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Summary

Inflammasomes are protein complexes serving as activation platforms for the protease
caspase-1, which leads to a pro-inflammatory type of cell death termed pyroptosis and
to maturation and release of the cytokines interleukin- (IL)-1p and IL-18. These
processes are involved in host protection against pathogens and in the control of
commensal microbial communities; however, under pathological conditions, they may
contribute to diseases such as Alzheimer’s disease, atherosclerosis, gout, or type 2
diabetes. Several receptors and sensors are capable of assembling inflammasomes. For
example, absent in melanoma 2 (AIM2) triggers inflammasome formation in the
presence of cytosolic double-stranded (ds) DNA, whereas NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3) nucleates the inflammasome in response to

multiple stimuli, many of which deplete the cytosolic pool of K* ions.

The molecular mechanisms governing the NLRP3 inflammasome activation are
incompletely understood. Here, [ characterized the inflammasome activation by m-
3M3FBS, a reported phospholipase C (PLC) agonist previously suggested to activate
NLRP3. Unexpectedly, I found that the m-3M3FBS-induced inflammasome assembly
does not require NLRP3. Furthermore, I provided evidence that PLC inhibitors,
previously reported to inhibit the NLRP3 inflammasome formation, do so through off-
target effects. These observations raised the questions of which sensors/receptors are
involved in inflammasome formation in cells treated with m-3M3FBS, and how this

response is initiated.

Using a combination of forward- and reverse-genetic approaches, I identified two
inflammasome-forming proteins activated by m-3M3FBS: AIM2 and NLRP10. By
employing fluorescence microscopy techniques and pharmacological manipulation of
cell signaling, 1 discovered that the m-3M3FBS mechanism of action consists of the
induction of mitochondrial (mt) rupture. This damage exposes mtDNA to AIM2, leading
to inflammasome formation. In opposition to the previously proposed models of
inflammasome activation, NLRP3 was not involved in this response to mtDNA. The
activation of the NLRP10 inflammasome was also mtDNA-independent, but likely
relying on another factor exposed by the disrupted organelles. In further experiments, I

identified three more activators of the AIM2 and NLRP10 inflammasomes (thapsigargin,
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SMBA1, and SC-10) and two NLRP10-specific inflammasome activators (0-3M3FBS and
SC-9).

In my Thesis, I characterize in detail the off-target activity of m-3M3FBS as an inducer of
mitochondrial damage. [ also provide evidence that AIM2Z can be activated by
endogenous mtDNA. Furthermore, I describe NLRP10 as a novel inflammasome-forming
sensor possibly responding to mitochondrial rupture. Finally, my findings indicate that
the NLRP3 inflammasome formation is not dependent on PLC and mtDNA, significantly

simplifying the current model of NLRP3 activation.



Zusammenfassung

Inflammasomen sind Proteinkomplexe, die die Aktivierung der Protease Caspase-1
ermoglichen. Dieses fiihrt zu einem proinflammatorischen Zelltod, der als Pyroptose
bezeichnet wird, sowie zur Spaltung und Sekretion der Zytokine Interleukin- (IL)-1f
und IL-18. Diese immunologische Reaktion hilft, den Kérper gegen Pathogene zu
schiitzen und spielt eine Rolle bei der Kontrolle von kommensalen Mikroorganismen.
Unter pathologischen Bedingungen kann die Inflammasom-Aktivierung jedoch zu
Krankheiten wie Alzheimer, Arteriosklerose, Gicht oder Typ-2-Diabetes fiihren.
Verschiedene Rezeptoren und Sensoren konnen die Bildung von Inflammasomen
initileren. Absent in Melanoma 2 (AIM2) wird in Gegenwart von zytosolischer
doppelstrangiger (ds) Deoxyribonukleinsdure (DNA) aktiviert und NACHT-, LRR- und
PYD Domains-Containing Protein 3 (NLRP3) bildet das Inflammasom als Reaktion auf
mehrere Stimuli, viele von denen den Ausfluss von Kalium-lonen aus der Zelle

verursachen.

Die molekularen Mechanismen der NLRP3-Aktivierung sind noch nicht vollstandig
verstanden. In meiner Dissertation habe ich die Inflammasom-Aktivierung durch m-
3M3FBS charakterisiert. m-3M3FBS ist ein niedermolekularer Agonist der
Phospholipase C (PLC) und wurde als ein Aktivator des NLRP3-Inflammasomes
beschrieben. Unerwartet habe ich aber festgestellt, dass die durch m-3M3FBS induzierte
Inflammasom-Aktivierung von NLRP3 unabhingig ist. Weiterhin habe ich gezeigt, dass
PLC-Inhibitoren, die zuvor verwendet wurden, um die Beteiligung von PLC an der
Aktivierung des NLRP3-Inflammasomes zu beweisen, durch unspezifische Effekte
wirken. Infolge dieser Ergebnisse habe ich die Fragen gestellt, welche Sensoren oder
Rezeptoren in m-3M3FBS-stimulierten Zellen Inflammasomen bilden koénnen, und

welche Signalwege daran beteiligt sind.

Durch genetische Ansdtze habe ich zwei Inflammasom-bildende Proteine identifiziert,
die auf die Stimulierung mit m-3M3FBS reagieren: AIM2 und NLRP10. Durch
Fluoreszenzmikroskopie als auch pharmakologische Manipulation der Signalwege habe
ich anschlief3end entdeckt, dass der Wirkmechanismus von m-3M3FBS in der Induktion
der mitochondrialen Storung besteht. Dieser Zusammenbruch der Mitochondrien setzt

die mtDNA frei, was dann zur Aktivierung des AIM2-Inflammasomes fiihrt. Im Gegensatz
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zu den vorherigen Modellen ist NLRP3 an der Reaktion auf mtDNA nicht beteiligt. Die
Aktivierung des NLRP10-Inflammasomes hangt ebenfalls nicht von mtDNA ab, kénnte
aber von anderen Faktoren verursacht werden, die die zerstorten Organellen freisetzen.
In weiteren Experimenten habe ich noch drei Aktivatoren der AIM2- und NLRP10-
Inflammasomen (Thapsigargin, SMBA1 und SC-10) und zwei NLRP10-spezifische

Inflammasom-Aktivatoren (0-3M3FBS und SC-9) identifiziert.

In meiner Doktorarbeit habe ich den Off-Target-Effekt von m-3M3FBS beschrieben, der
eine mitochondriale Storung verursacht. Diese fiithrt zur Aktivierung des AIM2-
Inflammasomes durch endogene mtDNA. Parallel dazu habe ich den Sensor NLRP10
charakterisiert, der in den Zellen, in den die Mitochondrien geschadigt werden,
Inflammasomen bilden kann. Schliefdlich habe ich gezeigt, dass die Bildung des NLRP3-
Inflammasomes von PLC und mtDNA unabhingig ist, was das aktuelle Modell der

NLRP3-Aktivierung erheblich vereinfacht.
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1. Introduction

1.1. Overview of mammalian immune systems

All animals share their bodies and their environment with other organisms, including
viruses, bacteria, and fungi. Most of these microorganisms are neutral or beneficial to
their hosts (Dethlefsen et al.,, 2007) but some of them, if allowed to reproduce and/or
spread in an uncontrolled manner, may pose a threat to the host survival (Méthot and
Alizon, 2014). The ability to detect microorganisms and mount appropriate responses is
an essential component of normal animal physiology. Such responses can lead to spatial
containment of the microorganisms, to tolerance, or they may aim at eliminating
potential pathogens. Classically, coordination of host interactions with the surrounding

microbes is the primary function of the immune system (Pradeu, 2020).

