared as follows:
TN buffer: 50 mM Tris, 150 mM NaCl, pH 8.0
Urea-Tris buffer: 8 M urea, 20 mM Tris, pH 8.0

4% Stacking gel: 125 mM Tris, 4% acrylamide/bis-acrylamide, 0.1% (w/v)
ammonium persulfate, 0.1% (v/v) Tetramethylethylenediamine (TEMED), pH 6.8

12% Separating gel: 375 mM Tris, 12% acrylamide/bis-acrylamide, 0.1% (w/v)
ammonium persulfate, 0.1% (v/v) TEMED, pH 8.8

4x Separating gel buffer: 1.5 M Tris-HCL, 0.4% (w/v) SDS, pH 8.8

4x Stacking gel buffer: 0.5 M Tris-HCl, 0.4% (w/v) SDS, pH 6.8

10x Running buffer: 248 mM Tris, 1.92 M glycine, 1% (w/v) SDS

2x Loading buffer: 125 mM Tris, 4.1% (w/v) SDS, 20% (v/v) glycerol, 5% (v/v)
mercaeptoethanol, 0.001% (w/v) bromophenol blue, pH 6.8

CBB staining solution: 0.1% (w/v) Coomassie Brilliant Blue G-250, 50% (v/v)

methanol, 20% (v/v) acetic acid
De-staining solution: 30% (v/v) methanol, 1% (v/v) formic acid
TBST: 1x TBS, 0.1% (v/v) Tween 20

FC buffer: 1x PBS, 0.5% (w/v) bovine serum albumin, 2mM
Ethylenediaminetetraacetic acid (EDTA)

Cell separation buffer: 1x PBS, 2mM EDTA, 1% (v/v) heat Inactivated Foetal

Bovine Serum
Assay buffer: 1x PBS, 0.1% (v/v) Tween 20, 0.5% (w/v) bovine serum albumin

Wash Buffer: 1x PBS, 0.05% (v/v) Tween 20
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2.2.1 FBG-C protein production and purification

Carbenicillin resistant E. coli strain BL21 expressing human His-tagged FBG-C was
used to inoculate 10 mL of Lysogeny Broth (LB) (Invitrogen) with 250 mg/mL of
carbenicillin (Merk). The culture was left to incubate overnight at 37°C with
shaking at 200 RPM. The next day, the overnight culture was added to 1 L of
LB/carbenicillin and incubated at 37°C with shaking at 200 RPM until the
0OD600nm reached 0.6 AU (measured using a 1 mL sample in a quartz glass
cuvette). Isopropyl B-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich) at a final
concentration of 1 mM was added to induce FBG-C expression for 4 hours at 37°C
with shaking at 200 RPM. The bacterial culture was subsequently centrifuged at
3500 RPM for 15 minutes; the pellet was collected, washed with 20 mL of protein
buffer (referred to as Tenascin-C buffer - TN buffer), repleted by 3500 RPM for
15 minutes centrifugation and stored at -20°C for further processing. The
bacterial pellet from a 0.5 L culture was thawed, re-suspended in 20 mL of TN
buffer, and subjected to probe sonication using Q125 Sonicator Ultrasonic
Homogenizer (four times for 30 seconds, amplitude 30%). The insoluble fraction
was then collected by centrifugation at 10000 RPM for 15 minutes at 4°C. The
pellet was re-suspended in 40 mL of urea-Tris buffer through brief sonication (as
described above) and then left to incubate overnight at 4°C with constant
rotation. The following day, the solution was centrifuged again, passed through a
0.8 pym syringe filter, and then passed twice through a column containing 5 mL of
nickel beads (Life Technologies) that had been equilibrated with 50 mL of urea-
Tris buffer. The flow-through was collected and the beads were washed with 50
mL of urea-Tris buffer, followed by ice-cold 125 mL urea-Tris with 0.1% (v/v)
Triton X-114 (Invitrogen), and finally 50 mL of ice-cold urea-Tris buffer. The
protein was eluted from the column with urea-Tris containing 300 mM imidazole
(Sigma-Aldrich). Five fractions of 5 mL were collected, and the protein
concentration was determined by measuring absorbance at 280 nm using a
NanoDrop Microvolume Spectrophotometer (Thermo Scientific). Fractions
containing protein were combined and diluted to 0.5 L with urea-Tris buffer. To
achieve appropriate protein refolding Cystamine (Thermo Scientific Chemicals)
was added to a concentration of 20 mM, and the protein was dialyzed at 4°C
against 2 L of TN buffer supplemented with 5 mM B-mercaeptoethanol (Gibco)
and 1 mM 2-hydroxyethyldisulphide (Sigma-Aldrich) for two days using cellulose
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dialysis tubing retaining proteins with a molecular weight higher than 12 kDa,
followed by 2 L of pure TN buffer for another two days with daily buffer
changes. The refolded protein was then applied to 1.2 mL of nickel beads in a
column that had been equilibrated with 50 mL of TN buffer. The beads were
washed with 125 mL of ice-cold TN buffer with 0.1% (v/v) Triton X-114, and then
with 100 mL of ice-cold TN buffer. The protein was eluted with TN buffer
supplemented with 300 mM imidazole. Five fractions of 1 mL were collected,
and the protein concentration was again measured using NanoDrop (as described
above). The efficiency of purification was assessed using SDS-PAGE. Fractions
containing the protein were dialyzed twice against 2 L of TN buffer for 2 hours
and overnight at 4°C to remove imidazole using cellulose dialysis tubing
retaining proteins with a molecular weight higher than 12 kDa. The purified

protein was then stored at -80°C.

2.2.2 SDS-PAGE and Coomassie staining

Proteins were separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on custom-made 12% polyacrylamide gels containing 10 wells.
The gels were inserted into a gel tank (ATTO) filled with running buffer. The
protein samples were combined with an equal volume of 2x Loading buffer and
then heated and denatured at 95°C for 5 minutes. Each well was loaded with
either 10-20 pL of protein samples or 6 L of pre-stained protein ladder (Bio-
Rad). Electrophoresis was conducted at 130 V until the visible bromophenol blue
line reached the bottom of the gel. To visualize protein bands post SDS-PAGE,
the gels were exposed to a Coomassie Brilliant Blue staining solution for 30
minutes at room temperature with moderate agitation. To remove background

staining, the gels were treated with de-staining solution for 5 minutes.

2.2.3 Silver staining

1 pg of purified FBG-C was separated via SDS-PAGE. The gels were fixed with a
solution of 50% methanol and 5% acetic acid for 1 hour at room temperature,

followed by overnight incubation at 4°C. Subsequently, the gels underwent a 10-
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minute wash in 50% methanol and two 10-minute washes in water. The gels were
treated with 0.02% (w/v) sodium thiosulfate (Sigma-Aldrich) for 1.5 minutes and
washed twice in water for 1 minute. Silver staining was performed by immersing
the gels in 0.1% (w/v) silver nitrate (Sigma-Aldrich) for 1 hour at 4°C. After a 1-
minute wash in water, the gels were developed by incubating in 2% (w/v) sodium
carbonate (Sigma-Aldrich) and 0.04% (v/v) formalin (Sigma-Aldrich) until bands
were clearly visible. The reaction was stopped by incubating in 5% acetic acid for

5 minutes.

2.2.4 Western blotting for FBG-C detection

1 g of purified FBG-C was separated via SDS-PAGE and then transferred to a
nitrocellulose membrane using the Trans-Blot Turbo Transfer System (BioRad) as
per the manufacturer’s guidelines. The membrane was blocked for 1 hour with
5% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) in TBST and subsequently
incubated overnight at 4°C with mouse Tetra-His antibody (Quiagen) at a
1:10,000 dilution in 2% (w/v) BSA in TBST. The membrane was then washed three
times with TBST for 10 minutes and incubated with anti-mouse 1gG-HRP antibody
(Bio-Rad) at a 1:20,000 dilution in 2% (w/v) BSA in TBST for 1 hour, followed by
three 10-minute TBST washes. All incubation and washing steps were carried out
with vigorous agitation of the membrane. Chemiluminescence was used to
visualize protein bands with Amersham enhanced chemiluminescence (Merk) and

the bands were captured on X-ray film (Thermo Scientific).

2.2.5 Circular dichroism spectroscopy and LPS

contamination testing

J-815 Circular Dichroism (CD) Spectrometer (Jasco) was employed to analyse the
secondary structure of the refolded FBG-C protein following production and
purification. Spectra were obtained in the 190 nm to 250 nm range at 20°C. Each
sample was measured 5 times, and the averages were plotted using GraphPad

Prism software v10.2.3. LPS contamination of produced FBG-C was assessed using
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the Recombinant Factor C Assay (Lonza) following the manufacturer’s
instructions. Only samples with less than 10 pg/mL of LPS were used in

subsequent experiments.

2.2.6 Monocyte isolation from human PBMCs

Human monocytes were isolated from healthy donor or RA patient donor blood in
accordance with the terms of the informed consents under an approved
protocol, or from leukocyte cones obtained from NHS Blood and Transplant,
Newcastle. Peripheral blood from patients with RA was collected at the
Gartnavel General Hospital Rheumatology unit Glasgow, while healthy controls
were obtained from volunteers at the University of Glasgow. RA patient blood
sample use was under the following ethics approval: West of Scotland REC 4
approval 14/WS/1035, project reference: CG_2021_17_A. Healthy donor blood
samples were used under approval from The College of MVLS Ethics Committee.
All donor information was treated anonymously. Peripheral blood mononuclear
cells (PBMCs) were separated from human blood by density gradient
centrifugation using Ficoll Paque Plus (Cytiva). Leukocyte cone samples were
diluted at a 1:1 ratio with PBS, while fresh blood was used without dilution. 25
mL of blood was layered onto 20 mL of Ficoll-Paque PLUS in 50 mL centrifuge
tubes (Corning). The layered blood samples were centrifuged at 400g for 30
minutes without brake at room temperature. Using a Pasteur pipette, the PBMC
layer was transferred into a fresh 50 mL centrifuge tube. To eliminate residual
red blood cell (RBC) contamination of the PBMCs, RBC lysis was performed by
resuspending the cells in 1x RBC lysis buffer (Invitrogen) for 3 minutes. Following
RBC lysis, the PBMCs were washed twice with 50 mL of sterile PBS. The cells
were then resuspended in 10 mL of cell separation buffer. 5 ul of the
resuspended PBMCs were mixed with 45 ul of Trypan Blue (Gibco), and 10 pl of
the mixture was added to a haemocytometer and counted using a light
microscope. To achieve the desired concentration, a final wash of the PBMCs was
done with 50 mL of sterile PBS to allow resuspension of the cells. The cells were
resuspended at the desired concentration in cell separation buffer, ready for
CD14* monocyte isolation. Human monocytes were isolated from donor PBMCs

using human monocyte negative isolation kit with CD16 depletion (EasySep™
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Human Monocyte Isolation Kit - StemCell technologies) following the
manufacturer’s instructions. The isolated CD14* monocytes were resuspended in
RPMI 1640 - Dutch modification (Gibco) medium supplemented with 1%
Penicillin-Streptomycin (Gibco), 2 mM L-Glutamine (Gibco), 1 mM sodium
pyruvate (Gibco), 10% Heat Inactivated Foetal Bovine Serum (Sigma-Aldrich) and,
for culture experiments longer than 2 days, 25 ng/mL recombinant human M-CSF
(PeproTech) at 1 x 10° cells/mL. Cells were plated in a TC treated 96 well plate
(Corning) and maintained in a humidified incubator at 37°C, 5% CO2 awaiting
activation. In all cell culture experiments, three wells were used as technical
replicates for each treatment condition. The humber of independent donor
samples used (biological replicates) was different depending on the
experimental design and is therefore specified where appropriate in the figure

legends of the figures presented in the results chapters.

2.2.7 Monocyte activation and measurement of

pyroptosis levels

Human monocytes were rested for 1-hour post-isolation before activation with
LPS (E. coli 055:B5, Sigma - Aldrich) at different concentrations as specified in
each experiment, or 1 yM FBG-C. In all cases of FBG-C stimulation, the stimuli
were pre-incubated for 30 min with 10 pg/mL polymyxin B (PMB) on ice, as a
control for a possible LPS contamination. Following monocyte activation, after a
specified amount of time depending on the experimental design, medium was
collected and stored at -80°C for subsequent investigation. In certain
experiments, cells were lysed using RIPA buffer (ThermoFisher) with a
protease/phosphatase inhibitor cocktail (10ul/mL) (ThermoFisher) and lysates
were stored at -20°C for subsequent investigation. For tolerisation experiments,
following primary activation, cells were washed and then rested in fresh media
for 1 hour before re-stimulation with LPS 055:B5 at 10 ng/mL. After a specified
amount of time of secondary stimulation dependent on the experimental design,
culture medium was again collected and stored at -80°C, or cells were triggered
for NLRP3 inflammasome activation with 5 mM nigericin (InvivoGen) for 45

minutes before media collection and RIPA buffer cell lysis. In specific
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experiments instead of cell lysis, pyroptosis was measured using cell staining
LIVE/DEAD Viability/Cytotoxicity kit (invitrogen) as per manufacturer’s
instructions and pyroptosis was observed using a fluorescence microscope (EVOS
M7000 Imaging System).

2.2.8 Cell culture in 2% oxygen

For the induction of 2% O, an incubator with the ability to regulate and
maintain O; levels was used (Fisher scientific). To reduce the level of oxygen in
the incubator, a steady stream of nitrogen gas from a nitrogen cylinder (BOC)
was pumped into the incubator’'s atmosphere at a carefully monitored rate until
a 2% Oz environment was achieved. Cell culture plates were placed inside the

incubator for a variable amount of time dependent on the specific experiment.

2.2.9 Generation of primary human monocyte

knock-out cells

To form guide-Cas9 Ribonucleoproteins (RNPs), the RNA guides with the following

sequence were synthesised by and purchased from Synthego:

Gene: ACOD1

single guide RNA Sequences:
UUUCAAGCCAUGGAUUGCUG
GAGGAUGAUUCUAGACACUC
CAUAGCCAGCCAAUAUAGCA
Gene: CD14

single guide RNA Sequences:
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CCUCUACUGCAGACACACAC
CGGAGAAGUUGCAGACGCAG

GUCGCAGAGACGUGCACCAG

The guides were mixed with Cas9 (SpCas9 2NLS Nuclease; Synthego) at a molar
ratio of 5:1 (guide:Cas9) in an RNase-free low bind tube and incubated at room
temperature for 30 minutes for the RNPs to complex. At the end of the 30
minutes incubation, electroporation buffer (Lonza) was mixed with the RNPs.
The electroporation/RNPs buffer mix was used to resuspend a human monocyte
cell pellet generated immediately after cell isolation via centrifugation at 500g
for 5 minutes. The cell suspension was then immediately transferred to a 100 pl
electroporation cuvette (Lonza). Induction of the RNPs into the primary human
monocytes was achieved by electroporation using the Amaxa 3D Nucleofector
(Lonza). The cells were electroporated using the CM137 pulse code in the Amaxa
3D Nucleofector. After the successful electroporation, cells were immediately

transferred in culture medium for plating and incubation.