Mechanisms defined as immune have been identified in all branches of the tree of life; it
has been proposed that possession of an immune system is an inherent feature of all
living organisms (Pradeu, 2020). Consequently, the diversity of the described immune
systems is immense. In my thesis, I investigated immune pathways active in murine and
human cells, so in this Chapter I will present a brief characterization of mammalian
immunity. Of note, the principal characteristics of the immune systems of mammals are

shared with other vertebrates.

The mammalian immune system can be described in terms of a ‘layered’ structure
consisting of the following levels: (1) physical and chemical barriers, (2) constitutive
innate immune responses, (3) induced innate immune responses, and (4) adaptive

immune responses (Paludan et al., 2020).

The physical barriers, chiefly the skin and the mucous membranes lining organs such as
the lungs and the intestines, enable mechanical separation between the host and the
microorganisms. These surfaces are also the site of action of host factors contributing to
antimicrobial defenses, such as antimicrobial peptides and lysozyme. Importantly,
barrier organs may be inhabited by commensal microbial communities. One of the

consequences of this microbial colonization is that the commensal microorganisms
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compete with potential pathogens, promoting host protection (Holt et al., 2008; Murphy,
2016; Peterson and Artis, 2014; Spadoni et al,, 2017).

The constitutive innate immune responses are permanently active processes that may
contribute to antimicrobial defense but frequently also have other functions. Examples
of such responses include constitutive phagocytosis, autophagy, proteasomal
degradation of proteins, and hydrolysis of nucleic acids by nucleases present in the
extracellular fluid, in the lumen of the endolysosomal compartment, and in the cytosol
(Bartok and Hartmann, 2020). Of note, some of the constitutive innate immune
mechanisms are not only active in professional immune cells but also in multiple other
cell types as well as in blood plasma and in interstitial fluids. Many constitutive innate
immune responses promote physical separation and hydrolytic degradation of microbes
and dead or damaged host cells. As a consequence, the microbial components and host

cell debris are being turned over and their buildup is prevented (Paludan et al., 2020).

The induced innate immune responses can be defined as processes that are not active in
the absence of microbe- or damaged host cell-derived signals and only initiated under
conditions indicative of tissue damage or microbial invasion (Paludan et al., 2020). The
nature of the activating signals, frequently interpreted as immunological danger signals,
is still a matter of debate. I will discuss the current hypotheses on the mechanisms of
initiation of the induced innate immune responses in Section 1.2. Important
characteristics of these responses are the relative speed at which they occur, the
reliance on germline-encoded sensors and receptors, and the involvement of several
specialized immune cell types as well as non-immune cells (Murphy, 2016). Of note, the
activity of immune pathways in cell types classically regarded as non-immune is termed
cell-autonomous immunity. Its consequence is that non-immune cells may detect signs of
microbial invasion and either recruit support of professional immune cells, or even

attempt to eliminate the threat on their own (Randow et al.,, 2013).

The mechanisms employed during induced innate immune responses aim at eliminating
a potential threat, but also at informing other cells in the body of the host about a
potentially dangerous situation and at recruiting some of these cells to fight a microbial
invasion (Murphy, 2016). The specific inducible innate immune mechanisms include

receptor-mediated phagocytosis, targeted degradation and chemical inactivation of
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microbes, production and release of molecular signals that inform other cells about the

ongoing immune process, and immunological cell death.

Phagocytosis of an encountered microbe typically leads to its degradation by hydrolases
in the lysosomal compartment and by chemical antimicrobial agents such as reactive
oxygen species (ROS) (Dupré-Crochet et al., 2013; Gordon, 2016). Microbes found in the
cytosol may be targeted by autophagy, which can also lead to elimination of pathogens
through fusion of autophagosomes with vesicles of the endolysosomal compartment
(Gomes and Dikic, 2014). In addition to the direct antimicrobial effects, foreign material
internalized through phagocytosis and autophagy may be processed and transported to
organs known as lymph nodes (Blander, 2008; Germic et al., 2019). There, these
antigens are used for instruction and activation of the adaptive immune responses

(Murphy, 2016).

Under certain conditions, cells may use programmed cell death as an innate immune
mechanism. This encompasses two classes of scenarios. First, the death of an immune
cell may occur in response to an intracellular infection in an autonomous manner. This
eliminates the replication niche of a pathogen and may also lead to the release of danger
signals for the neighboring cells (Man et al., 2017). The second scenario involves the
immune cell-mediated induction of programmed cell death in infected or otherwise

harmful cells (Murphy, 2016).

Apart from direct engagement of antimicrobial mechanisms, innate immune cells also
produce a wide range of molecules that inform other cells about the status of a microbial
invasion and/or an immune response. These signaling molecules include lipid mediators
(arachidonic acid derivatives known as eicosanoids; Soberman and Christmas, 2003)
and proteins: chemokines (Griffith et al., 2014), cytokines (Altan-Bonnet and Mukherijee,
2019), and interferons (Ivashkiv and Donlin, 2013). Collectively, these molecules
coordinate the actions of immune and non-immune cells (for example, smooth muscles
or blood vascular endothelium). Eicosanoids, chemokines, cytokines, and interferons
may serve as calls for support from other immune cells, and the intercellular
communication that these molecules mediate helps achieve an optimal outcome of the

immune response.
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The cells of the hematopoietic system responsible for mounting innate immune
responses are monocytes, macrophages and dendritic cells, granulocytes (neutrophils,
basophils, and eosinophils), mast cells, and natural killer (NK) cells (Murphy, 2016).
Monocytes and macrophages are phagocytes patrolling the blood and peripheral tissues.
They can both phagocytose and eliminate microbes, and produce lipid mediators,
chemokines, cytokines, and interferons to provide information about a potential threat
for other cells in the body. Monocytes and macrophages may also process antigens and
present them to T cells (Jakubzick et al.,, 2017), but dendritic cells, another phagocytic

cell type, are considered more specialized in this function.

Neutrophils are professional microbicidal phagocytes that can internalize microbes and
kill them inside of the phagolysosomal compartment vesicles using hydrolytic enzymes
and ROS (Segal, 2005). They may also release their contents to fight bacterial and fungal
infections outside of the cell (Amulic et al., 2017; Brinkmann, 2004). Eosinophils and
basophils release granules with proteolytic and chemical factors in response to
multicellular parasites. Mast cells may also release their granules on the surface of

parasitic organisms (Murphy, 2016).

NK cells stand in contrast to the cell types described so far in this section both with
respect to their ontogeny (NK cells derive from a common lymphoid progenitor,
whereas the other mentioned innate immune cell types are myeloid cells) and to their
contribution to the immune defense: NK cells may recognize certain virus-infected or
tumor cells, and release factors triggering programmed cell death of these cells in a

targeted manner (Murphy, 2016).

kkk

In contrast to innate immunity, the adaptive immune responses rely on non-germline-
encoded antigen recognition system. Adaptive immunity is driven by lymphocytes: B
cells and T cells. Their receptors, respectively, are called B-cell and T-cell receptors
(BCRs and TCRs) and they are products of somatic recombination and, in the case of
BCRs, subsequent mutagenesis. In vertebrates, these processes generate a highly diverse
repertoire of antigen-specific immune receptors and also result in the formation of

antigen-specific memory. The adaptive immune response is substantially slower than
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innate immune responses, as time is needed for clonal expansion of antigen-specific B
cells and T cells. Importantly, innate immune cell types and mechanisms are necessary
to mount adaptive immunity, and, conversely, the adaptive immune responses direct the

behavior of innate immune cells (Jack and Pasquier, 2019; Murphy, 2016).