2.2.10 Cytokine ELISA

After monocyte activation, cell culture plates underwent centrifugation at 300 g
for 5 minutes at room temperature to settle cells and debris at the bottom of
the plate. The supernatants were carefully transferred to a clean 96-well plate,
sealed with Parafilm, and stored at -80°C until needed. For single cytokine
analysis, Enzyme-Linked Immunosorbent Assay (ELISA) kits were used to detect
levels of TNF and IL-1B (Invitrogen) in cultured samples. Recombinant human
cytokines were employed to create standard curves, with a lower detection limit
of 15.6 pg/mL. To analyse the cytokines, samples were diluted using assay
buffer. The ELISAs were performed according to the manufacturer’s instructions
specific to the cytokine being analysed. In brief, flat bottom high-binding plates
(Corning) were coated with 50 pl of capture antibody per well diluted in PBS and
incubated overnight at 4°C. The ELISA plates were washed with 300 pl of wash

per well and then blocked with 150 pl of assay buffer for 1 hour at room
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temperature. Samples and standard dilutions were prepared and 50 pl of each
were added per well, with both standards and samples replicated in duplicates.
The samples were incubated with 25 pl of detection antibody per well diluted in
assay buffer for 2 hours at room temperature with continual shaking. The ELISA
plate was washed 5 times with wash buffer before 50 pl of streptavidin-HRP
solution diluted in assay buffer was added per well and incubated for 30 minutes
at room temperature with continual shaking. After washing the ELISA plate 5
times with wash buffer, 50 yl of TMB substrate (Invitrogen) was added and
incubated for up to 30 minutes at room temperature with continual shaking until
the standard curve had developed. Once the standard curve had developed or 30
minutes had passed, the reaction was stopped using stop solution (2N sulfuric
acid). The absorbance was measured at 450nm on an ELISA plate reader within
15 minutes after adding the stop solution. The concentration of the cytokine was

obtained from the standard curve produced by the machine software.

2.2.11 Western blotting for the investigation of

intracellular protein levels

Following cell culture and activation, cells were lysed on ice using RIPA buffer
(Thermo Scientific) with a protease/phosphatase inhibitor cocktail (10ul/mL).
Protein quantification was then carried out using a Bradford assay (Thermo
Scientific) to normalise protein concentration between the samples. The
normalised protein samples were then mixed with gel loading buffer (Invitrogen)
and sample reducing agent (Invitrogen) at the appropriate concertation and
denatured at 95°C for 5 minutes. The samples were loaded into NUPAGE pre-cast
4-12% Bis-Tris gels (Invitrogen) equilibrated with NUPAGE® MOPS SDS running
buffer (Invitrogen) and placed into a gel tank. Electrophoresis was conducted at
120 V until samples migrated to the bottom of the gel. Proteins were transferred
to Polyvinylidene fluoride (PVDF) membranes (Invitrogen) using the iBlot 2 dry
transfer system (Invitrogen) as per manufacturer’s instructions and subsequently
blocked with TBST containing 5% (w/v) non-fat dried milk for one hour and then
incubated overnight at 4°C with antibodies specific for the protein of interest or

housekeeping control (namely IRG1 (Cell Signalling Technology), B-actin (Cell
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Signalling Technology), GSDMD (Cell Signalling Technology) or IRF1 (Cell Signalling
Technology)) at a 1:1,000 dilution in TBST containing 5% (w/v) non-fat dried
milk. On the next day the membranes were washed in TBST and incubated with
an HRP-labelled secondary antibody (Dako) at a 1:2,000 dilution in TBST
containing 5% (w/v) non-fat dried milk. After subsequent washing in TBST,
membranes were incubated in West Pico substrate solution (Thermo Scientific)
or West Femto substrate solution (Thermo Scientific) for 2 minutes and protein
bands were visualised using an Azure Biosystems c500 Western Blot imaging

system.

2.2.12 Flow cytometry

Flow cytometry was used to immunophenotype the isolated human monocytes
immediately post-isolation. Cells were counted and plated into 96-well V-bottom
polypropylene microtiter plates (Greiner). Cells were washed twice in PBS and
stained with fixable live/dead dye (Invitrogen) for 10 minutes. Cells were
washed twice in flow cytometry (FC) buffer and incubated with 2 pL of Fc
Blocking Reagent (Miltenyi Biotec) per 10° cells for 10 minutes at RT. Samples
and controls were then stained for extracellular markers with the appropriate
surface antibody stains and fluorescence minus one (FMO) controls by adding
anti-human CD3, CD14, CD16, CD19, CD45 and CD56 antibodies (BioLegend)
(Table 2.1) directly to the cell suspensions at the manufacturers’ recommended
concentration. The cells were incubated with the antibody stains for 20 minutes
at 4° in the dark before being washed twice in FC buffer. Following the last FC
buffer wash, samples were resuspended in 100 pL fixation buffer (BD
Biosciences) and incubated for 20 minutes at room temperature. Samples were
washed once in FC buffer and resuspended in a final volume of 200 L FC buffer
until acquisition on the following day. On the day of acquisition fixed samples
were acquired using the BD LSRFortessa™ cell analyzer (BD Biosciences),
collecting 50,000 singlet events in each instance. Compensation matrices were
generated using single-stained cells or compensation beads (BD Biosciences) and
applied as required. Samples were visualised using dot plots and were gated on
viable, single events, excluding cellular debris, doublets and dead cells. Positive

gates for each marker were set using the appropriate FMO controls. Data were
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batch analysed on the BD FACSDiva™ software v9.0 and exported as flow
cytometry standard (FCS) files for further analysis on the FlowJo software
v10.10.

2.2.13 Monocyte DNA extraction

DNA extraction and purification was performed using PureLink Genomic DNA Mini
Kit extraction columns as per manufacturer’s instructions (Invitrogen). Following
extraction and purification, the DNA was quantified Using Nanodrop 2000, using

the Nucleic Acid DNA programme, and conetrations were recorded in ng/pL.

2.2.14 Polymerase chain reaction and agarose gel

electrophoresis

The PCR for ACOD1 gene amplification was performed in a 50 pL reaction mix,
comprising of: 25 yL DreamTaq Green PCR Master Mix (Thermo Scientific), 0.5 pL
ACOD1 forward Primer, 0.5 yL ACOD1 reverse Primer, 19 pl of nuclease free

water and 5 pL of the sample DNA template

Primers used in the PCR were customised and ordered from Integrated DNA

Technologies (IDT) were with the following sequence:
Forward Primer: GCAACTGGGTTTCTTGTAGTGG
Reverse Primer: CTGTGCCTCACTGTGTATGGT
The PCR reaction was run on a thermocycler as follows:
Start-Up: 95°C for 3 minutes
35 Cycles of: Denaturation 95 °C for 30 sec
Annealing 60 °C for 30 sec
Elongation 72 °C for 1 minute

Elongation Step: 72 °C for 1 minute
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Expected amplicon size was 497 base pairs and following PCR 5 L of the
reactions was used to visualise the amplicons on 2% agarose gel. 2% agarose gel
was prepared by adding 2 grams of agarose in 100 mL of 1X TAE buffer
(Invitrogen), with 5 pl of SYBR™ Safe DNA Gel Stain (Invitrogen). 5 pL of the
reaction suspension was added into wells of the 2% Agarose gel and
electrophoresis was run at 140V for 40 minutes. The DNA bands were then
visualised by exposure to UV light in a Universal Hood Il Gel Doc System
(BioRad).

2.2.15 T7 endonuclease surveyor assay

T7 endonuclease assay was performed on DNA from ACOD1 KO and control
monocytes using the T7 Endonuclease | kit from New England Biolabs as per
manufacturer’s instructions. The previously purified DNA was equalised to 200 ng
per sample for the random annealing stage and master mixes were prepared as

follows:

ACOD1 control: 7.8 pL of purified DNA (200ng DNA) + 2 pL of reaction buffer +

9.2 pL of nuclease free water (total of 19 pL annealing suspension)

ACOD1 KO: 16 pL of DNA purified (200 ng DNA) + 2 uL of reaction buffer + 1 pL of

nuclease free water (total of 19 pL annealing suspension)

Random Annealing was then performed in a thermocycler as follows:

STEP TEMPERATURE RAMP RATE TIME
Initial 95°C 5 minutes
Denaturation
Annealing 95-85°C -2°C/second

85-25°C -0.1°C/second
Hold 4°C Hold
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After the random annealing, 1 pL of the T7 endonuclease (New England Biolabs)
was added to each sample, and digestion reaction was run by incubating the
samples at 37 °C for 15 minutes. Following T7 endonuclease digestion of the
amplified sample DNA the fragments were run on a 2% agarose gel and visualised

as described in the previous section (see section 2.2.14).

2.2.16 Sanger DNA sequencing and assessment of

editing efficiency following gene knock-out

Following DNA extraction and purification, DNA samples from ACOD1 KO and
control monocytes were sent for Sanger sequencing to Eurofins Scientific, using
the NightXpress Mix2Seq Kit barcoded tubes (Eurofins Genomics). The sequencing
mix in each tube comprised of 2 pL of each purified DNA, 3 pL of nuclease free
water and 5 pL of the sequencing primer. The ACOD1 sequencing primer used
had the following sequence: GTTTCTTGTAGTGGAGCAAAACTCTTTATG

Following Sanger sequencing, assessment of gene editing efficiency was done
using Synthego’s CRISPR analysis tool - Inference of CRISPR Edits analysis (ICE)
following the instructions on:

https://www.synthego.com/products/bioinformatics/crispr-analysis

2.2.17 Computational processing of publicly
available RNA-Seq data

RNA sequencing data for primary human monocytes left in culture for 24 hours
without activation was obtained from a publicly available dataset published on
the webpage of the National Center for Biotechnology Information (NCBI):

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165998. The

methodology of how this dataset was generated is outlined in the scientific

publication from Hussain et al., 2022.

The Bioconductor R package DESeq2 (Love et al., 2014) was then used to
normalise read counts and identify differentially expressed genes between
sample groups. The normalised data was then presented using the ggplot2 R

package. Statistical analysis, carried out using the DESeq2 R package, comparing
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each culture condition to the control is done using the Wald test and the
obtained p values are adjusted using the Benjamini and Hochberg method to
account for multiple testing. An adjusted p value (padj) less than 0.05 was

considered statistically significant.
2.2.18 Statistical analysis

Data analysis was performed using GraphPad Prism software v10.2.3. Multiple
group datasets were analysed by one-way analysis of variance (ANOVA) followed
by Tukey’s Honestly-Significant Difference post-hoc test. Two-tailed paired or
unpaired T-test was used for comparisons involving only two groups. P values
lower than 0.05 were considered significant. For RNA sequencing data, statistical
analysis was done using the R package DEseq2 which utilises the Wald test to
obtain p values which are then adjusted using the Benjamini and Hochberg
method to account for multiple testing. P adjusted values lower than 0.05 were

considered significant.
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Chapter 3 Comparing the proinflammatory
properties of the DAMP tenascin-C and the
PAMP LPS in human monocytes in the context
of NLRP3 inflammasome activation and

tolerance

3.1 Introduction

Within the innate immune system, several virulence factors have been shown to
trigger memory phenotypes, which are modified responses of myeloid cells to
subsequent stimuli after being exposed to an initial trigger such as bacterial LPS
(see section 1.1.1). LPS is a large glycolipid that acts as a crucial component of
the outer membrane in Gram-negative bacteria, comprises lipid A, core
oligosaccharide, and O antigen. In the environment bacterial cells normally
reside in, it forms a barrier, protecting them from harmful molecules such as
antibiotics (Bertani & Ruiz, 2018). Lipid A is the most conserved region, and it
strongly activates the host immune response via the surface receptor TLR4 and
its co-receptor CD14 in human myeloid cells. Following TLR4 activation, immune
cells release mediators such as the proinflammatory cytokines TNF and IL-6
(Alexander & Rietschel, 2001). Additionally, TLR4 activation primes myeloid cells
for inflammasome activation by upregulating the production of different
inflammasome components, as well as the immature forms of the cytokines IL-18
and IL-18 (Liu et al., 2017). It was established many decades ago that repeated
injection of LPS in rabbits desensitises these animals, characterised by a gradual
decrease in febrile response to the re-challenge (Beeson & Roberts, 1947).
Likewise, patients recovering from infectious diseases and volunteers exposed to
pathogens showed reduced fever due to LPS administration (Cavaillon & Adib-
Conquy, 2006). Furthermore, a notable decrease in cytokine production was

observed in immune cells that were primed and then re-stimulated with LPS in
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vitro, leading to a refractory state known as LPS or endotoxin tolerance (Butcher
et al., 2018; Lehner & Hartung, 2002; O’Carroll et al., 2014)

While tolerance induced by pathogenic stimuli has been widely researched,
much less is known about innate immune memory triggered by non-infectious
stimuli such as DAMPs (see sections 1.1.3 and 1.1.4). Recently generated
unpublished data from the Midwood lab has shown that the TLR4 activating
domain FBG of the extracellular matrix protein tenascin-C is capable of
tolerising the proinflammatory cytokines IL-6 and TNF in human myeloid cells.
However, there are no studies to date on the effects of FBG-C on the production
and secretion of the inflammasome regulated immune response cytokine IL-18 in
primary human monocytes. Moreover, the tolerisation of the primary effector
complex responsible for IL-18 maturation and secretion, namely the NLRP3
inflammasome, by either PAMPs or DAMPs in the context of primary human

myeloid cells has largely remained unexplored (see section 1.2.2).

In this first part of my thesis, | explored the differences between the TNF and IL-
18 secretion profiles of primary human monocytes stimulated by either FBG-C or
LPS over the course of a 24-to-48-hour period, typical for the lifespan of
activated classical human monocytes. Additionally, | investigated whether FBG-C
and LPS are capable of tolerising the NLRP3 inflammasome dependent secretion

of IL-1B8 in primary human monocytes.

3.2 Results

3.2.1 Production, purification and activity testing

of endotoxin free FBG-C

Neither whole tenascin-C, nor its TLR4 binding domain FBG-C were commercially
available for purchase when | initiated my studies, hence production of bulk
quantities of FBG-C was required. The Midwood lab at the Kennedy institute of
Rheumatology at the University of Oxford has established expertise in the
production and validation of endotoxin free FBG-C (Midwood et al., 2009;

Piccinini et al., 2016). Thus, | spent 9 months at the Kennedy institute working
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with different members of the Midwood group to acquire the skill to produce and

purify research grade FBG-C.

The sequence of the FBG-C domain of Tenascin-C had previously been cloned
into an expression vector incorporating an N-terminal hexa-histidine tag and
over-expressed in E. coli (Midwood et al., 2009). This clone was used for the
expression of recombinant FBG-C that was subsequently purified from the
inclusion body fraction of E. coli in a three-step protocol using immobilized
metal affinity chromatography with nickel resin (Figure 3.1; methods section
2.2.1) (Midwood et al., 2009). All chromatography steps included a Triton X-114
wash to remove LPS contamination (Zimmerman et al., 2006). To ensure
produced FBG-C quality, purity and functionality, quality control testing was
carried out at each step of the purification and after each separate protein
preparation, followed by a functional activity test and a recombinant factor C

endotoxin contamination test (see methods chapters 2.2.1 to 2.2.5).

Step I: Production  Step II: Purification  Step lll: Refolding and Reconcentration

FBG-C Isolation of FBG-C purification FBG-C Folded FBG-C Pure, correctly
expression bacterial using nickel refolding by reconcentration folded and
in E. coli inclusion bodies chromatography in dialysis in TN using nickel active FBG-C
containing FBG-C denaturing buffer chromatography in
conditions native conditions

Figure 3.1 FBG-C protein preparation strategy. FBG-C domains containing hexa-histidine tags
were expressed in E. coli strain BL21, bacterial pellet was sonicated, and inclusion body fraction
of the cells was isolated by centrifugation (Step I). Next, inclusion bodies were dissolved in urea
buffer and FBG-C was purified using nickel chromatography in denaturing conditions (Step II).
Eluted FBG-C was then diluted and refolded by dialysis in TN buffer. Finally, the produced FBG-C
was reconcentrated using nickel bead chromatography in TN buffer, yielding pure and active

protein (Step lll). Figure was generated using BioRender.

The first quality control step requires the assessment of the efficiency of FBG-C

purification at the two stages of nickel column binding, namely following
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recombinant protein expression and bacterial lysis, and following protein
refolding and reconcentration. The assessment of FBG-C purification showed
that the hexa-histidine tagged protein was adequately binding to the nickel bead
column, as evident by the lack of FBG-C in any of the samples taken from the
urea or native buffer washes, followed by a strong band at the correct FBG-C

size of 25 kDa in samples taken at the stage of imidazole elution (Figure 3.2).

(A) FBG-C purification Ni chromatography (B) FBG-C refolding Ni chromatography
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Figure 3.2 FBG-C purification protocol assessment. The efficiency of the FBG-C Nickel
purification (A) and refolding (B) chromatography protocol was assessed using SDS-PAGE and
subsequent Coomassie staining of 10 pL samples taken from the soluble lysate fraction (SF),
column flow through (FT), urea wash (UW), Triton X-114 wash (TX) and Tris-NaCl wash (TNW). L
stands for known size protein ladder mix. The designated imidazole FBG-C elution fractions are

given the abbreviations F1 to F5 (fraction 1 to 5). FBG-C is detected at the size of 25 kDa.

The next quality control step aimed to investigate the purity of the expressed
recombinant FBG-C protein. Protein purity was tested using a highly sensitive
silver stain assay (see methods section 2.2.3) and the protein identity was
confirmed through western blotting using an anti-histidine antibody (Figure 3.3).
The silver stain showed no detectable contamination in any of the protein
samples taken from the different protein preparations, as the only visible bands
appeared at the correct FBG-C monomer size of 25 kDa and at the FBG-C
homodimer size of 55 kDa. Similarly western blotting with an anti-histidine
antibody further confirmed the identity of the produced protein (Figure 3.3).
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Anti-histidine antibody

Silver staining western blot

P1 P3 P4 P4 P5 P5 P5 P1 P3 P4 P5 P5
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Figure 3.3 FBG-C purity control. The purity of the obtained recombinant FBG-C domain from
each protein preparation experiment (denoted as P1 to P5) and column elution fractions
(denoted as F2 to F4) was assessed by silver staining and western blotting with anti-histidine
antibody. L stands for known size protein ladder mix. FBG-C monomer was detected at the size
of 25 kDa and FBG-C homodimer was detected at 55 kDa.

To test whether the newly produced FBG-C domains were refolded correctly
after purification and dialysis, circular dichroism (CD) was utilised (see methods
section 2.2.5). Complex asymmetric molecules, such as proteins, interact with
light beams and differentially absorb left- and right- circularly polarized light,
producing distinct spectra. These CD spectra are dependent on the secondary
structure composition and polypeptide chain conformation, therefore can be
used to survey protein folding. CD spectra were obtained for the newly produced
FBG-C domain and were comparable to previously obtained active FBG-C protein
preparations produced at the Midwood lab (Zuliani-Alvarez et al., 2017),
indicating correct protein refolding following purification (Figure 3.4).
Additionally, Thermal denaturation at 95 degrees Celsius abolished the

characteristic CD spectra.
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Figure 3.4 FBG-C protein refolding assessment. Correct refolding of the purified FBG-C peptide
from each preparation (denoted as Prep1 to Prep5) and column elution fractions (denoted as F1
to F4) was assessed by circular dichroism. Correctly refolded FBG-C domains generate a distinct
molar ellipticity negative peak measured in millidegrees [mdeg] (y axis) between 210 and 230
nanometres [nm] of light wavelength absorption (x axis). Red line: protein sample; Green line:

protein sample boiled; Blue line: buffer.

An endotoxin test kit was used to examine the levels of endotoxin contamination
after each protein preparation (see methods section 2.2.5). The conducted
endotoxin tests concluded that all preparations were consistently clean, with
LPS levels below 10 pg/mL. To further exclude potential contamination during
sample storage and handling, FBG-C was pre-incubated with polymyxin B, an LPS
neutralizing agent, prior to all cell activation experiments (Zavascki et al.,
2007). Upon activation of TLR4 in human myeloid cells, downstream signalling
cascades are activated that result in the production of proinflammatory
cytokines, such as IL-6 and TNF. The induction of these cytokines in human
primary monocytes has been previously used to confirm the activity of the
different tenascin family members (Midwood et al., 2009). Here, the same
method was utilised to evaluate the activity of purified recombinant FBG-C
domains in vitro. Previous work at the Midwood lab has demonstrated that a 1
UM FBG-C concentration is sufficient to activate myeloid cells in a comparable
manner to LPS in the concentration range of 10 ng/mL to 100 ng/mL. To assess
the activity of the prepared FBG-C, all successful protein preparations were
tested on primary human monocytes isolated from healthy donors (Figure 3.5).

FBG-C was able to induce comparable levels of IL-6 and TNF to LPS at 24 hours
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following activation, confirming the functional ability of the purified protein to
activate TLR4. Boiling the protein at 95°C for one hour completely abolished its
activity, thus confirming the results of the endotoxin test and ensuring FBG-C
cell activation is not due to LPS contamination (Figure 3.5). Simultaneously,
addition of polymyxin B abolished the activity of LPS yet it had no effect on FBG-
C, further establishing the robustness of the functional effect on the primary

human monocytes exercised by FBG-C (Figure 3.5).

FBG-C 24 hour activity test [n=3]
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Figure 3.5 FBG-C activity test on human monocytes. Primary human monocytes were activated
with either LPS at a concentration of 100 ng/mL or FBG-C at a 1uM concentration from each FBG-
C protein preparation (denoted as P1 to P5). Non-activated control cells were either left in
culture medium or in culture medium with TN protein buffer (denoted as Media or TN buffer).
Boiled controls were heated at 95 °C for 1 hour. PMB controls were pre-incubated with 10 pg/mL
Polymyxin B for 30 min before cell activation. In panel (A) are shown TNF levels in culture
supernatant at 24 hours after activation, measured by ELISA. In panel (B) are shown IL-6 levels in
culture supernatant at 24 hours after activation, measured by ELISA. Data are shown as mean +

SD from three independent healthy donors.
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Overall, four out of the five protein preparations successfully passed all the
necessary quality control steps and were deemed functionally active when used
on primary human monocytes, hence these FBG-C peptide preparations were
sent to the University of Glasgow for the use in all subsequent FBG-C

experiments.

3.2.2 Temporal differences of TNF and IL-18
secretion profiles in FBG-C or LPS stimulated

human monocytes

To conduct experiments of biological and functional relevance that accurately
compare the activation of primary human monocytes by either FBG-C or LPS,
activation strength needs to be carefully considered. Historically, LPS as an in
vitro or in vivo stimulus of myeloid cells has been used at a wide range of
concentrations, ranging from 1 ng/mL to 100 ug/mL, depending on the end goal
and experimental design. With a physiological relevance in mind, it has been
established that in vitro concentrations higher than 100 ng/mL are more akin to
a sepsis model, while concentrations lower than 1 ng/mL are often undetectable
by primary human myeloid cells (Honda & Inagawa, 2023). Additionally, previous
experimental comparisons between LPS and FBG-C have been conducted at an
LPS concertation range between 1 ng/mL and 100 ng/mL, and FBG-C at a 1uM
concentration (Midwood et al., 2009; Piccinini et al., 2016). These comparisons
did not consider the kinetics of activation, as they only examined a single time
point at which functional outcomes were measured. Using this methodology,
underlying signal strength differences might overpower a true biological and
functional difference between the stimuli, hence in my experimental work, |
sought to find a concertation at which LPS signal strength is functionally
comparable to FBG-C at a 1 yM concertation in an activation timespan of 24
hours. To achieve this, primary human monocytes were isolated from healthy
donor blood and activated by LPS at the commonly utilised concentrations of 1
ng/mL, 10 ng/mL and 100 ng/mL, and by FBG-C at a 1 yM concentration. At 2-,
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4- 16- and 24- hours following activation, culture supernatants were taken and
TNF and IL-1B cytokine levels were measured (Figure 3.6). One-way ANOVA
statistical testing followed by Tukey’s Honestly-Significant Difference post-hoc
test between the different LPS and FBG-C activation conditions, comparing the
cytokine secretion profiles of both TNF and IL-1B over the whole duration of the
time course, revealed that an LPS concentration of 10 ng/mL matched the
kinetics of FBG-C activation at a 1pM concertation in primary human monocytes
since there was a substantial statistical difference between the kinetics of LPS
and FBG-C activation when LPS concentrations of 1 ng/ml or 100 ng/mL were
used (Figure 3.6). Given these results, in all future experiments comparing the
two stimuli, an LPS concentration of 10 ng/mL was used as a functionally
relevant control to 1uM FBG-C stimulation, while an LPS concentration of 100

ng/mL was used as an overstimulation positive control.

LPS vs FBG-C 24hr time course [n=3]
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Figure 3.6 LPS titration vs FBG-C, 24-hour activation time course in primary human
monocytes. Primary human monocytes were isolated and activated for 24 hours with either LPS
at three different concentrations (100ng/mL; 10ng/mL; 1ng/mL) or FBG-C at a 1uM
concentration. Non-activated cells were either left without activation in culture medium or in
culture medium with TN protein buffer (denoted as Media or TN buffer). In panel (A) are shown
TNF levels in culture supernatant at 2, 4, 16 and 24 hours after activation, measured by ELISA. In
panel (B) are shown IL-1B levels in culture supernatant at 2, 4, 16 and 24 hours after activation,
measured by ELISA. Data are shown as mean + SD from three independent healthy donors. Data
was analysed using one-way ANOVA followed by Tukey’s Honestly-Significant Difference post-hoc
test between different activation conditions over the whole duration of the time course, *p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

Unlike human macrophages and murine myeloid cells, human monocytes can
activate the NLRP3 inflammasome and secrete mature IL-18 immediately after
TLR4 activation without the need for K+ efflux caused by a second signal such as
ATP, nigericin or particulate matter (Figure 3.6 B) (Gaidt et al., 2016). However,
to examine inflammasome tolerance to repeated activation following 24 hours of
primary activation, cells must possess the ability to activate the alternative
inflammasome to a similar extent after a 24-hour period, as they do fresh out of
blood isolation. To test whether primary human monocytes can secrete IL-1B via
alternative inflammasome activation after 24 hours of in vitro culture, primary
human monocytes were isolated from healthy donor blood and either activated
by LPS or FBG-C immediately following isolation or after 24 hours of rest in
culture medium. The data from this experiment revealed that both freshly
isolated and 24-hour rested monocytes were able to produce and secrete similar
levels of TNF, but only freshly isolated monocytes had the ability to secrete
mature IL-1B via alternative inflammasome activation following both LPS and
FBG-C activation (Figure 3.7 A and B). To find a possible explanation for this
phenomenon, | investigated an RNA sequencing dataset generated using primary
human monocytes left in culture for 24 hours without activation (Hussain et al.,
2022) obtained from the publicly available webpage of the National Center for
Biotechnology Information (see methods section 2.2.17). In 2016 Gaidt and
colleagues had demonstrated that RIPK1, caspase 8 and FADD are crucial
mediators of alternative inflammasome activation in primary human monocytes,
hence | used the RNA sequencing data to compare the RNA levels of these

inflammasome activation mediators at 0 hours of cell culture and after 24 hours
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of rest in culture media. Bioinformatic analysis revealed that from the three
mediators, only the CASP8 gene was downregulated at 24 hours of culture when
compared to freshly isolated monocytes (Figure 3.7 C). This downregulation
points to a possible CASP8 inhibition mechanism that could be preventing

alternative inflammasome activation of 24-hour rested monocytes.
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Figure 3.7 LPS vs FBG-C activation of freshly isolated monocytes vs monocytes rested for 24
hours. Primary human monocytes were isolated and either activated immediately or after 24
hours of rest in culture medium. Freshly isolated or 24-hour rested monocytes were activated for
24 hours with either LPS at two different concentrations (100ng/mL; 10ng/mL) or FBG-C at a 1uM
concentration. Non-activated control cells were left in culture medium with TN protein buffer

(denoted as TN buffer). In panel (A) are shown TNF levels in culture supernatant at 24 hours
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after activation, measured by ELISA. In panel (B) are shown IL-1B levels in culture supernatant at
24 hours after activation, measured by ELISA. Data are shown as mean * SD from three
independent healthy donors. Data was analysed using unpaired t-test between fresh and 24 hour
rested cells, *p < 0.05, **p < 0.01, ** p < 0.001, **** p < 0.0001. In panel (C) are shown violin
plots of Caspase 8 (CASP8) normalised read counts from RNA sequencing of non-activated primary
human monocytes either sequenced immediately after isolation from healthy blood (0 hr) or
after being left in culture for 2, 10 or 24 hours (2 hr, 10 hr, 24 hr). Each individual dot represents
CASP8 normalised read counts of an independent donor sample. Mean + SD from seven
independent healthy donors is shown as a red dot (mean) with a vertical line (+ SD). Statistical
analysis comparing each time point to the 0-hour timepoint was done using the R package DEseq2
which utilises the Wald test to obtain p values which are then adjusted using the Benjamini and
Hochberg method to account for multiple testing, *padj < 0.05, **padj < 0.01, *** padj < 0.001,
***padj < 0,0001.

RNA sequencing data was obtained from a publicly available dataset published on the webpage of
the National Center for Biotechnology Information:

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165998 (Hussain et al., 2022)

To confirm the requirement for active caspase 8 for the secretion of mature IL-
1B following TLR4 activation without a potassium efflux triggering secondary
signal, | conducted an experiment in which primary human monocytes were
isolated from healthy donor blood and incubated for one hour with the caspase 8
inhibitor Z-IE(OMe)TD(OMe)-FMK before LPS or FBG-C activation. It has
previously been shown that in addition to inflammasome activation, caspase 8
has a second function as a necroptosis mediator when completely inhibited prior
to monocyte activation, hence administration of Z-IE(OMe)TD(OMe)-FMK at a
concentration higher than 5 pM has been shown to cause mature IL-1B secretion
via necroptosis (Gaidt et al., 2016). In contrast, 5 pM and lower levels of the
inhibitor have been shown to prevent alternative inflammasome activation
without triggering necroptosis mediated IL-18 secretion (Gaidt et al., 2016). To
examine the role of caspase 8 for both necroptosis and alternative
inflammasome activation, in my experimental procedure, cells were incubated
with Z-IE(OMe)TD(OMe)-FMK at a range of different concentrations, both higher
and lower than 5 pM, for one hour before activation (Figure 3.8). The
experimental data from three independent healthy donors revealed that
contrary to previous reports, 5 yM and 1 yM concentrations of Z-

IE(OMe)TD(OMe)-FMK triggered necroptotic secretion of mature IL-18, and only a
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concentration of 0.1 pM was able to inhibit alternative inflammasome activation,
and thereby IL-1B secretion, without triggering necroptosis following activation
by LPS and FBG-C (Figure 3.8 A). As expected, caspase 8 inhibition had no effect
on TNF secretion following activation, showcasing the specificity of its function

as an alternative inflammasome activation mediator (Figure 3.8 B).

LPS vs FBG-C 24hr culture with CASP8 inhibitor pre-treatment [n=3]
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Figure 3.8 LPS vs FBG-C activation with CASP8 inhibitor pre-treatment. Primary human
monocytes were isolated and incubated with different concentrations of the caspase 8 inhibitor
(CASP8I) Z-IE(OMe)TD(OMe)-FMK (20 puM, 5 pM, 1 pM, 0.1 pM) for one hour. Control cells (Control)
were incubated with the CASP8I vehicle dimethyl sulfoxide (DMSO) instead of CASP8 inhibitor for
one hour before activation. After 1 hour of incubation, cells were either left without activation
(NS) or activated for 24 hours with either LPS at two different concentrations (LPS100 - 100
ng/mL and LPS10 - 10 ng/mL) or FBG-C at a 1uM concentration (FBG-C). In panel (A) are shown
TNF levels in culture supernatant at 24 hours after activation, measured by ELISA. In panel (B)
are shown IL-1B levels in culture supernatant at 24 hours after activation, measured by ELISA.