BCRs and their soluble forms, termed antibodies, bind to antigens in their native form,
either on the surface of the microbes or the infected cells, or in bodily fluids. Antibodies,
depending on their class and isotype, can mark their targets for opsonization and lysis,
phagocytosis by myeloid phagocytes, NK cell-mediated killing, or the release of
granulocyte contents, or they can directly neutralize the activity of bacterial toxins or

counteract viral entry into host cells (Lu et al., 2017).

TCRs recognize peptide antigens presented on the surfaces of other cells in the context
of major histocompatibility complex (MHC)-I or II molecules. These antigens are no
longer in their native state, and instead undergo multistep processing. T lymphocytes
may be very broadly divided into CD4* (helper) T cells, which provide signals driving
macrophage and B-cell responses, and CD8* (cytotoxic) T cells, which can directly kill

virus-infected or tumor cells (Jack and Pasquier, 2019; Murphy, 2016).

kkk

Even though immunity had been classically associated with infection biology, it has
become clear that the immune system also plays a role in multiple physiological
processes not directly related to the host-microbe interactions. These include
homeostatic clearance of dead cells and their molecular remnants, as well as
developmental and regeneration processes (Pradeu, 2020). Furthermore, immunity is
not always targeted at foreign microorganisms; the immune responses can also be
mounted against the components of the host, which may lead to autoinflammatory
(Dinarello, 2009) and autoimmune pathologies (Rosenblum et al., 2015). Finally, there
are instances where infection-related and -unrelated inputs result in the activation of
similar host responses; I will provide an example of such a situation in Section 1.2,
where the integrated stress response (ISR) will be described as one of cell-autonomous

innate immune mechanisms (Pakos Zebrucka et al., 2016).
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In my Thesis, I investigated a protein complex known as the inflammasome. The
inflammasome activation has initially been described in macrophages and dendritic cells
(Martinon et al, 2002), and it is best understood in the context of innate immune
responses. Therefore, in the next sections I will focus on the mechanisms by which
innate immune cells sense the microbes and sterile (host) damage (Section 1.2). As the
inflammasome signaling is the subject of my research, this process will be discussed in

particular detail (Sections 1.3 and 1.4).

1.2. Activation mechanisms of induced innate immune responses

Three classes of signals recognized by the innate immune system can be distinguished:
pathogen-associated molecular patterns (PAMPs; Janeway, 1989), damage-associated
molecular patterns (DAMPs; Gong et al.,, 2019; Land, 2003), and homeostasis-altering

molecular processes (HAMPs; Liston and Masters, 2017).

PAMPs are microbial-derived molecules whose presence or anomalous localization is
indicative of infection. Examples of PAMPs include lipopolysaccharide (LPS), a
component of the outer membrane of Gram-negative bacteria, bacterial lipoproteins,
and flagellin, a building block of bacterial flagella (Kumar et al., 2011; Mogensen, 2009).
An important group of PAMPs are also bacterial and viral nucleic acids, which may be
distinguished from host nucleic acids based on specific chemical modifications and on

atypical localization patterns (Bartok and Hartmann, 2020; Schlee and Hartmann, 2016).

DAMPs were initially defined as host-derived molecules that are normally shielded from
innate immune receptors but may be exposed or released by damaged cells. Currently
the abbreviation DAMPs is also frequently expanded as ‘danger-associated molecular
patterns’, a broader and less well-defined category (Gong et al, 2019). Examples of
canonical DAMPs include extracellular adenosine-5’-triphosphate (ATP) (Mariathasan et
al, 2006; Pelegrin and Surprenant, 2006), displaced host nucleic acids (Bartok and
Hartmann, 2020; Schlee and Hartmann, 2016), N-formylated peptides released from
ruptured mitochondria (Dorward et al., 2015), or histones derived from ruptured nuclei
(Allam et al., 2013). Collectively, PAMPs and DAMPs are chemically defined molecules or

classes of molecules and the mechanisms by which they activate their cognate receptors
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- the pattern recognition receptors (PRRs) - can usually be explained in terms of ligand-

receptor interactions.

Somewhat in contrast, HAMPs have been proposed as a third category of innate immune
responses-activating signals. HAMPs do not fit the definition of molecularly defined
ligands and instead are biological processes whose abnormally high or low rate may be
indicative of an infection or another type of pathology. It is generally believed that the
information about disrupted homeostasis is transmitted to the HAMP sensors through

post-translational modifications (Liston and Masters, 2017).

The group of receptors most frequently associated with PAMPs, DAMPs, and HAMPs
recognition are the PRRs. Five protein families are classified in this group: Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), C-type lectin-like
receptors (CLRs), and absent in melanoma 2 (AIM2)-like receptors (ALRs) (Takeuchi
and Akira, 2010a). Sometimes the PRR definition is also proposed to include
sequestosome-1-like receptors (SLRs), which can initiate autophagic engulfment of
cytoplasmic contents (Deretic et al., 2013). PRR families, their agonists, and the effects of

their activation (described below) are presented in Scheme 1.1.

TLRs and CLRs are membrane proteins and they sample the extracellular compartment
(including the lumina of endosomes) for microbial products (Takeda et al, 2003).
Examples of their ligands include bacterial lipoproteins (ligands of TLR1/2/6;
Kirschning and Schumann, 2002; Takeda et al., 2002; Takeuchi et al., 2002), LPS (TLR4;
Chow et al,, 1999; Poltorak, 1998; Qureshi et al., 1999), flagellin (TLR5; Gewirtz et al,,
2001; Hayashi et al,, 2001), dsRNA (TLR3; Alexopoulou et al,, 2001), DNA (TLR9; Hemmi
et al, 2000), or the fungal saccharide beta-glucan (the CLR family member Dectin-1;
Brown and Gordon, 2001). RLRs, NLRs, ALRs, and SLRs are all cytosolic proteins and
they sample the contents of the intracellular compartment. RLR ligands are well-
characterized and they include bacterial and viral RNA molecules (Chow et al,, 2018;
Rehwinkel and Gack, 2020), whereas the ligand for AIM2 is cytosolic dsDNA (Fernandes-
Alnemri et al,, 2009; Hornung et al., 2009).
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The mechanisms of activation of NLRs are less well-defined. While some NLRs have
defined direct ligands (for example, NOD2 binds to muramyl dipeptide, a component of
bacterial cell walls; Girardin et al., 2003a; 2003b; Inohara et al, 2003) and some
recognize their cognate ligands through an adaptor (for example, NLR family caspase
activation and recruitment domain [CARD]-containing protein 4 [NLRC4] can be
activated by flagellin and by components of bacterial type 3 secretion systems [Zhao et
al., 2011b], which bind to adaptors known as baculoviral inhibitor of apoptosis domain
[IAP] repeat-containing proteins [NAIPs!; Kofoed and Vance, 2011; Lightfield et al,
2008; Molofsky et al., 2006; Rayamajhi et al., 2013; Yang et al., 2013]), other NLRs, such
as NACHT, LRR, and PYD domains-containing protein 1 (NLRP1) and NLRP3, have less
straightforward activation mechanisms. It is generally considered that HAMPs may play
a role in these processes (Liston and Masters, 2017). The existing models of NLRP3

activation will be discussed in Section 1.4.