Data are shown as mean + SD from three independent healthy donors. Data was analysed using
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unpaired t-test between control cells and cells incubated with 0.1uM CASP8 inhibitor, *p < 0.05,
**p < 0.01, ** p <0.001, *** p < 0.0001.

These data also confirmed the requirement for active caspase 8 for the secretion
of mature IL-18 without a second signal in primary human monocytes, thereby
highlighting that CASP8 downregulation in monocytes after 24 hours in culture
(shown in figure 3.7 C) is a possible mechanism for the inability of the cells to

secrete IL-1B via the alternative inflammasome.

Since primary human monocytes were unable to activate the alternative
inflammasome after 24 hours of culture, before conducting any tolerisation
experiments, | examined whether the cells still possess the ability to activate
the canonical NLRP3 inflammasome after a 24-hour rest. Primary human
monocytes were isolated from healthy blood and either activated immediately or
after 24 hours. Both freshly isolated and 24-hour rested monocytes were
activated for 3 hours with either LPS or FBG-C. After 3 hours of TLR4 activation,
nigericin toxin was added as a second signal, triggering potassium efflux and
canonical NLRP3 assembly and activation (Munoz-Planillo et al., 2013). Nigericin
was added for 45 minutes at three different commonly used concentrations in
order to select a concentration for future experiments that was potent enough
to trigger robust NLRP3 activation without over activating the cells and thereby
masking functional differences between the different primary stimuli. Data from
three independent healthy donors revealed that 24-hour rested primary human
monocytes retain their ability to activate the canonical inflammasome when
stimulated with 5 and 10 pyM nigericin, albeit to a lower extent compared to
freshly isolated monocytes (Figure 3.9 A and B). Additionally, the data showed
that 1 yM nigericin concentration is not sufficient to trigger canonical
inflammasome assembly and activation in primary human monocytes following
LPS or FBG-C activation, since cells stimulated with 1uM nigericin secreted the
same levels of mature IL-1B as cells incubated with the nigericin vehicle buffer
(Figure 3.9 A). 24-hour rested monocytes did not secrete any IL-18 when
cultured with 1 pM nigericin as these cells had lost the ability to secrete IL-18
directly following primary activation via the alternative inflammasome, and 1 pM
nigericin was not potent enough to activate the canonical inflammasome

activation pathway (Figure 3.9 B). Since there was no difference between the
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levels of IL-1B secretion when cells were subjected to either 5 or 10 uM
nigericin, the lower concentration of 5uM was selected for use in future
inflammasome activation experiments, as it showed to be sufficiently potent to
trigger robust canonical inflammasome activation. As expected, regardless of the
concertation used, nigericin had no effect on TNF secretion both in freshly
isolated and in 24-hour rested monocytes following TLR4 activation,
demonstrating the specificity of its function as a canonical inflammasome
activator (Figure 3.9 C and D).
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Figure 3.9 LPS vs FBG-C activation followed by nigericin canonical NLRP3 inflammasome
activation. Primary human monocytes were isolated and either activated immediately or after
24 hours of rest in culture medium. Freshly isolated or 24-hour rested monocytes were either left
without activation in culture media (NS) or activated for 3 hours with either LPS at two different
concentrations (100ng/mL; 10ng/mL) or FBG-C at a 1uM concentration. After 3 hours of
activation, vehicle control (Buffer) or nigericin (NIG) at different concentrations (10 pyM, 5 uM, 1
HMM) were added to the cell cultures and cells were left to incubate for another 45 minutes
before culture supernatant was taken. In panel (A) are shown IL-18 levels in culture supernatant
at end of culture of freshly activated following isolation monocytes, measured by ELISA. In panel

(B) are shown IL-1B levels in culture supernatant at end of culture of 24-hour rested before
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activation monocytes, measured by ELISA. In panel (C) are shown TNF levels in culture
supernatant at end of culture of freshly activated following isolation monocytes, measured by
ELISA. In panel (D) are shown TNF levels in culture supernatant at end of culture of 24-hour
rested before activation monocytes, measured by ELISA. Data are shown as mean + SD from three
independent healthy donors. Data was analysed using unpaired t-tests between different

nigericin concentration conditions, *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

Previous reports have described the alternative inflammasome as a non-
pyroptotic mechanism of IL-18 secretion, allowing human monocytes to keep
functioning after secreting mature IL-1B following primary TLR4 activation
(Gaidt et al., 2016). In contrast, canonical NLRP3 inflammasome mediated
secretion of IL-18 has been shown to occur strictly via pyroptosis since triggers
of potassium efflux, such as nigericin and extracellular ATP, following primary
TLR4 activation stimulate myeloid cells to enter a state of controlled Gasdermin
D pore formation and cell death allowing them to secrete exceptionally high
levels of mature IL-18 (Ding et al., 2016; Evavold et al., 2018). To confirm the
pyroptotic nature of IL-18 secretion by the 5 and 10 uM nigericin activated
monocytes, light microscopy images were taken at the end of the culture. These
images revealed that in both freshly activated and 24-hour rested cells, 5 and 10
KM nigericin stimulation triggered pyroptosis, which can be observed as a
pronounced loss of plasma membrane integrity and subsequent cell rupturing
(Figure 3.10Ato D and | to L) (Ding et al., 2016; Labbé & Saleh, 2011). In
contrast, 1 yM nigericin and buffer incubated cells showed no signs of pyroptosis
(Figure 3.10 E to H and M to P). These images thereby confirm that 5 and 10 uM
nigericin concentrations trigger canonical pyroptotic inflammasome activation
(Figure 3.10 Ato D and | to L), while freshly isolated monocytes subjected to 1
UM nigericin or vehicle buffer secrete IL-18 via the non-pyroptotic alternative
inflammasome (Figure 3.10 E to H).
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Figure 3.10 LPS vs FBG-C activation followed by nigericin canonical NLRP3 inflammasome
activation, pyroptosis images. Primary human monocytes were isolated and either activated
immediately or after 24 hours of rest in culture medium. Freshly isolated or 24-hour rested
monocytes were either left without activation in culture media (NS) or activated for 3 hours with
either LPS at two different concentrations (100ng/mL; 10ng/mL) or FBG-C at a 1uM
concentration. After 3 hours of activation, vehicle control (Buffer) or nigericin (NIG) at different
concentrations (10 uM, 5 pM, 1 pM) were added to the cell cultures and cells were left to
incubate for another 45 minutes before. At the end of nigericin activation, images of the cells
were taken using a digital light microscope. In panels A to D are shown images of freshly
activated following isolation monocytes, secreting IL-18 via pyroptotic means when incubated
with nigericin at a 10 yM or a 5 pM concentration. The red arrow points to an example of a
pyroptotic cell. In panels E to H are shown images of freshly activated following isolation

monocytes, secreting IL-1B8 via non-pyroptotic means when incubated with vehicle buffer or
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nigericin at a 1 pM concentration. In panels | to L are shown images of 24-hour rested before
activation monocytes, secreting IL-1B via pyroptotic means when incubated with nigericin at a 10
MM or a 5 pM concentration. The red arrow points to an example of a pyroptotic cell. In panels M
to P are shown images of 24-hour rested before activation monocytes, unable to secrete IL-18
via either pyroptotic or non-pyroptotic means when incubated with vehicle buffer or nigericin at

a 1 UM concentration.

3.2.3 Establishment of NLRP3 inflammasome
tolerance by FBG-C or LPS in human

monocytes

In section 3.2.2, it was demonstrated that primary human monocytes lose their
ability to activate the alternative inflammasome after 24 hours of rest in culture
medium, potentially due to loss of CASP8 gene transcript. In contrast, monocytes
were still able to robustly activate the canonical NLRP3 inflammasome pathway
even after 24 hours of rest. Following these observations, | examined 24-hour
canonical inflammasome tolerance, namely whether primary human monocytes
that had been previously stimulated by either LPS or FBG-C were able to
activate the canonical NLRP3 inflammasome following a second TLR4 stimulation
24 hours after the first stimulation. To be able to specifically investigate the
effect of the primary stimulus, LPS vs FBG-C, on the generation of
inflammasome tolerance, restimulation was always conducted using LPS at a 10
ng/mL concentration. Using this restimulation normalisation methodology,
differences in functional outcomes can be directly attributed to differences
between the FBG-C and LPS primary stimulation. Human monocytes were
isolated from healthy donor blood and either left in culture without activation as
non-tolerised controls or activated with LPS or FBG-C for 24 hours. After 24
hours, culture media was replaced with fresh media, and cells were left to rest
for one hour before either experiencing re-activation with 10 ng/mL LPS or being
left as non-reactivated controls (Figure 3.11 A). Following 3 hours of re-
activation, nigericin at a 5 pM concentration was added to the cell culture for 45
minutes to trigger canonical inflammasome activation (Figure 3.11 A). Data from
six independent healthy donors revealed that primary LPS activation tolerised

both the TNF and IL-1B8 responses 24 hours after primary activation since
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restimulated cells produced very low levels of these cytokines (Figure 3.11 C and
E). In contrast to LPS, however, FBG-C activation was unable to tolerise IL-18
secretion to restimulation 24 hours after primary activation since restimulated
cells produced close to normal levels of IL-18 (Figure 3.11 E). Interestingly, this
effect was specific to the tolerisation of the NLRP3 inflammasome activation
since FBG-C activation was still able to tolerise the secretion of TNF in the same

way as LPS (Figure 3.11 C).
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Figure 3.11 LPS vs FBG-C 24-hour inflammasome tolerisation. In panel (A) is shown the design

of the inflammasome tolerance investigation experiment. Primary human monocytes were

isolated and either left in culture without activation in media with TN buffer (non-tolerised) or
activated with LPS at two different concentrations (100 ng/mL, 10 ng/mL) or FBG-C at a 1uM

concentration for 24 hours (tolerised). After 24 hours, culture media was replaced with fresh

media, and cells were left to rest for one hour before either experiencing re-activation by LPS at

a 10 ng/mL concentration or being left as non-reactivated controls. Following 3 hours of re-

activation, nigericin at a 5 pM concentration was added to the cell culture for 45 minutes to

trigger inflammasome activation. In panel (B) are shown TNF levels in culture supernatant at end
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of the 24-hour primary activation (PRIME), measured by ELISA. In panel (C) are shown TNF levels
in culture supernatant following 3 hours of re-activation (TRIGGER) and 45 minutes of nigericin
inflammasome activation, measured by ELISA. In panel (D) are shown IL-18 levels in culture
supernatant at end of the 24-hour primary activation (PRIME), measured by ELISA. In panel (E)
are shown IL-1B levels in culture supernatant following 3 hours of re-activation (TRIGGER) and 45
minutes of nigericin inflammasome activation, measured by ELISA. Data are shown as mean + SD
from six independent healthy donors. Data was analysed using unpaired t-tests between LPS and
FBG-C activated conditions, *p < 0.05, **p < 0.01, ** p < 0.001, **** p < 0.0001.

To assess whether 24-hour LPS and FBG-C tolerised monocytes underwent
pyroptosis or whether they remained viable following 3 hours of restimulation
and 45 minutes of nigericin activation, cells were stained with a fluorescence
viability kit at the end of culture comprising Calcein-AM (green fluorescence),
Ethidium homodimer-1 (red fluorescence) and Hoechst (blue fluorescence). Cells
visible in the green fluorescence channel had their extracellular membrane
intact, while cells visible in the red and blue fluorescence channels had their
DNA and nucleus exposed and thus were in the process of undergoing pyroptosis
(Figure 3.12). Fluorescence images taken at the end of cell culture showed that
LPS tolerised cells did not undergo pyroptosis following restimulation and
nigericin activation (Figure 3.12 C), indicating that the tolerisation mechanism
interferes with the canonical inflammasome pyroptosis pathway. In contrast,
FBG-C stimulation for 24 hours did not interfere with the ability of the cells to
undergo pyroptosis to the same extent following restimulation based on the high
pyroptosis levels observed in the fluorescence images of FBG-C-activated cells
(Figure 3.12 D), similar to those observed in non-tolerised control monocytes
(Figure 3.12 A and B). These differences in pyroptosis inhibition following LPS
and FBG-C activation provide an explanation for the different IL-1B tolerisation
phenotypes observed following 24 hours of primary human monocyte TLR4

activation (Figure 3.11 E)
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Figure 3.12 LPS vs FBG-C 24-hour inflammasome tolerisation, effect on pyroptosis. Primary

human monocytes were isolated and either left without activation in media with TN buffer (non-
tolerised) or activated with LPS at two different concentrations (100 ng/mL, 10 ng/mL) or FBG-C
at a 1uM concentration for 24 hours (tolerised). After 24 hours, culture media was replaced with
fresh media, and cells were left to rest for one hour before either experiencing re-activation by
LPS at a 10 ng/mL concentration or being left as non-reactivated controls. Following 3 hours of
re-activation, nigericin at a 5 pM concentration was added to the cell culture for 45 minutes to
trigger inflammasome activation. At the end of nigericin activation cells were stained with
Calcein-AM (Green), Ethidium homodimer-1 (red) and Hoechst (blue) to assess pyroptosis levels
via fluorescence microscopy. In panels A and B are shown fluorescence microscopy images of

non-tolerised control monocytes, cultured in media alone or in media with TN buffer for 24
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hours, undergoing pyroptosis upon 3 hours of 10 ng/mL LPS activation followed by 45 minutes of
5 UM nigericin inflammasome activation. In panel C is shown a fluorescence microscopy image of
LPS tolerised monocytes, activated with 10 ng/mL LPS for 24 hours, unable to undergo pyroptosis
upon 3 hours of 10 ng/mL LPS re-activation followed by 45 minutes of 5 pM nigericin
inflammasome activation. In panel D is shown a fluorescence microscopy image of FBG-C
tolerised monocytes, activated with FBG-C at a 1 pM concentration for 24 hours, undergoing
pyroptosis upon 3 hours of 10 ng/mL LPS re-activation followed by 45 minutes of 5 uM nigericin

inflammasome activation.

3.2.4 Investigating the requirement for the TLR4
co-receptor CD14 for FBG-C or LPS human

monocyte activation

In section 3.2.2, it was demonstrated that 24-hour primary activation leads to
identical TNF and IL-1B secretion profiles between LPS and FBG-C stimulated
primary human monocytes (Figure 3.6; Figure 3.9). However, subsequent
experiments aimed at investigating NLRP3 inflammasome tolerance revealed a
fundamental difference between LPS and FBG-C activation (Figure 3.11). Since
LPS and FBG-C are structurally very different, it is conceivable that their binding
interaction with the TLR4 receptor is also different, which in turn can lead to
changes in downstream signalling. Over the last decade, it has been
demonstrated that for the robust activation of TLR4, the co-receptor CD14 is
required in human myeloid cells (Na et al., 2023). One of the primary functions
of CD14 has been described as a ligand carrier, since when CD14 binds to a TLR4
ligand such as LPS in the extracellular microenvironment, it moves along the cell
membrane until it finds TLR4, thus bringing the ligand to the receptor and
stabilising their interaction by increasing the affinity of TLR4 for its ligand (Ryu
et al., 2017). The TLR4-LPS transfer capabilities of CD14 have been described in
detail, and although previous work using anti-CD14 antibodies has suggested that
CD14 is not required for FBG-C signalling (Midwood et al., 2009) it is still not
fully understood whether FBG-C requires the same type of CD14 trafficking to
cause a robust activation response. To investigate whether primary human
monocytes can detect FBG-C without the CD14 co-receptor, | generated primary

human CD14 knock-out cells via a mechanism utilising CD14-guided
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Streptococcus pyogenes Cas9 endonuclease (see methods section 2.2.9).
Although different studies have described the mechanisms through which CD14
gets trafficked to and from the cell surface of myeloid cells, there are few
reports on how long cells can keep CD14 before it is targeted for degradation,
and even less is known about the timespan of CD14 re-trafficking to the cell
surface after internalisation. Therefore, to ensure that there is no CD14 receptor
remaining on the surface of CD74 KO cells before they are subjected to FBG-C
and LPS activation, | examined the surface levels of CD14 using flow cytometry
for a period of 5 days following knock-out (Figure 3.13). Mock KO cells were used
as a negative control to show the wild-type surface expression levels of CD14 for
5 days following the start of cell culture (Figure 3.13). To keep the cells alive
throughout the 5-day culture period, recombinant human M-CSF was added to
the culture media at a 25 ng/mL concentration. The flow cytometric analysis
revealed that after 3 days of culture, 48% of the CD14 KO cell population still
maintained CD14 receptor on their surface (Figure 3.13). Interestingly, by day 5
following KO, the surface expression of CD14 had finally been reduced to less
than 1% of the CD14 KO cell population (Figure 3.13). A fixable viability dye was
used in the flow cytometric analysis to ensure the decrease in CD14 was not due
to a drop in cell viability. Together with T7 endonuclease surveyor assay data
(data not shown), which demonstrated a population-wide CD14 knock-out by 2
hours following the KO procedure, the 5-day flow cytometric analysis data
revealed an exceptionally long maintenance period of CD14 protein expression

on the surface of primary human myeloid cells.
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Figure 3.13 Levels of CD14 protein expression on the surface of primary human monocytes in
the five days following CD14 gene Cas9 knock-out. Primary human monocytes were isolated and
the CD14 gene was knocked out via a mechanism utilising CD14 guided Streptococcus pyogenes
Cas9 endonuclease (see methods section 2.2.9). Following the CD14 gene KO, the expression of
the CD14 protein on the surface of KO monocytes was measured via flow cytometry. To achieve
this, on days 1, 2, 3 and 5 post KO, cells were stained with Brilliant Violet 605™ mouse anti-human
CD14 Antibody (fluorescence channel: Qdot 605) and processed on a BD LSRFortessa™ cell analyser.

Mock KO control cells (WT cells) underwent the same procedure as KO cells utilising a non-guided
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Streptococcus pyogenes Cas9 endonuclease instead, and their surface expression levels of CD14
protein were measured in the same manner as KO cells. Density plots of forward scatter area (FSC-
A) against Brilliant Violet 605™ fluorescence intensity (Qdot 605-A) are shown for days 1, 2, 3 and
5 for both KO cells and mock KO control cells. For all time points and conditions fluorescence
minus one control (FMO) is used to set the CD14 positive gate. Each density plot is showing 50,000
live, singlet cellular events. Percentage of cells expressing CD14 protein on their surface is shown

on each plot.

The CD14 KO experiment was repeated three times using monocytes isolated
from three independent healthy donors and in all experiments, 5 days were
necessary for the CD14 receptor surface expression to be reduced to less than 1%
of the CD14 KO cell population. On day 5 of each experiment the cells were
activated with LPS or FBG-C for 24 hours to examine whether primary human
myeloid cells require CD14 to detect FBG-C to the same extent as they do for
LPS (Figure 3.14). Not surprisingly, CD14 KO cells could not mount a robust TNF
and IL-6 cytokine response to LPS as compared to mock KO control cells (Figure
3.14 A and B). However, the cells were still able to detect LPS at 10 and 100
ng/mL concentrations even without CD14, albeit with a 10-fold reduced cytokine
response (Figure 3.14 A and B). At a concentration of 1 ng/mL, LPS was
completely undetectable by CD714 KO cells based on both TNF and IL-6 secretion.
Importantly, FBG-C demonstrated the exact same requirement for CD14 as did
LPS, as there was a 10-fold reduction in the production of both TNF and IL-6 by
CD14 KO cells stimulated with FBG-C compared to mock KO control cells
stimulated with FBG-C (Figure 3.14 A and B). To ensure any differences in
cytokine production between KO and WT cells at the end of the 24-hour
activation were not due to loss of viability, cells were stained with a
fluorescence viability kit comprising Calcein-AM (green fluorescence) and
Ethidium homodimer-1 (red fluorescence). Cells visible in the green fluorescence
channel had their extracellular membrane intact, while cells visible in the red
fluorescence channels had their DNA exposed and thus were in the process of
undergoing cell death. No loss of viability was observed in CD14 KO cells
following 24 hours of activation (Figure 3.14 C). Based on the data shown here,
any functional differences between the tolerance responses triggered by FBG-C
and LPS cannot be attributed to differences in CD14 co-receptor signalling

requirement.
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Figure 3.14 Effect of CD14 knock-out on LPS and FBG-C activation mediated proinflammatory
cytokine secretion in primary human monocytes. Primary human monocytes were isolated and
the CD14 gene was knocked out via a mechanism utilising CD14 guided Streptococcus pyogenes
Cas9 endonuclease (see methods section 2.2.9). Mock KO control cells (WT cells) underwent the
same procedure as KO cells utilising a non-guided Streptococcus pyogenes Cas9 endonuclease
instead. 5 days following KO, cells were either left without activation in media with TN buffer or
activated for 24 hours with LPS at three different concentrations (LP100 - 100 ng/mL; LP10 - 10
ng/mL; LP1 - 1 ng/mL) or FBG-C at a 1uyM concentration. In panel (A) are shown TNF levels in
culture supernatant at end of the 24-hour culture, measured by ELISA. In panel (B) are shown IL-
6 levels in culture supernatant at end of the 24-hour culture, measured by ELISA. Data are shown
as mean = SD from three independent healthy donors. Data was analysed using unpaired t-tests
between LPS and FBG-C activated conditions, *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.
In panel (C) are shown fluorescence microscopy viability stain images of KO and WT cells at end

of the 24-hour activation culture. Green: Calcein-AM; Red: Ethidium homodimer-1.

3.3 Discussion

In this chapter, it was demonstrated that to adequately compare myeloid cell
functional responses to PAMPs versus DAMPs in vitro, it is paramount that
experimental design takes into account the influence of signal strength on the
kinetics of cell activation. For example, without a functional normalisation for
signal strength, LPS and FBG-C would appear to have distinct TNF and IL-18
secretion profiles over the first 24 hours of activation. However, using
functionally equivalent activation strength, it was shown that both stimuli can
activate the alternative and the canonical NLRP3 inflammasome to the same
extent in human monocytes, while true functional differences only appeared

following subsequent restimulation.

Unexpectedly, human monocytes were unable to produce IL18 directly after
TLR4 activation via the alternative inflammasome 24 hours following isolation
from healthy donor blood, potentially due to CASP8 gene inhibition. While it has
been established that human macrophages require a signal two, such as
extracellular ATP or nigericin, to secrete mature IL-18 (Perregaux & Gabel, 1994;
Swanson et al., 2019), until now, it was not known at which stage of their
differentiation towards macrophages human monocytes lose their ability to
produce IL-1B following primary activation. Based on the data presented here, it

appears that even without a differentiation factor, such as M-CSF, classical
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monocytes already adopt an inhibitory mechanism after 24 hours in culture to
prevent sporadic IL-18 production following TLR4 activation. The involvement of
caspase 8 in regulating this mechanism appears to be crucial since caspase 8
inhibition using a small molecule inhibitor led to the inability of cells to produce
mature IL-1B8 without a second signal. A recent study in human monocyte derived
macrophages showed that cigarette smoke inhibits the activation of the
canonical NLRP3 inflammasome whilst simultaneously promoting caspase 8
upregulation via TRIF pathway activation, thereby allowing for pathological
chronic IL-1B secretion in the lungs of smokers following primary LPS stimulation
without the need for a signal two (Buscetta et al., 2020). This intriguing newly
discovered function of caspase 8 demonstrates that in certain pathological
states, a mechanism resembling the monocyte alternative inflammasome can
cause chronic IL-18 secretion by macrophages, which also sheds some light on
why longer-lived cells, such as macrophages, possess a more stringent regulation
on mature IL-1B8 production and secretion compared to short-lived cells such as

monocytes.

It was thus quite intriguing to observe the lack of IL-1B tolerisation, shown in
this chapter, when monocytes were subjected to 24-hour primary activation with
FBG-C, as it effectively allowed those cells to produce double the amount of IL-
18 compared to LPS-activated cells. When activated with LPS, cells produced IL-
1B directly via the alternative inflammasome but were then tolerant to further
LPS stimulation even when triggered for canonical NLRP3 activation by nigericin.
In contrast, FBG-C-activated cells did not acquire such tolerance, and after
secretion of IL-1B8 directly following TLR4 activation, they were still able to
activate the canonical inflammasome 24 hours later. Since FBG-C has been
shown as a crucial requirement for the generation of certain murine RA models
(Midwood et al., 2009), it is possible to see how dysregulation of tenascin-c
expression following joint damage could exacerbate the severity of the
proinflammatory microenvironment within the joint by causing infiltrating blood
monocytes to secrete abnormal levels of IL-1B following repeated activation by

FBG-C and other damage signals such as extracellular ATP.

To understand the differences between LPS and FBG-C activation that led to this
distinct tolerisation phenotype, the specifics of TLR4 signalling following ligand

binding must be considered. The expression of proinflammatory cytokine genes
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after LPS activation of TLR4 is a result of signalling through the MyD88-
dependent pathway which leads to NF-kB activation (Lu et al., 2008). Detection
of LPS by TLR4 also initiates the MyD88-independent pathway via the adaptor
protein TRIF and signalling through TRIF results in IRF3-induced expression of
type | interferons (Sakai et al., 2017). It has been shown that similarly to LPS,
the induction of cytokine synthesis in human and mouse fibroblasts by FBG-C
requires MyD88 engagement (Midwood et al., 2009); however, it is unclear if the
TRIF-dependent pathway is also activated by FBG-C. Furthermore, both FBG-C
and LPS have been shown to activate NF-kB and MAPK pathways upon recognition
by TLR4, but they elicit two distinct phenotypes in human monocyte-derived
macrophages (Piccinini et al., 2016), suggesting different signalling outcomes via
signalling through the same receptor. It can then be speculated that the
generation of canonical NLRP3 inflammasome tolerisation by LPS depends on the
activation of specific components of the TLR4 pathway (e.g. the TRIF pathway)
that are not triggered by FBG-C. Additionally, in contrast to previous findings
showing that the CD14 co-receptor involved in LPS signalling via TLR4 is not
necessary for FBG-C activation of human myeloid cells (Midwood et al., 2009),
my work demonstrated that FBG-C could not induce robust cytokine production
in CD14 KO monocytes. Therefore, differences in CD14 requirement cannot
explain the lack of inflammasome tolerance after FBG-C activation. It is
possible, however, that another currently unknown co-receptor is required for
TLR4 activation by FBG-C, which might inhibit part of the signal transduction

cascade that is responsible for the induction of inflammasome tolerance.

Overall, in this chapter of my work, | uncovered key differences in the way
primary human monocytes perceive pathogen versus damage signals, in addition
to revealing some profound changes in their readiness to produce the pleiotropic
proinflammatory cytokine IL-18 over a 24-hour period. Both of these findings can
be used to inform the way human monocytes are viewed in their function as
immune effector cells and in their role in inflammatory disease commencement

and pathogenesis.
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Chapter 4 Investigating the role of the
immunometabolite itaconate and its enzyme
ACOD1 in the establishment of NLRP3
inflammasome tolerance in human monocytes
under different culture conditions and disease

states.

4.1 Introduction

Recent studies have examined the role of the immunomodulatory metabolite
itaconate and its enzyme ACOD1 in regulating the NLRP3 inflammasome
(Bambouskova et al., 2021; Hooftman et al., 2020). In the study conducted by
Hooftman and colleagues, high concentrations of the cell-permeable itaconate
derivative, 4-octyl itaconate, were added to BMDMs following LPS stimulation,
45 minutes before the addition of nigericin, to examine the effects of exogenous
itaconate on canonical inflammasome activation. They found that the addition
of 4-0l at that crucial activation stage inhibited NLRP3 inflammasome activation
but not the AIM2 or NLRC4 inflammasomes. Specifically, 4-Ol was found to inhibit
pyroptosis, ASC speck formation and both Gasdermin D and pro-IL-1B cleavage,
which are all downstream consequences of NLRP3 inflammasome assembly and
activation. The study then demonstrated that due to its electrophilic properties,
4-0l directly modifies cysteine 548 on NLRP3 via dicarboxypropylation (also
known as itaconation), which prevents its interaction with the essential
inflammasome modulator NEK7, thereby inhibiting inflammasome assembly.
Lastly, 4-0Ol also inhibited NLRP3-dependent IL-18 release from PBMCs isolated

from patients with cryopyrin-associated periodic syndrome (CAPS).

Using a different approach, Bambouskova and colleagues studied the effects of
natural endogenous itaconate on NLRP3 inflammasome activation by comparing
WT BMDMs to BMDMs from an ACOD1 KO mouse model. Even though ACOD1 is one
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of the most highly upregulated genes following TLR4 activation, they found that
a physiological level of natural itaconate accumulated over 3 hours of LPS
activation was not able to inhibit NLRP3 inflammasome activation. This inability
is thought to be due to the decreased electrophilic properties of natural
itaconate in comparison to the artificial derivative 4-Ol. However, the study was
able to demonstrate that if given sufficient time to accumulate intracellularly,
natural itaconate can also become a potent inhibitor of inflammasome
activation. Specifically, it was demonstrated that 24 hours of LPS activation in
BMDMs is long enough for endogenous itaconate to reach a critical intracellular
concentration that enables it to modify cysteine residues on Gasdermin D,
thereby preventing Gasdermin D cleavage to its active pore-forming N-terminal
domain and thus inhibiting pyroptosis mediated IL-18 secretion. These
experimental observations are quite intriguing, as they suggest that although
natural itaconate cannot suppress canonical inflammasome activation
immediately after TLR4 activation, the upregulation of ACOD1 caused by the
TLR4 signalling serves as a delayed negative feedback tolerisation mechanism,
which leads to the prevention of further inflammasome activation upon

restimulation 24 hours after primary activation.