In a simplified model, three classes of responses can be triggered by PRRs: induction of
gene expression (by TLRs, CLRs, RLRs, and some NLRs; Takeuchi and Akira, 2010b), cell
death (by several NLRs and the ALR family member AIM2; Man et al, 2017), or
autophagy (by SLRs; Deretic et al., 2013; Gomes and Dikic, 2014). TLRs, CLRs, and some
NLRs initiate pro-inflammatory gene expression through activation of the transcription
factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B). This
occurs in a multi-step cascade involving protein-protein interactions and post-
translational modifications and leads to production of cell adhesion molecules,
chemokines, which attract other immune cells to the site of infection, cytokines, which
contribute to directing the course of the immune response as well as of inflammatory
lipid mediators and nitric oxide. Additionally, activation of some TLRs may also cause
activation of transcription factors termed interferon regulatory factors (IRFs), triggering
a process known as type I interferon (IFN) response (Ivashkiv and Donlin, 2013). RLRs
also initiate type I IFN response, albeit through a different signaling cascade than TLRs
(Rehwinkel and Gack, 2020; Takeuchi and Akira, 2010b). Type I IFNs (IFN-a and -p) are
secreted signaling proteins that were initially described as agents that counteract viral

replication (Isaacs and Lindemann, 1957; Isaacs et al, 1957), for example, by

1 The archaic name of this protein - and the source of the NAIP abbreviation - was neuronal apoptosis
inhibitory protein.



Chapter 1

suppressing protein translation and cell proliferation. Of note, the production of type I

[FNs is not limited to viral infections.

The inflammatory cell death pathway initiated by PRR activation - specifically by the
ALR family member AIM2 and the NLR family members NLRP1, NLRP3, NLRC4, and
possibly NLRP6, NLRP12, and murine NLRP9B - is known as pyroptosis (Man et al,,
2017). NLRP1, -3, -6, -9B, and -12 are paralogs sharing similar domain architecture: an
N-terminal pyrin domain (PYD), a central nucleotide-binding oligomerization (NACHT)
domain, and a C-terminal domain containing leucine-rich repeats (LRRs). Additionally,
NLRP1 contains a function-to-find domain (FIIND) and a CARD, whereas the NLR family
member NLRC4 has an N-terminal CARD instead of a PYD (Meunier and Broz, 2017).
AIM2 has an N-terminal PYD but instead of NACHT and/or LRR domains, it has a C-
terminal hematopoietic expression, interferon-inducible nature, and nuclear localization
(HIN)-200 domain (Fernandes-Alnemri et al, 2009; Hornung et al, 2009; Jin et al,

2012). Collectively, these proteins can initiate the process of inflammasome activation.

Inflammasome activation involves the recruitment of an adaptor protein apoptosis-
associated speck like protein containing a CARD (ASC) and, subsequently, of pro-
caspase-1, a precursor form of the pyroptosis effector protease caspase-1 (Latz et al,,
2013). Thus, the inflammasome serves as a caspase-1 activation platform. Caspase-1
activation enables the proteolytic cleavage of the pore-forming protein gasdermin
(Gsdm) D, leading to pyroptotic cell death (He et al., 2015; Kayagaki et al., 2015; Shi et
al,, 2015b). Additionally, caspase-1 catalyzes the maturation of the pro-forms of the pro-
inflammatory cytokine interleukin (IL)-1B and the pleiotropic cytokine IL-18 (Black et
al, 1989; Ghayur et al,, 1997; Kostura et al.,, 1989). In turn, these cytokines regulate
transcriptional programs (IL-1B, IL-18) and proliferation/cell death (IL-1B) of
neighboring cells (Garlanda et al,, 2013).

Lastly, autophagy, which is an effector mechanism of SLRs, enables engulfment of both

host- and microbe-derived material in the cytosol. This process results in the formation

of autophagosomes, which can fuse with lysosomes leading to degradative clearance of

the engulfed matter (Deretic et al., 2013; Gomes and Dikic, 2014). Unlike NF-xB- and

IRFs-mediated transcriptional responses and pyroptosis, autophagy is a mechanism

active under both basal and PAMP-, DAMP-, or HAMP-stimulated conditions. Therefore,
9
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it can also be classified as a constitutive innate immune mechanism (Paludan et al,,

2020).
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Scheme 1.1. Pattern recognition receptors, their ligands, and their signaling outputs

Toll-like receptors (TLRs) sample the contents of the extracellular space as well as the endosomal lumina
for pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs). Among the TLR ligands are bacterial lipoproteins and acylated peptides (TLR1/2/6), bacterial
nucleic acids (TLR3/7/8/9), lipopolysaccharide (TLR4) and the bacterial protein flagellin (TLR5). In a
simplified model, the activation of TLRs leads to the engagement of two groups of transcription factors:
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) and interferon (IFN) regulatory
factors (IRFs). This induces, respectively, the pro-inflammatory and the type I IFN transcriptional
responses. Somewhat similar to TLRs, C-type lectin-like receptors (CLRs) are plasma membrane-resident
proteins, whose activation induces an NF-kB-driven pro-inflammatory transcriptional response.

Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) RIG-I, MDA5, and LGP2 are sensors of
bacterial and viral RNA molecules. Indirectly, these receptors activate the IRF transcription factors,
triggering the type I IFN response.

The inflammasome formation can be initiated by the absent in melanoma 2 (AIM2)-like receptor (ALR)
AIM2 and by several members of the NOD-like receptor (NLR) family: NACHT, LRR, and PYD domains-
containing protein 1 (NLRP1), NLRP3, NLRP6, NLRP12, and NLR family CARD domain-containing protein
4 (NLRC4). These proteins serve as receptors or sensors of molecules or physiological alterations
associated with infection and/or tissue damage. Numerous factors and conditions have been described to
activate inflammasomes: infection with Yersinia (Y.) pestis, bacterial and viral dsDNA, bacterial proteases
(for example, lethal factor [LF] of Bacillus anthracis), taurine, lipoteichoic acid (LTA), and the components
of bacterial type 3 secretion systems (T3SS). Activation of the inflammasome-forming proteins leads to
the recruitment of an adaptor protein apoptosis-associated speck like protein containing a CARD (ASC)
and the proteolytic maturation of the inflammasome effector - caspase-1. Caspase-1 cleaves gasdermin
(Gsdm) D, and thus released N-terminal domain of GsdmD forms pores in the plasma membrane, resulting
in pyroptotic cell death. Caspase-1 also cleaves the pro-forms of the pro-inflammatory cytokine
interleukin (IL)-1B and the pleiotropic cytokine IL-18. Mature IL-1p and IL-18 are released through
GsdmbD pores (not pictured) as well as through other mechanisms.