Based on my experimental observations shown in section 3.2.3, which uncovered
that human monocytes exhibit inflammasome tolerance following 24 hours of LPS
activation (Figure 3.11 E), | hypothesised that, similarly to BMDMs, human cells
could utilise ACOD1 upregulation and itaconate accumulation as a mechanism for
NLRP3 inflammasome desensitisation. Moreover, | hypothesised that this
mechanism of intracellular itaconate accumulation is insufficiently promoted by
FBG-C activation, which could explain the inability of FBG-C to induce
inflammasome tolerance. To test this hypothesis, | examined the intracellular
expression levels of the ACOD1 enzyme following both LPS and FBG-C monocyte
activation. | also investigated the involvement of the pore-forming protein
Gasdermin D in the establishment of inflammasome tolerance in primary human
cells and whether additional environmental stressors, such as low oxygen
availability, could impact the regulation of IL-1B secretion and tolerance. Finally,
| explored the clinical relevance of my findings by applying the different
tolerisation assays to primary human monocytes isolated from the blood of

active RA patients.
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4.2 Results
4.2.1 Involvement of ACOD1 in the establishment

of NLRP3 inflammasome tolerance in human

monocytes

As shown in section 3.2.3, 24 hours of LPS but not FBG-C activation was able to
tolerise IL-1B secretion in primary human monocytes (Figure 3.11 E). To
investigate whether the inability of FBG-C to tolerise IL-1B secretion was due to
a delay in ACOD1 upregulation and subsequent delay in itaconate accumulation,
the effect of LPS and FBG-C monocyte activation on the upregulation of ACOD1
was examined. Primary human monocytes were isolated from healthy donor
blood and activated using either stimulus for 36 hours. Cells were lysed at 2, 4,
16, 24, and 36 hours following activation and lysates were used for ACOD 1
western blotting (Figure 4.1 A). Data from three independent donors revealed
that LPS-activated monocytes produce ACOD1 at 2 hours following activation,
while FBG-C-activated cells did not show any signs of ACOD1 production even
after 4 hours of activation (Figure 4.1 A). To investigate the effect of delayed
ACOD1 upregulation on the cleavage and activation of the pyroptosis gatekeeper
Gasdermin D, 24 and 36 hours following primary TLR4 activation, a portion of the
cells were restimulated for 3 hours using 10 ng/mL LPS followed by 45 minutes
of 5 UM nigericin activation. At the end of the reactivation period, cells were
lysed, and lysates were used for Gasdermin D western blotting (Figure 4.1 B).
Data from three independent healthy donors revealed that 24-hour LPS
activation prevented the cleavage of Gasdermin D to its active form upon
restimulation and nigericin activation (Figure 4.1 B). In contrast, 24-hour FBG-C
activation was unable to achieve tolerisation of Gasdermin D cleavage (Figure
4.1 B). Interestingly, 36-hour FBG-C activated cells were able to tolerise
Gasdermin D cleavage, which aligns with the observation that FBG-C triggered
ACOD1 upregulation occurred 4 to 16 hours later than in LPS activated cells
(Figure 4.1 B). Based on these observations, it can be hypothesised that due to
the delayed ACOD1 upregulation, 24-hour FBG-C activation was not sufficient to
allow itaconate to reach the sufficient intracellular concertation, allowing it to

modify Gasdermin D and to prevent its cleavage.
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Figure 4.1 Effect of LPS vs FBG-C activation on ACOD1 upregulation and Gasdermin D
cleavage in primary human monocytes. Primary human monocytes were isolated and either left
without activation in media alone or in media with TN buffer (Media/Buffer: non-tolerised) or
activated with LPS at two different concentrations (LP100 - 100 ng/mL, LP10 - 10 ng/mL) or FBG-
C at a 1 pM concentration for 24 or 36 hours (24hr tolerised/36hr tolerised). Cells were lysed at
2, 4, 16, 24 and 36 hours following activation and lysates were used for western blotting for the
itaconate-producing enzyme ACOD1. At 24 and 36 hours a portion of the cells were also
restimulated for 3 hours using 10 ng/mL LPS followed by 45 minutes of 5 pM nigericin. At the end
of the reactivation period, cells were lysed, and lysates were used for western blotting for the
pyroptosis gatekeeper Gasdermin D. In panel (A) are shown ACOD1 western blots at the different
time points following LPS vs FBG-C activation, along with B-actin used as a housekeeper control.
In panel (B) are shown Gasdermin D western blots of cells which were either not restimulated or
restimulated for 3 hours using 10 ng/mL LPS followed by 45 minutes of 5 yM nigericin, after 24 or

36 hours of primary LPS or FBG-C activation.
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In order to compare the IL-1B tolerisation profiles of 24- and 36-hour FBG-C
activated monocytes and to confirm that Gasdermin D cleavage tolerisation is
responsible for IL-1B8 secretion tolerisation, at the end of the 3-hour LPS and 45
minutes nigericin reactivation period, culture supernatants were taken, and
cytokine levels were measured by ELISA (Figure 4.2). These data revealed that,
unlike 24 hours of FBG-C activation, 36 hours of FBG-C activation was able to
tolerise canonical NLRP3 mediated IL-18B secretion (Figure 4.2 B). This suggests
that in this experimental setting, canonical NLRP3-mediated IL-18 tolerisation of
human monocytes is dependent on Gasdermin D cleavage tolerisation. As
expected, differences in Gasdermin D cleavage had no effect on TNF tolerisation
(Figure 4.2 D). Additionally, the data demonstrated that there was no additional
increase in the absolute amount of TNF or IL-1B in the culture media after 24
hours of primary LPS or FBG-C activation, potentially because the cells did not
produce any additional TNF or IL-18 after 24 hours of activation (Figure 4.2 A and
Q).
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Figure 4.2 Role of ACOD1 and Gasdermin D in LPS vs FBG-C mediated inflammasome
tolerisation in primary human monocytes. Primary human monocytes were isolated and either
left without activation in media with TN buffer (non-tolerised) or activated with LPS at two
different concentrations (LP100 - 100 ng/mL, LP10 - 10 ng/mL) or FBG-C at a 1 yM concentration
for 24 or 36 hours (24hr tolerised/36hr tolerised). At 24 and 36 hours, culture media was
replaced with fresh media, and cells were restimulated for 3 hours using 10 ng/mL LPS followed
by 45 minutes of 5 pM nigericin. At the end of the reactivation with LPS and nigericin,
supernatants were taken and processed by cytokine ELISA. In panel (A) are shown IL-18 levels in
culture supernatant at the end of the 24- and 36-hour primary activation cultures (PRIME),
measured by ELISA. In panel (B) are shown IL-18 levels in culture supernatant following 3 hours
of reactivation (TRIGGER) and 45 minutes of nigericin inflammasome activation, measured by
ELISA. In panel (C) are shown TNF levels in culture supernatant at the end of the 24- and 36-hour
primary activation cultures (PRIME), measured by ELISA. In panel (D) are shown TNF levels in
culture supernatant following 3 hours of reactivation (TRIGGER) and 45 minutes of nigericin
inflammasome activation, measured by ELISA. Data are shown as mean + SD from three
independent healthy donors. Data was analysed using paired t-tests between 24- and 36-hour
activated conditions, *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.
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To confirm the hypothesis that Gasdermin D cleavage inhibition is dependent on
ACOD1 protein expression in the context of 24-hour inflammasome tolerance in
primary human monocytes, | generated primary human ACOD1 knock-out cells
via a mechanism utilising ACOD1-guided Streptococcus pyogenes Cas9
endonuclease (see methods section 2.2.9). Mock KO control cells (WT)
underwent the same procedure as KO cells, utilising a non-guided Streptococcus
pyogenes Cas9 endonuclease instead. Two hours following the ACOD1 gene
knock-out procedure, population-wide KO success was assessed by ACOD1 PCR on
genomic DNA (Figure 4.3 B), T7 digestion surveyor assay (Figure 4.3 B), and
Sanger sequencing of KO vs mock KO cell population genomic DNA (Figure 4.3 C).
All three of these genomic DNA KO quality control tests revealed a complete
ACOD1 gene population-wide KO two hours following the KO procedure.
Importantly, the intracellular expression of the ACOD1 protein in KO vs mock KO
cells following LPS or FBG-C activation was examined by ACOD1 western blotting
of cell lysates from 24-hour activated KO vs mock KO monocytes (Figure 4.3 A).
ACOD1 western blotting confirmed the genomic DNA KO quality control results
since KO cells did not produce any ACOD1 protein 24 hours following LPS or FBG-

C activation.
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Figure 4.3 Primary human monocyte ACOD1 population-wide gene knock-out success
confirmation. Primary human monocytes were isolated, and the ACOD1 gene was knocked out
via a mechanism utilising ACOD1-guided Streptococcus pyogenes Cas9 endonuclease (see
methods section 2.2.9). Mock KO control cells (WT cells) underwent the same procedure as KO
cells utilising a non-guided Streptococcus pyogenes Cas9 endonuclease instead. Two hours
following the ACOD1 gene knock-out (KO) procedure, population-wide KO success was assessed
by ACOD1 PCR on KO vs mock KO cell population genomic DNA, T7 digestion surveyor assay and

Sanger sequencing of KO vs mock KO cell population genomic DNA. Additionally, the intracellular
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expression of the ACOD1 protein in KO vs mock KO cells following a 24-hour LPS or FBG-C
activation was examined by ACOD1 western blotting of cell lysates from 24-hour activated KO vs
mock KO monocytes. The results from the ACOD1 protein western blot are shown in panel (A) and
the results from the ACOD1 gene PCR and T7 surveyor assay are shown in panel (B). The
assessment of the gene editing efficiency, conducted using the ICE CRISPR Analysis Tool (see
methods section 2.2.16), following the Sanger sequencing of KO vs mock KO monocytes, is

presented in panel (C).

Since both genomic DNA and protein level examination of ACOD1 KO monocytes
revealed that KO cells are ready for experimental activation 2 hours following
the KO procedure, inflammasome tolerisation experiments involving ACOD1 KO
cells were conducted exactly 2 hours following the KO procedure to minimise the
effects of extended cell culture described in section 3.2.2. To examine the
effect of ACOD1 gene knock-out on the establishment of LPS and FBG-C
mediated inflammasome tolerance, primary human monocytes were isolated and
the ACOD1 gene was knocked out. Exactly 2 hours after the KO procedure, cells
were activated with LPS or FBG-C for 24 hours. After 24 hours, cells were either
left as non-reactivated controls or reactivated for 3 hours using 10 ng/mL LPS
followed by 45 minutes of 5 uM nigericin. At the end of the reactivation culture,
supernatant was taken, and cells were lysed. Supernatants were then processed
by cytokine ELISA, and lysates were used for Gasdermin D western blotting. Data
from three independent healthy donors revealed that ACOD7 KO monocytes
entirely lost their ability to inhibit Gasdermin D cleavage when primed for 24
hours by either LPS or FBG-C and triggered by 45 minutes 5 pM nigericin, even
without a 3-hour LPS restimulation (Figure 4.4 A). The inability of the cells to
inhibit Gasdermin D cleavage completely deprived them of their ability to
tolerise the canonical NLRP3 inflammasome mediated secretion of IL-18 when
activated for 24 hours by LPS followed by 45 minutes of 5 pM nigericin
stimulation, even without a 3-hour LPS restimulation (Figure 4.4 C). This data
highlights the crucial importance of itaconate in the regulation of IL-1B secretion
and demonstrates that lack of ACOD1 leaves human monocytes in a primed state
for nigericin inflammasome activation over an extended period. As described
earlier, FBG-C stimulation over 24 hours was unable to tolerise the canonical
NLRP3 inflammasome mediated secretion of IL-18, and the absence of the

ACOD1 gene did not lead to a further increase of IL-1B secretion (Figure 4.4 C),
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supporting the hypothesis that the delay in ACOD1 upregulation following
primary FBG-C activation is responsible for the inability of FBG-C to tolerise the
NLRP3 inflammasome in human monocytes after 24 hours of activation. It is
important to note that ACOD1 KO cells produced the same amount of IL-18 over
the first 24-hours of activation as WT cells, indicating that endogenous itaconate
has no direct effect on alternative inflammasome activation (Figure 4.4 B).
Additionally, as expected, the absence of ACOD1 did not perturb either the 24-

hour primary secretion or the tolerisation of TNF (Figure 4.4 D and E).
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Figure 4.4 Effect of ACOD1 gene knock-out on the establishment of LPS and FBG-C mediated
inflammasome tolerance in primary human monocytes. Primary human monocytes were
isolated, and the ACOD1 gene was knocked out via a mechanism utilising ACOD1-guided
Streptococcus pyogenes Cas9 endonuclease (see methods section 2.2.9). Mock KO control cells
(WT cells) underwent the same procedure as KO cells, utilising a non-guided Streptococcus
pyogenes Cas9 endonuclease instead. Two hours following the ACOD1 gene knock-out (KO)
procedure, cells were either left without activation in media with TN buffer (non-tolerised) or
activated with LPS at two different concentrations (LP100 - 100 ng/mL, LP10 - 10 ng/mL) or FBG-
C at a 1pM concentration for 24 hours (tolerised). After 24 hours, culture media was replaced
with fresh media, and cells were left to rest for one hour before either experiencing reactivation

with 10 ng/mL LPS or being left as non-reactivated controls. After 3 hours, nigericin at a 5 pM
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concentration was added to the cell culture for 45 minutes to trigger inflammasome activation.
At the end of the reactivation culture, supernatant was taken, and cells were lysed.
Supernatants were then processed by cytokine ELISA and lysates were used for western blotting
for the pyroptosis gatekeeper Gasdermin D. In panel (A) are shown Gasdermin D western blots of
3-hour LPS restimulated and non-restimulated KO and mock KO (WT monocytes) cells following
24 hours of primary LPS or FBG-C activation and 45 minutes of 5 yM nigericin activation. In panel
(B) are shown IL-1B levels in culture supernatant at the end of the 24-hour primary activation
(PRIME) of KO and WT cells, measured by ELISA. In panel (C) are shown IL-1b levels in culture
supernatant following 3 hours of reactivation (TRIGGER) and 45 minutes of nigericin
inflammasome activation of KO and WT cells, measured by ELISA. In panel (D) are shown TNF
levels in culture supernatant at the end of the 24-hour primary activation (PRIME) of KO and WT
cells, measured by ELISA. In panel (E) are shown TNF levels in culture supernatant following 3
hours of re-activation (TRIGGER) and 45 minutes of nigericin inflammasome activation of KO and
WT cells, measured by ELISA. Data are shown as mean + SD from three independent healthy
donors. Data was analysed using unpaired t-tests between KO and WT activation conditions, *p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

To investigate whether the ACOD1 KO mediated inhibition of Gasdermin D
cleavage promotes lack of IL-1B8 secretion tolerance via the induction of
pyroptosis, KO and mock KO cells were stained with a fluorescence viability kit
at the end of culture comprising Calcein-AM (green fluorescence), Ethidium
homodimer-1 (red fluorescence) and Hoechst (blue fluorescence). Cells visible in
the green fluorescence channel had their extracellular membrane intact, while
cells visible in the red and blue fluorescence channels had their DNA and nucleus
exposed and thus were in the process of undergoing pyroptosis (Figure 4.5). The
pyroptosis fluorescence imaging data revealed that in all ACOD1 KO conditions in
which Gasdermin D cleavage was not inhibited, cells underwent high levels of
pyroptosis (Figure 4.5 E, F, G and H). Additionally, as previously described, 24-
hour FBG-C activation was unable to promote Gasdermin D cleavage inhibition in
WT monocytes, which was reflected by similar pyroptosis levels in WT and KO

FBG-C-activated monocytes (Figure 4.5 B and F).
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Figure 4.5 Effect of ACOD1 gene knock-out on Gasdermin D mediated pyroptosis. Primary
human monocytes were isolated, and the ACOD1 gene was knocked out via a mechanism utilising
ACOD1-guided Streptococcus pyogenes Cas9 endonuclease (see methods section 2.2.9). Mock KO
control cells (WT cells) underwent the same procedure as KO cells, utilising a non-guided
Streptococcus pyogenes Cas9 endonuclease instead. Two hours following the ACOD1 gene knock-
out (KO) procedure, cells were either left without activation in media with TN buffer (non-
tolerised) or activated with LPS at two different concentrations (LP100 - 100 ng/mL, LP10 - 10
ng/mL) or FBG-C at a 1 pM concentration for 24 hours (tolerised). After 24 hours, culture media
was replaced with fresh media, and cells were left to rest for one hour before either
experiencing reactivation with 10 ng/mL LPS or being left as non-reactivated controls. After 3
hours, nigericin at a 5 yM concentration was added to the cell culture for 45 minutes to trigger
inflammasome activation. At the end of the reactivation culture, cells were stained with viability
markers designed to show cells undergoing cell death, such as pyroptosis (Green: Calcein-AM;
Red: Ethidium homodimer-1; Blue: Hoechst). In panels A to D are shown WT monocyte
fluorescence microscopy viability/pyroptosis images. In panels E to H are shown ACOD1 KO
monocyte fluorescence microscopy viability/pyroptosis images of the equivalent activation
conditions shown for WT cells. Representative images are shown from three independent healthy

donors.