10
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Importantly, the model presented above provides a simplified version of the biological
reality. Crosstalk between the innate immune pathways is a commonly observed
phenomenon and, as a consequence, some innate immune response outcomes are
difficult to predict (Jack and Pasquier, 2019). The results of PRRs activation are dictated
by the doses of PAMPs, DAMPs, or HAMPs, the temporal characteristics of PRR
stimulation, and the cell type-specific expression patterns of receptors/sensors, adaptor,

and effector molecules (Cheng et al., 2020; Lee and Kim, 2007; Taylor et al., 2020).

In addition to canonical PRRs, several other proteins also fulfill the PRR definition in
that they are activated under conditions indicative of infection or damage and they
initiate signaling pathways aimed at counteracting a pathogen invasion. Examples of
such receptors and sensors include protein kinase RNA-activated (PKR) (Garcia et al,,
2007), cyclic GMP/AMP (cGAMP) synthase (cGAS) (Ablasser et al., 2013; Civril et al,,
2013; Sun et al,, 2013), receptor for advanced glycation end products (RAGE) (Peng et
al, 2016; Riehl et al,, 2010), pyrin, or formyl peptide receptors (FPRs) (Dorward et al,,
2015).

PKR is a cytosol-resident kinase that, upon binding to viral dsRNA molecules, initiates a
set of processes known as the ISR (Pakos Zebrucka et al., 2016). The most prominent
manifestation of the ISR is a global inhibition of translation. Notably, other signals can
also activate the ISR. The unfolded protein response (UPR), or accumulation of unfolded
proteins in the endoplasmic reticulum (ER), promotes activation of the ISR through
activation of PKR-like ER kinase (PERK) (Harding et al.,, 1999), amino acid starvation
triggers the ISR through activation of general control nonderepressible 2 (GCN2) kinase
(Dever et al.,, 1993; 1992), and iron deficiency may activate heme-regulated inhibitor
(HRI) kinase (Chen and London, 1995). Thus, the ISR is an example of a situation where
both immune (PKR) and non-immune (PERK, GCN2Z, and HRI) inputs engage the same

effector mechanism.

cGAS is a soluble cytosolic catalytic receptor that produces the cyclic dinucleotide
cGAMP upon encountering dsDNA (Ablasser et al., 2013; Civril et al,, 2013; Sun et al,,
2013). cGAMP is a second messenger and a ligand for stimulator of IFN genes (STING),
initiating the type I IFN response. RAGE is a plasma membrane protein acting as a

receptor for multiple ligands, including extracellular DNA and RNA (Bertheloot et al,,
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2016; Sirois et al, 2013). Ligation of RAGE by these molecules may trigger
internalization of the agonist but also a transcriptional response (Peng et al., 2016; Riehl
et al,, 2010). Pyrin is an inflammasome-nucleating sensor of several bacterial toxins that
becomes activated through post-translational modifications (Gao et al., 2016). Lastly,
FPRs are plasma membrane-resident G protein-coupled receptors (GPCRs) that enable a
chemotactic response of neutrophils. N-formylation is a chemical modification
encountered in mitochondrially-encoded and bacterial peptides, serving as a potential

PAMP and DAMP (Dorward et al.,, 2015).

RAGE, cGAS, and pyrin are examples of molecules that can initiate the same types of
immune responses as PRRs despite the fact that they do not belong to the five or six
canonical PRR families. PKR and FPRs are examples of PAMP and DAMP sensors that
trigger responses outside of the typical PRR signaling outputs. Collectively, this
demonstrates that PAMP, DAMP, and HAMP detection is not exclusively mediated by
TLRs, NLRs, CLRs, ALRs, RLRs, and SLRs, and that the signaling outcomes of PAMP,

DAMP, and HAMP recognition are not limited to transcription, cell death, and autophagy.

1.3. Inflammasome assembly and signaling: cell death as an effector mechanism of

innate immunity

Inflammasomes are protein complexes minimally composed of a receptor/sensor
molecule, the adaptor molecule ASC (recruited upon activation of the inflammasome-
forming sensor/receptor), and the protease caspase-1. In molecular terms,
inflammasome activation occurs through homotypic interactions between the death

domains of the inflammasome components (Latz et al,, 2013).

Inflammasome-forming molecules — AIM2 (Fernandes-Alnemri et al.,, 2009; Hornung et
al., 2009), NLRP1 (Martinon et al.,, 2002), -3 (Hoffman et al., 2001), -6 (Hara et al,, 2018;
Levy et al,, 2015), -9B (Zhu et al,, 2017), -12 (Vladimer et al., 2012), and pyrin (Richards
et al, 2001) - all have an N-terminal PYD, whereas NLRC4 (Zhao et al.,, 2011b) has an N-
terminal CARD. ASC (encoded by the gene named PYCARD) consists of two death
domains, an N-terminal PYD and a C-terminal CARD (Srinivasula et al, 2002).
Inflammasome activating signals enable the interaction between the PYDs of ASC and

the PYDs of an inflammasome-forming receptor/sensor molecule. In turn, the CARD of
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ASC serves as a recruitment domain for pro-caspase-1, which also possesses a CARD.
The close apposition of pro-caspase-1 molecules recruited to ASC enables caspase-1

autoproteolytic activation? (Elliott et al., 2009; Wilson et al., 1994).

Importantly, the PYDs of two ASC molecules can interact with each other, which has
important consequences on the biophysical characteristics of the inflammasome
complex. The current model proposes that activation of several molecules of the
inflammasome sensor component leads to prion-like polymerization of virtually all
molecules of ASC in the cell (Cai et al,, 2014; Lu et al,, 2014). This process results in the
formation of one large (~1 um) complex termed an ASC speck (Richards et al., 2001).
Correspondingly, an ASC speck can recruit multiple molecules of pro-caspase-1. An
important repercussion of the formation of a large prion-like ASC complex is the relative
irreversibility of this process, as an ASC speck persists in, or even outside of, the cell
after pyroptotic cell death (Baroja-Mazo et al., 2014; Franklin et al., 2014). A negative
feedback in this system is provided by caspase-1 proteolytic self-inactivation (Boucher

etal,, 2018).

In most elementary terms, the function of inflammasomes is activation of caspase-1
(Martinon et al., 2002). The most well-studied substrates of caspase-1 include GsdmD
(whose N-terminal domain released by the caspase-1-catalyzed cleavage forms pores in
the plasma membrane) and the pro-forms of the cytokines IL-1 and IL-18 (Black et al,,
1989; Ghayur et al., 1997; Kayagaki et al,, 2015; Kostura et al., 1989). Insertion of GsdmD
into the plasma membrane may lead to the loss of cell integrity, promoting lytic cell
death (Kayagaki et al., 2015; Liu et al,, 2016; Shi et al., 2015b). However, activation of
caspase-1 can trigger cell death also in the absence of GsdmD (Kayagaki et al., 2015).
GsmdD pores also serve as a release gate for mature IL-1p and IL-18 (Heilig et al., 2018;
Hu et al., 2020), although other secretion routes have also been proposed (Monteleone

etal,, 2018).