4.2.2 NLRP3 inflammasome tolerance in

rheumatoid arthritis patient monocytes

Previous reports have shown that monocytes taken from the blood of RA patients
have an altered metabolic state, which primes them for excessive inflammatory
responses (McGarry et al., 2021). To investigate whether RA patient monocytes
behave differently from healthy monocytes in terms of the immunometabolic
itaconate production-mediated NLRP3 inflammasome tolerance, | utilised the
tolerance assay on monocytes freshly isolated from active RA patient donor
blood in accordance with the terms of the informed consent. Primary monocytes
were isolated from the blood of three active RA patients and three age-matched
healthy individuals and either left without activation or activated with LPS or
FBG-C for 24 hours. After 24 hours, cells were either left as non-reactivated
controls or reactivated for 3 hours using 10 ng/mL LPS followed by 45 minutes of
5 UM nigericin. At the end of the reactivation with LPS and nigericin,
supernatants were taken and processed by cytokine ELISA. Indeed, the data

revealed that, unlike healthy monocytes, 24-hour LPS-activated RA monocytes
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were unable to tolerise IL-1B secretion to repeated LPS activation (Figure 4.6 B).
As previously described, 24-hour FBG-C activation of healthy monocytes is
unable to tolerise IL-1B secretion, and importantly there was no difference in
FBG-C tolerisation capacity between healthy and RA monocytes (Figure 4.6 B).
Interestingly, unlike ACOD1 KO monocytes, which were able to activate the
NLRP3 inflammasome 24 hours following primary activation without the need for
LPS restimulation, RA monocytes had not completely lost their ability to regulate
inflammasome activation and hence, similarly to healthy monocytes, RA
monocytes did require LPS restimulation in order secrete IL-1B after 24-hours of
primary stimulation (Figure 4.6 B). Additionally, RA monocytes produced the
same levels of IL-18 and TNF in the first 24 hours of LPS and FBG-C activation,
indicating that in terms of these two cytokines, the cells did not demonstrate a
more aggressive proinflammatory phenotype compared to healthy cells following
primary TLR4 activation (Figure 4.6 A and C). Finally, the data revealed that the
loss of tolerance phenotype observed is specific for the NLRP3 inflammasome
since RA monocytes were still able to tolerise the secretion of TNF after 24-hours
of primary TLR4 activation (Figure 4.6 D).
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Figure 4.6 RA patient monocytes vs healthy monocytes inflammasome tolerisation. Primary
human monocytes were isolated from the blood of three active RA patient donors (RA) and three
age-matched healthy donors (HC) and either left without activation in media with TN buffer
(non-tolerised) or activated with LPS at two different concentrations (LP100 - 100 ng/mL, LP10 -
10 ng/mL) or FBG-C at a 1 yM concentration for 24 hours (tolerised). After 24 hours, culture
media was replaced with fresh media, and cells were left to rest for one hour before either
experiencing reactivation with LPS or being left as non-reactivated controls. Following 3 hours of
reactivation, nigericin at a 5 yM concentration was added to the cell culture for 45 minutes to
trigger inflammasome activation. At the end of the culture, supernatants were taken and
processed by cytokine ELISA. In panel (A) are shown IL-1B levels in culture supernatant at the
end of the 24-hour primary activation (PRIME) of RA and healthy monocytes, measured by ELISA.
In panel (B) are shown IL-1B levels in culture supernatant following 3 hours of 10 ng/mL LPS
reactivation (TRIGGER) and 45 minutes of nigericin inflammasome activation of RA patient and
healthy monocytes, measured by ELISA. In panel (C) are shown TNF levels in culture supernatant
at the end of the 24-hour primary activation (PRIME) of RA patient and healthy monocytes,
measured by ELISA. In panel (D) are shown TNF levels in culture supernatant following 3 hours of
10 ng/mL LPS reactivation (TRIGGER) and 45 minutes of nigericin inflammasome activation of RA
patient and healthy monocytes, measured by ELISA. Data are shown as mean + SD from three

independent RA patient and age matched healthy donors. Data was analysed using unpaired t-
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tests between RA patient and healthy monocyte activation conditions, *p < 0.05, **p < 0.01, **p
< 0.001, **** p < 0.0001.

To investigate whether the observed lack of IL-1B tolerisation in RA monocytes
following TLR4 activation is mediated by inappropriate Gasdermin D cleavage,
caused by a delayed ACOD1 upregulation response, a portion of the activated
cells were lysed at 2, 4 and 16 hours following activation and lysates were used
for ACOD1 western blotting. Then, at the end of the LPS and nigericin
reactivation period, a portion of the cells were lysed, and lysates were used for
western blotting for the pyroptosis gatekeeper Gasdermin D, while the rest of
the cells were stained with the previously described fluorescence viability kit for
the measurement of pyroptosis levels. The generated data revealed that unlike
healthy monocytes, which already have intracellular ACOD1 enzyme present at 2
hours following LPS activation (Figure 4.1 A), RA patient monocytes do not
produce any ACOD1 until 4 hours after LPS activation (Figure 4.7 A), which was
then shown to render the cells unable to inhibit Gasdermin D cleavage following
LPS restimulation (Figure 4.7B), providing an explanation for the lack of IL-18
tolerance demonstrated in figure 4.6 B. The pyroptosis fluorescence imaging
then confirmed that the abnormal IL-1B secretion, caused by the inability of RA
patient monocytes to inhibit Gasdermin D processing, was mediated by high
levels of pyroptosis in LPS primed and restimulated RA patient monocytes
compared to LPS primed and restimulated healthy monocytes (Figure 4.8 A and
C). As expected, there was no difference in FBG-C-activated healthy and RA
monocyte pyroptosis (Figure 4.8 B and D) since FBG-C stimulated healthy
monocytes already have a breach of inflammasome tolerance due to the

previously described delay in ACOD1 upregulation (Figure 4.1 A).
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Figure 4.7 Role of ACOD1 and Gasdermin D in LPS and FBG-C mediated inflammasome
tolerisation in rheumatoid arthritis patient monocytes. Primary monocytes were isolated from
the blood of three active RA patients and either left without activation in media with TN buffer
(NS: non-tolerised) or activated with LPS at two different concentrations (LP100 - 100 ng/mL,
LP10 - 10 ng/mL) or FBG-C at a 1uM concentration for 24 hours (tolerised). Cells were lysed at 2,
4 and 16 hours following activation and lysates were used for western blotting for the itaconate-

producing enzyme ACOD1. At 24 hours, a portion of the cells were restimulated for 3 hours using
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10 ng/mL LPS, followed by 45 minutes of 5 pM nigericin. At the end of the reactivation period,
cells were lysed, and lysates were used for western blotting for the pyroptosis gatekeeper
Gasdermin D. In panel (A) are shown ACOD1 western blots at the different time points following
LPS vs FBG-C activation, along with B-actin used as a housekeeper control. In panel (B) are
shown Gasdermin D western blots of 3-hour LPS restimulated and non-restimulated cells after 24
hours of primary LPS or FBG-C activation. Representative images are shown from three

independent RA patient donors.
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Figure 4.8 Pyroptosis levels of RA patient monocytes vs healthy monocytes in the context of
LPS and FBG-C inflammasome tolerisation. Primary monocytes were isolated from the blood of
three active RA patients and three age-matched healthy individuals and either left without
activation in media with TN buffer (non-tolerised) or activated with LPS at two different
concentrations (LP100 - 100 ng/mL, LP10 - 10 ng/mL) or FBG-Cat a 1 pM concentration for 24
hours (tolerised). After 24 hours, culture media was replaced with fresh media, and cells were
left to rest for one hour before either experiencing reactivation with 10 ng/mL LPS or being left
as non-reactivated controls. Following 3 hours of re-activation, nigericin at a 5 yM concentration
was added to the cell culture for 45 minutes to trigger inflammasome activation. At the end of
the re-activation culture, cells were stained with viability markers designed to show cells
undergoing cell death, such as pyroptosis (Green: Calcein-AM; Red: Ethidium homodimer-1; Blue:
Hoechst). In panels A and B are shown healthy monocyte fluorescence microscopy
viability/pyroptosis images. In panels C and D are shown RA patient monocyte fluorescence
microscopy viability/pyroptosis images of the equivalent activation conditions shown for healthy
cells. Representative images are shown from three independent RA patient and age matched

healthy donors.

4.2.3 Effects of hypoxia on human monocyte

NLRP3 inflammasome tolerance

The diseased joints of rheumatoid arthritis patients have been shown to possess
limited oxygen availability for infiltrating cells (Quinonez-Flores et al., 2016), so
when recruited from the blood into the joint, in addition to other stimuli, RA
patient monocytes face the challenge of dealing with different levels of hypoxia.
Over the last decade, hypoxia has been shown to have many effects on immune
cells, a portion of which are strongly proinflammatory (i.e., the upregulation of
NF-kB and STAT signalling in macrophages) (Castillo-Rodriguez et al., 2022). To
investigate whether hypoxia could also influence the induction of NLRP3
inflammasome tolerance in human monocytes, | conducted tolerisation
experiments in which cells were cultured under 2% oxygen conditions. Primary
human monocytes were isolated and either left without activation or activated
with LPS or FBG-C. Cells were then immediately placed in an incubator which
had its oxygen levels already reduced to 2% (see methods section 2.2.8). To test
the effects of hypoxia exclusively on the key inflammasome tolerisation stage of
primary 24-hour TLR4 activation, after 24 hours of 2% oxygen culture, all cells

were transferred to an incubator with atmospheric oxygen levels (normoxia),
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and after 1-hour rest a portion of the cells were restimulated in nhormoxic
conditions for 3 hours using 10 ng/mL LPS followed by 45 minutes of 5 pM
nigericin. At the end of the reactivation with LPS and nigericin, supernatants
were taken and processed by cytokine ELISA. Results from three independent
healthy donors revealed staggering levels of IL-1B secretion following nigericin
stimulation after 24 hours of primary TLR4 activation in hypoxia, both with and
without LPS restimulation (Figure 4.9 B). These results demonstrated that 24-
hour hypoxia culture was able to reprogram the ability of cells to downmodulate
NLRP3 inflammasome activation, allowing the monocytes to remain primed for
inflammasome activation for a period of 24 hours following the initial TLR4
stimulus and abolishing all the inflammasome tolerance effects observed in
normoxia cultured cells (Figure 4.9 B). Interestingly, the hypoxic culture
environment did not cause an increase in the levels of IL-18 production following
primary TLR4 activation in the first 24- hours of culture, highlighting that
alternative inflammasome activation is not regulated by oxygen availability
(Figure 4.9 A). Surprisingly, hypoxia did not affect TNF 24-hour secretion or TNF
tolerisation to repeated stimulation, as hypoxia-cultured cells exhibited the

same levels of TNF secretion as normoxia-cultured cells (Figure 4.9 C and D).



148

Normoxia vs Hypoxia (PRIME - 24hr activation) [n=3] Normoxia vs Hypoxia (TRIGGER - 3hr LPS + 45min Nigericin) [n=3]

(A) (B)
6000~ ,El ns 60004 S — ****
L {1 M * **** *ok ok K ****
5000~ 5000 & =
T 4000 o e = B o001
< i ]
& 3000+ 3000
Q. -
T, 20004 2000+
1000 10004
0 0 ) ] 1 1
0L OO 0L O 0L 00 ©OL O 0L O ¢) o) O O o
. e@‘Q_‘\Q e@}.‘@ . é\?s@ e@ Q:\Q é“ \S‘Q éé Q:\Q e@é@ e@}:@ 9‘\«:58 ‘;é‘s\q %eé‘.\q e’é@‘.\q %é@.\q é@.@ \;@.LQ \;@.\Q
o N\ Lo P> P Vo Oy AR CICEIIIN SN AR °\\
W (‘é@\ M S S S o ofef O S Y o o0 S > L
3@{\& \\v%o (9\@\& 9"“@’9 o o R ‘3\36 &L & \;‘::o" 2O q%)\%\“ 0@%9 Q'"Q"o N <z°’ < 0
SN 2 & 2 vV P> R Q% Q
«\&«\5‘0 A < \g L) \3 & Q@ «‘\«ev A \g (V. < Q@
Normoxia vs Hypoxia (PRIME - 24hr activation) [n=3] Normoxia vs Hypoxia (TRIGGER - 3hr LPS + 45min Nigericin) [n=3]
(C) (D)
3000~ ns ns 3000
m
1 ns ns ns ns ns
ry rm m m
i
-l -
E 20007 20004 _ I
=2
2 4
w
Z 10004 1000+
ns ns ns ns ns ns
1 (| M i [ | M [ |
o -
0L ©L0 O o OL OO OL
€ K R T S S S G g
23 N 23 .. 2, ‘\ 2, 2, \’ \*
& \'\ Bo P PP (e S NGRS Q‘o Q‘-’ 2 RN < YN
4@*\\:\\3 &‘“i‘l‘é @\:\\’Q o\\z\\g o\\z\\g 9'9:"& Qg'\?oe Q‘bi‘p (@‘\\:\\3 é{\i‘{‘é @\:\\3 v@\b\\g G\Z\\g q”%s Q‘%’Q Q‘bep
NN o Q24 Vv < & QO NN 2N Lo 3 <
T S S g o F3 5 S AT e I IS b
SR S S ST WL S &

Figure 4.9 LPS vs FBG-C mediated inflammasome tolerisation in 2% oxygen culture of primary
human monocytes. Primary human monocytes were isolated and either left without activation in
media with TN buffer (non-tolerised) or activated with LPS at two different concentrations

(LP100 - 100 ng/mL, LP10 -

then immediately placed in an incubator which had its oxygen levels already reduced to 2% (see

10 ng/mL) or FBG-C at a 1 pyM concentration (tolerised). Cells were

methods section 2.2.8). After 24 hours of 2% oxygen culture, culture media was replaced with
fresh media and all cells were transferred to an incubator with atmospheric oxygen levels
(normoxia); after a 1-hour rest, a portion of the cells were restimulated for 3 hours using 10
ng/mL LPS followed by 45 minutes of 5 pM nigericin. At the end of the reactivation with LPS and
nigericin, supernatants were taken and processed by cytokine ELISA. In panel (A) are shown IL-18
levels in culture supernatant at the end of the 24-hour primary activation (PRIME) of normoxic
(NMO) and hypoxic (HYPO) cultured monocytes, measured by ELISA. In panel (B) are shown IL-18
levels in culture supernatant following 3 hours of reactivation (TRIGGER) and 45 minutes of
nigericin inflammasome activation of normoxic (NMO) and hypoxic (HYPO) cultured monocytes,
measured by ELISA. In panel (C) are shown TNF levels in culture supernatant at the end of the
24-hour primary activation (PRIME) of normoxic (NMO) and hypoxic (HYPO) cultured monocytes,
measured by ELISA. In panel (D) are shown levels in culture supernatant following 3 hours of
reactivation (TRIGGER) and 45 minutes of nigericin inflammasome activation of normoxic (NMO)

and hypoxic (HYPO) cultured monocytes, measured by ELISA. Data are shown as mean + SD from
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three independent donors. Data was analysed using unpaired t-tests between normoxic and

hypoxic monocyte activation conditions, *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

To investigate whether the hypoxia-mediated reprogramming of NLRP3
inflammasome priming and tolerisation operates via ACOD1 downmodulation and
subsequent increase in Gasdermin D cleavage, at 2, 4 and 16 hours of 2% oxygen
culture, a portion of the cells were lysed, and lysates were used for ACOD1
western blotting. Additionally, at the end of the LPS and nigericin restimulation
period, a portion of the cells were lysed, and lysates were used for Gasdermin D
western blotting. Data from three independent healthy donors revealed that
hypoxic culture promoted Gasdermin D cleavage in both LPS restimulated and
non-restimulated cells following initial 24-hour TLR4 activation (Figure 4.10 B), a
Gasdermin D processing phenotype only previously observed in ACOD1 KO
monocytes (Figure 4.4 A). In this experimental setting, however, the enhanced
inflammasome activation phenotype was not under the control of ACOD1
downmodulation since hypoxia-cultured monocytes demonstrated the same
ACOD1 protein levels following TLR4 activation as normoxia-cultured cells at all
investigated time points (Figure 4.10 A). These data highlight that Gasdermin D
serves a crucial role as an NLRP3 inflammasome priming and tolerisation
gatekeeper, both under the control of itaconate and ACOD1, but also under the
control of yet unknown regulation mechanisms capable of sensing different

environmental triggers, such as oxygen availability.