2 Activation of the NLRP1 and NLRC4 inflammasomes is, to an extent, an exception to this scenario. NLRC4
can directly recruit both ASC and pro-caspase-1 through CARD-CARD interactions, whereas NLRP1, which
contains both a PYD and a CARD, can recruit pro-caspase-1 directly as well as through the ASC adaptor
(Broz et al., 2010; Jin et al., 2013; Nour et al.,, 2009; Poyet et al,, 2001; Van Opdenbosch et al., 2014;
reviewed by Malik and Kanneganti, (2017)).
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IL-18 induces a pro-inflammatory response through activation of the NF-xB
transcription factor in neighboring cells; it also plays a role in neutrophil recruitment.
Systemic release of IL-1B3 promotes fever and other signs of inflammation such as
production of acute phase proteins in the liver. IL-18-triggered signaling also leads to
activation of NF-xkB and systemically injected IL-18 has pro-inflammatory activity
(Dinarello, 2017). However, IL-18 release in the gut is suggested to be constitutive and
in some experimental models it promotes the barrier function of the gut epithelium
(Elinav et al,, 2011; Levy et al., 2015). This evidence of the protective activity of IL-18
suggests that it may be prudent to classify this cytokine as pleiotropic rather than pro-

inflammatory.

Pyroptosis, the cell death pathway initiated by the caspase-1-mediated cleavage of
GsdmD, can deliver pro-inflammatory signals to the neighboring cells. Additionally,
pyroptosis is suggested to function as a mechanism to eliminate the replicative niche of
intracellular pathogens (Man et al,, 2017), and even trap such microorganisms inside the
pyroptotic cell remnants. This may facilitate spatial containment of pathogens and

subsequent phagocytosis by neutrophils (Jorgensen et al., 2016).

Inflammasome signaling was initially described in myeloid cells: monocytes,
macrophages, and dendritic cells (Martinon et al., 2002), as well as in microglia, the
brain-resident macrophages (Heneka et al., 2012). While inflammasome activation is
beneficial for certain antiviral (Allen et al, 2009) and antifungal (Hise et al, 2009)
defenses, this immune response also gained recognition as a driving force behind the
pathogenesis of diseases such as atherosclerosis (Duewell et al., 2010; Rajamaki et al.,
2010), gout (Martinon et al.,, 2006), Alzheimer’s disease (Heneka et al., 2012) as well as a
range of genetic disorders caused by hypermorphic NLRP3 variants (Hoffman et al,,
2001). Pharmacological inhibition of IL-1 signaling is a successful therapeutic strategy in
genetic inflammasomopathies (Dinarello et al., 2012), and recent evidence suggests that
IL-1PB blockade may also lead to beneficial outcomes in cardiovascular diseases (Ridker
et al, 2017). Studies in animal models suggest that inflammasome-forming molecules

such as NLRP3 could also become drug targets in the future (Mangan et al., 2018).

Accumulating evidence also indicates that the inflammasome signaling is not limited to
myeloid cells. In CD4* T cells, inflammasome activation has been proposed to be
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involved both in optimal antiviral responses (Arbore et al., 2016) and in autoimmune
pathology (Li et al.,, 2019). Furthermore, inflammasome signaling may contribute to cell-
autonomous immunity in barrier organs such as the skin (Zhong et al., 2016) and the gut

(Levy et al., 2015; Mukherjee et al,, 2020).

1.4. Mechanisms triggering inflammasome activation

The mechanisms downstream of inflammasome formation - the activation of caspase-1
and GsdmD, the lytic cell death, and the physiological outcomes of IL-1f and IL-18
secretion - are relatively well understood. In contrast, the processes that lead to
inflammasome assembly by the inflammasome sensor/receptor components are still
being investigated. AIM2 and NLRC4 both have well defined molecular ligands
(Fernandes-Alnemri et al., 2009; Hornung et al.,, 2009; Zhao et al.,, 2011b). The AIM2
agonist is cytosolic dsDNA, whereas NLRC4 recognizes the bacterial proteins flagellin

and components of the type 3 secretion systems through adaptors from the NAIP family.

The activation mechanisms of NLRP1, NLRP3, and pyrin are much more complicated.
These proteins are examples of HAMP sensors that are probably regulated by
combinations of post-translational modifications (Liston and Masters, 2017). NLRP1 is
activated during Bacillus anthracis infection; specifically, it is a target of the protease
lethal factor produced by this bacterium (Boyden and Dietrich, 2006; Hellmich et al,,
2012; Levinsohn et al.,, 2012). Lethal factor cleaves NLRP1 close to the N-terminus,
destabilizing the sensor and leading to its ubiquitination. A partial proteasomal
degradation of NLRP1 ensues and a C-terminal portion of NLRP1 is released to trigger
ASC speck assembly (Chui et al.,, 2019; Sandstrom et al., 2019). Of note, other bacterial
effectors also enhance NLRP1 ubiquitination and proteasomal degradation (Sandstrom
et al, 2019), suggesting that NLRP1 could be an integration hub for several signals
indicative of bacterial invasion. The NLRP1 activation model is an example of

autoinhibition release mediated by controlled proteolysis.

Pyrin is present in cells in a constitutively phosphorylated form. This pyrin form is
sequestered in an inactive conformation by proteins called 14-3-3¢, preventing
inflammasome activation. Pyrin-phosphorylating kinases are indirectly inhibited during

several bacterial infections, leading to a gradual loss of pyrin phosphorylation,
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dissociation of the 14-3-3¢ proteins, and a shift toward the active pyrin conformation,
which nucleates an ASC speck (Gao et al, 2016). The pyrin activation model is an
example of sensor autoinhibition released by gradual erasure of a constitutive post-
translational modification. Of note, there are additional signaling inputs impacting on
the pyrin inflammasome activation, some of which are likely related to the status of the
microtubule cytoskeleton. The tubulin polymerization inhibitor colchicine blocks the

pyrin inflammasome assembly (Park et al., 2016).

Among inflammasome-forming receptors and sensors, NLRP3 may be the most relevant
for human pathology but its activation mechanism is the most controversial. At present,
four sources of inputs that activate the NLRP3 inflammasome are proposed to exist,
namely the canonical NLRP3 activation (Mariathasan et al., 2006; Mufoz-Planillo et al,,
2013; Perregaux and Gabel, 1994; Petrilli et al, 2007; Walev et al., 1995), the non-
canonical NLRP3 activation (Kayagaki et al, 2015; 2011), the alternative NLRP3
activation (Gaidt et al, 2016), and NLRP3 activation by stimuli that directly target
glycolytic metabolism and the mitochondria (Grof3 et al., 2016; Sanman et al., 2016; Wolf

etal,, 2016), which [ will call here ‘the metabolic NLRP3 activation mechanism’.

With few exceptions, the NLRP3 inflammasome assembly is a two-step process. The first
stage is transcriptional priming, which can be mediated by TLRs as well as other
pathways leading to activation of the transcription factor NF-kB. In most cell types,
NLRP3 is not expressed under basal conditions, so the most important function of the
priming stimulus is the induction of NLRP3 transcription (Bauernfeind et al., 2009).
Similarly, pro-IL-1f is usually not present in cells under basal conditions, so the priming
stimulus also enables production of this cytokine pro-form. Lastly, the priming stimulus
is also proposed to impact on the NLRP3 inflammasome activation through additional
mechanisms such as post-translational modifications (Lopez-Castejon et al., 2013; Py et
al, 2013; Song et al., 2017). However, several reductionist models indicate that NLRP3
overexpression allows to circumvent the requirement for inflammasome priming

(Bauernfeind et al., 2009; Chen and Chen, 2018).