150

(A) Monocyte activation in 2% oxygen
ACOD1 B-actin
( A A
NS LP100 LP10 FBG-C NS LP100 LP10 FBG-C

— — N G—

2hr T —
4hr e —— — —
——— g ——
16hr — e S e—— —
(B) Prime in normoxia Prime in 2% oxygen
GasderminD GasderminD
LPS restimulated Not restimulated LPS restimulated Not restimulated
A A A A
kDa [ 'l

¥ Vo
NS LP100 LP10 FBG-C NS LP100 LP10 FBG-C NS LP100 LP10 FBG-C NS LP100 LP10 FBG-C

5 e T e e — e e S P e

30 —

Figure 4.10 Role of ACOD1 and Gasdermin D in LPS vs FBG-C mediated inflammasome
tolerisation in 2% oxygen culture of primary human monocytes. Primary human monocytes
were isolated and either left without activation in media with TN buffer (non-tolerised) or
activated with LPS at two different concentrations (LP100 - 100 ng/mL, LP10 - 10 ng/mL) or FBG-
C at a 1 pM concentration (tolerised). Cells were then immediately placed in an incubator which
had its oxygen levels already reduced to 2% (see methods section 2.2.8). At 2, 4 and 16 hours of
2% oxygen culture, cells were lysed, and lysates were used for western blotting for the
itaconate-producing enzyme ACOD1. After 24 hours of 2% oxygen culture, all cells were
transferred to an incubator with atmospheric oxygen levels (normoxia); after a 1-hour rest, a
portion of the cells was restimulated for 3 hours using 10 ng/mL LPS followed by 45 minutes of 5
MM nigericin. At the end of the restimulation period, cells were lysed, and lysates were used for
western blotting for the pyroptosis gatekeeper Gasdermin D. In panel (A) are shown ACOD1
western blots at the different time points following LPS vs FBG-C activation in 2% oxygen, along

with B-actin used as a housekeeper control. In panel (B) are shown Gasdermin D western blots of
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3-hour LPS restimulated and non-restimulated cells after 24 hours of primary LPS or FBG-C
activation in 2% oxygen. Representative images are shown from three independent healthy

donors.

4.3 Discussion

Previous studies that explored the role of itaconate as an NLRP3 inflammasome
regulator in murine macrophages demonstrated that if given enough time to
accumulate intracellularly, natural itaconate can become a potent inhibitor of
inflammasome activation (Bambouskova et al., 2021). In this chapter, |
demonstrated that in primary human monocytes, ACOD1 upregulation following
TLR4 activation serves as a timekeeper for NLRP3 inflammasome priming and

tolerisation.

Initially, based on data shown in section 3.2.3, | demonstrated that FBG-C was
unable to tolerise NLRP3 inflammasome activation in the same way that LPS did
after 24 hours of activation (Figure 3.11 E). However, further investigation,
presented in this current chapter, revealed that there is a delay in ACOD1
upregulation following FBG-C monocyte activation (Figure 4.1 A), which is
responsible for the delay in the ability of FBG-C to tolerise the NLRP3
inflammasome mediated secretion of IL-1B. Hence FBG-C is indeed able to
tolerise the inflammasome, however, after 36 instead of 24 hours of activation
(Figure 4.2 B). In terms of RA disease pathogenesis and autoinflammatory
chronicity, this 5-to-10-hour delay in ACOD1 upregulation and inflammasome
tolerisation following DAMP activation of TLR4 can become catastrophic since
monocytes are short-lived cells which experience a range of triggers when
recruited to the damaged joint. Repeated activation can occur rapidly and while
the PAMP LPS triggers a quick upregulation of ACOD1, and thus NLRP3
inflammasome inhibition, the damage signal FBG-C can trigger multiple events of
IL-18 secretion, first through alternative and then through canonical NLRP3
inflammasome activation. Additionally, the experimental data | presented
showed that in monocytes isolated from the blood of active RA patients, there
was a general delay in ACOD1 upregulation following not just FBG-C but also LPS
TLR4 activation, which caused a subsequent inability of RA monocytes to tolerise

IL-18 secretion. Based on this observation, it can be hypothesised that long-term
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RA alters TLR4 signalling responses in monocytes, such that they can no longer
rapidly promote the increase of negative feedback mediators of inflammation,
such as ACOD1, while producing normal or increased levels of proinflammatory

cytokines.

Previous studies conducted using ACOD1 KO cell lines or mouse models have
shown the importance of natural itaconate for the regulation of inflammasome
activation (Bambouskova et al., 2021; Hooftman et al., 2020), but at the time of
writing this thesis, there have not been any reports of investigations in which
primary human ACOD1 KO cells have been generated. In my research, | used
cutting-edge guided Cas9 technology to generate primary human monocyte
ACOD1 KO cells for the first time. This advancement in gene editing technology
has allowed me to explore the effects of complete ACOD1 absence directly in
primary human cells. | showed that although there is no difference in the first
24-hour cytokine production in ACOD1 KO cells compared to control cells, drastic
differences appeared in their ability to prime and tolerise the NLRP3
inflammasome. Without ACOD1, and thus without itaconate, monocytes were
able to remain primed for NLRP3 inflammasome activation substantially longer
than control cells and they completely lost their ability to tolerise IL-1B
secretion. ACOD1 gene KO experiments also allowed me to demonstrate that
itaconate exercises its regulatory activity on the NLRP3 inflammasome, at least
in part, by preventing the pyroptosis gatekeeper Gasdermin D from being
cleaved into its active pore-forming N-terminal domain. | demonstrated that in
the absence of ACOD1, Gasdermin D cleavage occurs even after 24 hours
following the initial TRL4 trigger when nigericin is added to the culture, without
the need for TLR4 restimulation. A similar Gasdermin D processing phenotype
was observed following FBG-C activation; however, FBG-C activated cells still
required TLR4 restimulation 24 hours after primary TLR4 activation to induce
pyroptosis and IL-1B8 secretion, as in those cells ACOD1 upregulation was only

delayed but not completely abolished.

Additionally, in this chapter, | showed that although ACOD1 does have a crucial
role in NLRP3 inflammasome regulation, it is not the sole mechanism responsible
for said modulation. The availability of oxygen in the atmosphere of in vitro
cultured monocytes proved to be a remarkably potent regulator of NLRP3

inflammasome priming and tolerisation. Cells cultured in hypoxic conditions
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behaved in a similar manner to ACOD1 KO cells since they were able to promote
Gasdermin D cleavage even after 24 hours following the initial TRL4 stimulation
without the need for TLR4 restimulation. Interestingly, this effect was
independent of ACOD1 upregulation, as hypoxia did not influence the ability of
the cells to rapidly upregulate ACOD1 following primary LPS activation. This
effect can in part be attributed to HIF-1a and NF-kB upregulation since both
transcription factors have been shown to become upregulated when myeloid
cells encounter hypoxic conditions (Fangradt et al., 2012; Quinonez-Flores et
al., 2016). Since NF-kB is responsible for upregulating both the IL-18 and GSDMD
genes (Liu et al., 2017), it can be hypothesised that higher availability of
Gasdemin D and pro-IL-18 can promote a more sustained NLRP3 inflammasome
priming phenotype leading to the observed increased levels of IL-1B following
nigericin activation. Additionally, previous work has shown that nitric oxide can
downmodulate NLRP3 inflammasome priming and activation in conjunction with
itaconate (Bambouskova et al., 2021). However, in my work, | was unable to see
any nitric oxide production in primary human monocytes following TLR4
activation. Very recent studies have also shown that Gasdermin D cleavage can
be promoted without the involvement of the NLRP3 inflammasome via a caspase
8 mediated caspase 1 cleavage (Buscetta et al., 2022; Cristaldi et al., 2023), so
it is also possible that hypoxic conditions influence Gasdermin D cleavage via

NLRP3 inflammasome independent mechanisms.

In the RA joint there are many different triggers such as DAMPs and extracellular
ATP from broken down cells, so adding the layer of reduced oxygen availability
can lead to catastrophic levels of inflammasome mediated inflammation. As |
have demonstrated, both DAMP TLR4 activation and hypoxic culture promote
higher levels of Gasdermin D cleavage and pyroptosis-mediated IL-18 secretion
compared to PAMP TLR4 stimulation and normoxic culture conditions. Taken
together these observations highlight how both join damage, and diseased joint
environmental triggers can, in conjunction or independently, prime monocytes

for increased levels of inflammasome activation and IL-1B secretion.

Overall, in this chapter of my work, | confirmed the hypothesis that ACOD1 and
itaconate are drivers of NLRP3 inflammasome tolerance in human monocytes and
that the functional effect of itaconate-mediated tolerisation is mediated by

Gasdermin D cleavage and pyroptotic pore-formation. | also showed that RA
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patient monocytes have a delayed ACOD1-mediated tolerance response to TLR4
activation monocytes, and | demonstrated that major environmental stressors
such as hypoxia can trigger loss of tolerance and extended inflammasome

priming by yet unknown ACOD1-independent mechanisms.
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Chapter 5 General discussion

The danger theory was proposed approximately thirty years ago (Matzinger, 1994),
and now the concept of an internally driven immune response is widely accepted
and continues to be extensively researched, yet there are still numerous
unanswered biological questions regarding the nature of internal immune triggers.
My research aimed to enhance our comprehension of the molecular basis of danger
and to investigate the role of DAMPs beyond the initial activation of myeloid cells,
extending into their involvement in prolonged NLRP3 inflammasome activation,
priming, and tolerance. Furthermore, this study examined the regulatory
mechanisms governing DAMP-induced inflammation in the context of the chronic
inflammatory condition RA, and compared them to the inflammasome responses
induced by the PAMP LPS (Figure 5.1). Specifically, tenascin-C was investigated as
an example DAMP, previously shown to bind TLR4 and activate immune responses
through a positively charged ridge on the surface of the C-terminal FBG domain. |
discovered that the FBG-C domain of Tenascin-C induces innate immune memory
in human monocytes, with some similarities but also major differences to the PAMP
LPS response (Figure 5.1). The data obtained during this investigation contributes
to the evidence that the human immune system can sense and respond to infection
versus injury differently since, although both pathogenic and internal triggers can
activate the same downstream signalling cascades, they are fundamentally signals
of very different threats, which require tailored responses to restore the system
to its natural state. Specifically, | uncovered substantial differences in the ability
of FBG-C stimulated primary human monocytes to tolerise the secretion of the
pleiotropic inflammasome regulated cytokine IL-18 compared to LPS stimulated
cells (Figure 5.1). Through the generation of primary human ACOD1 KO monocytes,
| then showed that the immunometabolite itaconate and its enzyme ACOD1 drive
NLRP3 inflammasome tolerance in human monocytes following both DAMP and
PAMP activation (Figure 5.1). Additionally, | found that the functional impact of
ACOD1-induced tolerance is achieved through the inhibition of Gasdermin D

cleavage and pyroptotic pore formation (Figure 5.1).
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Figure 5.1 Graphical summary of key findings. A visual summary of the key findings presented

and discussed in this thesis.

5.1 Clinical relevance and future work

With clinical relevance in mind, my research demonstrated that monocytes from
rheumatoid arthritis patients exhibit a delayed ACOD1-mediated tolerance
response to TLR4 activation, which for the first time revealed a break of an
inflammatory tolerance response in human RA monocytes caused by the DAMP
tenascin-C. Modern RA therapies enable effective disease management, and
sustained clinical remission can be achieved in 20-40% of patients (Nagy & Van
Vollenhoven, 2015);

treatment, resistance to DMARD therapy eventually occurs in between 30% to 50%

however, even with this life-changing success of DMARD
of patients (Smolen et al., 2018), and the achievement of drug-free remission still
remains elusive, with up to 50% of patients experiencing flare within the first year
if DMARD therapy is discontinued (Kubo et al., 2023). Therefore, there is a high
demand for novel RA therapeutics that can complement the existing treatment
strategies. Despite our current knowledge of genetic and environmental risk

factors, there is still limited understanding of the precise sequence of events that
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lead to inflammation dysregulation in the joint and the onset of RA. Molecular and
cellular culprits, as well as impaired regulatory mechanisms contributing to the
intensified immune processes triggering the initiation and perpetuation of
inflammation in early arthritis, are yet to be identified. Tenascin-C is a protein
with a highly specific expression pattern, generally absent in most healthy adult
tissues but locally upregulated in response to injury and inflammation (Midwood
et al., 2016). In the context of RA, levels of tenascin-C are elevated in the blood
of patients and are associated with joint erosion (Page et al., 2012). Furthermore,
in the inflamed joint, the expression of tenascin-C persists, and the protein
accumulates in the tissue (Chevalier et al., 1994; Salter, 1993). In an RA mouse
model, the absence of tenascin-C protected the animals from erosive arthritis,
and the administration of FBG-C induced joint damage (Midwood et al., 2009).
Additionally, in rats, monoclonal anti-FBG-C antibodies that neutralise the
activation of TLR4 by the protein prevented the progression of experimental
arthritis (Aungier et al., 2019). The translational research findings presented in
this thesis demonstrate how potential dysregulation of tenascin-C expression in
predisposed individuals could lead to a proinflammatory inflammasome activation
cascade where endogenous FBG-C can trigger repeated cycles of IL-1B8 secretion
due to an ACOD1 and itaconate dependent delay of tolerance. This in turn can
lead to the proliferation of FLS in the joint and the production of further
proinflammatory cytokines by different IL-18 activated cells. Therefore, tenascin-
C and immunometabolites such as itaconate are promising candidates for
innovative treatments for RA. Due to the short lifespan of activated human
monocytes, it is difficult to assess to what extent their inability to induce short
term inflammasome tolerance following FBG-C activation can contribute to RA
pathology. However, recent studies have demonstrated that, based on synovial
tissue examination, in a portion of patients infiltrating monocytes might play a
crucial role in RA pathogenesis (Zhang et al., 2023). Specifically, cell-state
composition was analysed using single-cell RNA-sequencing, surface protein data
and histology of synovial tissue from a clinically diverse set of 79 patients with
active RA. This led to the stratification of RA tissues into six groups, which were
referred to as cell-type abundance phenotypes (CTAPs), each characterized by
selectively enriched cell states (Zhang et al., 2023). These CTAPs showed that
some samples were enriched for T and B cells, but there were also those mostly

lacking lymphocytes. For example, some samples predominantly contained
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myeloid cells such as the previously described IL1B* pro-inflammatory subset of
infiltrating monocytes (Zhang et al., 2019; Zhang et al., 2023). These findings
highlight the importance of further research into the RA pathogenesis contribution
of monocytes and inflammasome activation in the portion of patients with myeloid

cell driven disease.

Since | also demonstrated that strong environmental stressors such as joint hypoxia
can trigger the loss of tolerance and prolonged inflammasome priming through
mechanisms independent of ACOD1, further extensive research is necessary to
confirm and characterise the in vitro observed loss of inflammasome tolerance in
myeloid cells. However, it is evident that prevention of this phenotype can help
limit the excessive production of proinflammatory cytokines, regain control over

chronic inflammation, and influence autoinflammatory disease progression.

In terms of future work, several important questions emerged which could not be

answered within the scope of this research. These questions include:

1. What are the exact means through which itaconate is able to prevent

Gasdermin D cleavage?

2. What are the complementary mechanisms to ACOD1 upregulation which
establish Gasdermin D and pyroptosis mediated inflammasome tolerance

and how are these mechanisms perturbed by hypoxia?

3. Are other inflammasomes susceptible to tolerisation by DAMPs and PAMPs
in a similar manner to the NLRP3 inflammasome in primary human

myeloid cells?

4. What is the exact mode of TLR4 activation by FBG-C, and what are the
specific co-receptor requirements and downstream signalling cascades
employed to elicit immune responses different from those provoked by

LPS activation?

5. Could the FBG-C-mediated delay in NLRP3 inflammasome tolerance be

recapitulated in vivo?
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