Importantly, under most circumstances, the priming stimulus is not sufficient for the
NLRP3 inflammasome activation (Bauernfeind et al., 2009). Instead, NLRP3 synthesized
upon TLRs stimulation remains in the cytosol in the inactive conformation until the cells
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encounter a second stimulus, termed the triggering stimulus, which will induce the

NLRP3 shift to the active conformation and the recruitment of ASC and caspase-1.

The canonical NLRP3 activation is initiated by stimuli that deplete K* ions from the
cytosol (Mariathasan et al, 2006; Mufioz-Planillo et al, 2013; Perregaux and Gabel,
1994; Petrilli et al., 2007; Walev et al,, 1995). Under homeostatic conditions, a gradient
of K* ions exists across the plasma membrane, with the intracellular K* concentration of
~110-140 mM, and the extracellular K* concentration of ~5 mM. (This gradient is
countered by the corresponding gradient of Na* ions, whose extracellular concentration
is within the range of ~120-140 mM, and the intracellular concentration is ~10-20 mM.)
Treatments such as the electroneutral K*/H* ionophore nigericin (Pressman, 1976),
extracellular ATP (an agonist of the purinergic receptor P2X7R, a low-selectivity metal
cation channel; Mariathasan et al., 2006; Pelegrin and Surprenant, 2006), and lysosomal
destabilization and rupture (Duewell et al., 2010; Hornung et al., 2008; Martinon et al,,
2006; Rajamaki et al.,, 2010) have all been demonstrated to act as strong and specific

NLRP3 activators in a manner dependent on K* efflux (Mufioz-Planillo et al., 2013).

The non-canonical NLRP3 activation is triggered by cytosolic LPS, which is a PAMP
potentially indicative of an invasion by intracellular Gram-negative bacteria (Kayagaki et
al, 2011; 2015; Shi et al., 2014). This pathway can also be triggered by several host-
derived oxidized lipid species, which may be associated with membrane damage (Zanoni
et al., 2016). Collectively, these agents are ligands for the human caspases-4 and -5
(their murine ortholog is caspase-11). These proteases catalyze cleavage of GsdmD
(Kayagaki et al.,, 2015), whose N-terminal domain forms pores in the plasma membrane,
leading to K* efflux and the engagement of - essentially - the canonical mechanism of
NLRP3 activation (He et al, 2015; Shi et al, 2015b; for historical reasons, the
nomenclature is somewhat misleading). Of note, caspases-4, -5, and -11 cannot catalyze
the proteolytic maturation of pro-IL-1pB and pro-IL-18, so while the intracellular LPS-
induced response does not require the inflammasome for pyroptosis, it does require

NLRP3 for the initiation of IL-1 signaling (Kayagaki et al., 2015).

The alternative NLRP3 activation is a less commonly encountered mechanism. It
appears to be specific to monocytes from certain species (for example, this pathway is

active in human but not murine monocytes) (Gaidt et al., 2016). The alternative NLRP3
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activation is initiated by TLR4 binding to extracellular LPS, and over the course of
several hours leads to NLRP3- and ASC-dependent caspase-1 activation. The mediators
of this response are the TLR signaling adaptor Toll/IL-1 receptor homology (TIR)-
domain-containing adaptor inducing interferon-f (TRIF), the kinase receptor-
interacting serine/threonine-protein kinase 1 (RIPK1), the scaffold protein Fas-
associated protein with death domain (FADD), and caspase-8. The alternative NLRP3
activation differs from the canonical and non-canonical pathways in that it does not rely
on K* efflux and it is not associated with ASC speck formation. Unlike other instances of
NLRP3 activation, in this model the priming signal (LPS) is sufficient for the NLRP3
inflammasome assembly without the need for the additional triggering stimulus (Gaidt
et al,, 2016). Of note, during influenza infection, a cytosolic viral sensor Z-DNA-binding
protein 1 (ZBP1) has also been reported to engage caspase-8 to induce NLRP3

activation, but in this case the identified adaptor was RIPK3 (Kuriakose et al., 2016).

Lastly, I use the term ‘metabolic’ mechanisms of NLRP3 activation to describe a group of
independently reported NLRP3-triggering stimuli that affect the cellular energy
metabolism. These include R837 (imiquimod), a low molecular weight (LMW) inhibitor
of the mitochondrial electron transport chain complex I (Grofs et al, 2016), N-
acetylglucosamine, a component of the cell walls of Gram-positive bacteria that acts as
an inhibitor of the glycolytic enzyme hexokinase and promotes its dissociation from the
voltage-dependent anion channel (VDAC) on the outer mitochondrial membrane (OMM)
(Wolf et al,, 2016), and two other inhibitors of glycolysis: koningic (heptelidic) acid and
ENOblock (Sanman et al., 2016). The pathways currently proposed to engage the NLRP3

inflammasome are summarized in Scheme 1.2.
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Scheme 1.2. The NLRP3 inflammasome as a hub integrating multiple signals

Multiple input signals have been suggested to activate the NACHT, LRR, and PYD domains-containing
protein 3 (NLRP3) inflammasome. The canonical NLRP3 activation (purple) is initiated by stimuli that
deplete the cytosolic K* pool by enabling K* efflux (for example, nigericin, ATP, or phagocytosed
crystalline material). How the information about the decrease in the cytosolic K* concentration is
transmitted to NLRP3 is still a matter of debate.

The non-canonical NLRP3 activation (pink) is triggered by cytosolic LPS, whose presence is detected by
human caspases-4 or -5, or by murine caspase-11. These proteases release the N-terminal domain of
gasdermin (Gsdm) D, which then translocates to the plasma membrane to form the pyroptotic pores. The
GsdmD pores are a route for K+ ions efflux, leading to the initiation of the canonical NLRP3 activation
pathway.

The alternative NLRP3 activation (green) is a mechanism currently only described in human and porcine
monocytes. This pathway is triggered by lipopolysaccharide (LPS) binding to Toll-like receptor (TLR) 4
and it leads to the NLRP3 inflammasome activation in a manner dependent on caspase-8. In this scenario,
the activation of caspase-8 requires the engagement of a signaling cascade involving Toll/IL-1 receptor
homology (TIR)-domain-containing adaptor inducing interferon-f (TRIF), receptor-interacting
serine/threonine-protein kinase 1 (RIPK1), and Fas-associated protein with death domain (FADD).

RNA viruses like the influenza A virus may also trigger the NLRP3 inflammasome activation (yellow) in a
caspase-8-dependent manner, in a mechanism involving the nucleic acid sensor Z-DNA-binding protein 1
(ZBP1) and RIPK3.

Lastly, several conditions altering the cell’s energy metabolism have been reported to activate the NLRP3
inflammasome (blue). Among these stimuli are some inhibitors of glycolysis (N-acetylglucosamine,
koningic acid and ENOblock) and R837 (imiquimod), an inhibitor of mitochondrial respiration. N-
acetylglucosamine causes dissociation of the glycolytic enzyme hexokinase from the voltage-dependent
anion channel (VDAC) on the surface of the mitochondria, whereas one of the activities of R837 is the
inhibition of the mitochondrial electron transport chain (ETC) complex I.

OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.

Collectively, the ‘metabolic’ stimuli trigger the NLRP3 inflammasome activation in a
manner independent of K* efflux. It is currently unknown if R837, N-acetylglucosamine,
koningic acid, and ENOblock circumvent the K* efflux requirement and directly target a
proximal step in the NLRP3 activation cascade, or if they represent a distinct mechanism

of NLRP3 activation. Given that the K* efflux-inducing NLRP3 activators are on the whole
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stronger inflammasome agonists and that they seem to be active in a broader range of

cell types than the ‘metabolic’ activators, the latter option is more likely.

kkk

A common feature of the NLRP3 activation mechanisms described above is that none of
them propose a direct event triggering the NLRP3 shift from the inactive to the active
conformation. For the canonical and non-canonical NLRP3 activation pathways, K* efflux
appears to be the minimal NLRP3-activating stimulus (Mufioz-Planillo et al., 2013) but
how the information about the decreased cytosolic K* concentration could be
transmitted to NLRP3 is currently unknown. Similarly, it is unclear how caspase-8 could
trigger the NLRP3 inflammasome assembly during the alternative or ZBP1-mediated
activation (Gaidt et al., 2016; Kuriakose et al., 2016). While the impacts of R837, N-
acetylglucosamine, koningic acid, and ENOblock on the cellular energy metabolism are
well-described (Grof3 et al., 2016; Sanman et al., 2016; Wolf et al., 2016), it is not known
how the information about the changes induced by these molecules is passed on to
NLRP3. Consequently, the nature of the direct NLRP3-activating stimulus remains a

topic of debate.

Multiple mechanisms have been proposed to be the direct signal-transducing modules
that activate the NLRP3 inflammasome but none of them are universal and many have
been demonstrated to stem from experimental artifacts. The best-studied group of
NLRP3 triggers are K* efflux agonists, which elicit the canonical NLRP3 activation
pathway (Mariathasan et al., 2006; Perregaux and Gabel, 1994; Petrilli et al.,, 2007;
Walev et al., 1995). It was initially proposed that these stimuli induce the generation of
mitochondrial (mt) ROS, and that these agents promote the formation of a complex
between thioredoxin-interacting protein (TXNIP) and NLRP3, leading to the NLRP3
inflammasome formation (Zhou et al,, 2009; 2010). Around the same time, two other
models of the NLRP3 inflammasome activation were suggested. According to one of
them, K* efflux agonists cause leakage of mtDNA into the cytosol and activation of
NLRP3 through binding to oxidized (0x-) mtDNA (Nakahira et al., 2010; Shimada et al,,
2012). Another model proposed that K+ efflux agonists regulate the levels of two
cytosolic second messengers: 3’,5’-cyclic adenosine monophosphate (cAMP) and inositol

1,4,5-trisphosphate (IP3) (Lee et al., 2012; Murakami et al., 2012; Rossol et al., 2012).
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cAMP was suggested to directly bind to NLRP3 and act as an inhibitor of inflammasome
activation (Lee et al, 2012; Sokolowska et al.,, 2015; Yan et al.,, 2015). The canonical
NLRP3 activators were accordingly proposed to decrease the cytosolic cAMP
concentration (Lee et al, 2012), releasing the inhibitory signal. In parallel, NLRP3
activators were also suggested to induce phospholipase C (PLC) through GPCR signaling
(Lee et al,, 2012; Murakami et al., 2012; Rossol et al, 2012). PLC is an enzyme that
hydrolyzes the lipid phosphatidylinositol 4,5-bisphosphate (PIP:) yielding two second
messengers: diacylglycerol (DAG) and IP3 (Kadamur and Ross, 2013). DAG may then
function as an agonist for a class of signaling enzymes known as protein kinases C,
whereas [P3 binds to the IP3 receptors (IP3Rs), which are ligand-gated Ca?* channels in
the ER membrane. IP3Rs opening releases Ca?* ions to the cytosol, and this increase in
the cytosolic Ca?* concentration was proposed to act as an NLRP3 trigger (Lee et al,
2012; Murakami et al., 2012), although the specific mechanism has not been defined. In
support of this model, a reported LMW PLC activator m-3M3FBS was shown to cause
inflammasome activation (Lee et al., 2012; Mufoz-Planillo et al.,, 2013)3. Importantly,
none of the NLRP3 activation mechanisms described in this paragraph are universally
accepted; the role of mtROS upstream of the NLRP3 inflammasome formation was
contested in a study by Mufioz-Planillo et al. (2013), and multiple studies provided
evidence that the apparent link between Ca?* signaling and NLRP3 activation is a
product of experimental artifacts (Baldwin et al., 2017; Katsnelson et al., 2016; 2015;
Mufoz-Planillo et al.,, 2013).

In addition to TXNIP, several other protein partners were proposed to form complexes
with NLRP3, resulting in inflammasome activation. The kinase never in mitosis gene A
(NIMA)-related kinase 7 (NEK7) was identified as an NLRP3 binding partner during the
canonical NLRP3 activation (He et al., 2016; Schmid-Burgk et al., 2016; Shi et al., 2015a),
and it was proposed that the interaction between NEK7 and NLRP3 is enhanced by
mtROS (Shi et al,, 2015a), similar to the interaction between NLRP3 and TXNIP. Other
proteins reported to be required for the canonical NLRP3 activation are the gatekeeper
of cholesterol synthesis sterol regulatory element-binding protein cleavage-activating

protein (SCAP), which is a membrane protein in the endoplasmic reticulum (Guo et al,,

3 The experimental models employed in the studies of the role of Ca2* in NLRP3 activation are discussed in
detail in Chapters 4, 5, and 6, whereas the experimental models used for demonstrating the role of ox-
mtDNA in the NLRP3 inflammasome activation are discussed in Chapter 8.
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2018) and the RNA helicase DEAD-box helicase 3 X-linked (DDX3X), which is involved in
stress granule formation but has been proposed to mediate the NLRP3 inflammasome
activation through a distinct mechanism (Samir et al, 2019). Furthermore,
mitochondrial antiviral signaling protein (MAVS) was proposed to enhance the NLRP3
inflammasome responses (Subramanian et al., 2013), but these results have later been
contested (Allam et al,, 2014). To my knowledge, no studies have tested whether forced
(for example, by synthetic dimerization domains) interactions between NLRP3 and its
proposed binding partners are sufficient for inflammasome activation. Furthermore,
very few studies addressed the possible biochemical and/or functional relationships

between the different reported NLRP3 interaction partners.

In addition to forming complexes with other proteins, NLRP3 has also been proposed to
be recruited to organelle membranes through interactions with lipids: the inner
mitochondrial membrane (IMM) component cardiolipin (Iyer et al., 2013) and the Golgi
apparatus phospholipid phosphatidylinositol 4-phosphate (PI4P) (Chen and Chen,
2018).

Finally, post-translational modifications of NLRP3 have also been proposed to serve as
licensing steps during the NLRP3 inflammasome activation. To my knowledge, there is
no instance where a post-translational modification is described as sufficient for NLRP3
activation, but there are reports of dephosphorylation steps that are required for NLRP3
activation (Stutz et al, 2017). Correspondingly, depending on the position of the
modified amino acid residue, phosphorylation reactions were reported as both
inhibiting NLRP3 (Guo et al, 2016; Mortimer et al., 2016) and required for NLRP3
activation (Zhang et al., 2017). Lastly, NLRP3 deubiquitination has also been proposed
as a step required for the NLRP3 inflammasome assembly (Py et al.,, 2013; Ren et al,,
2019).

Collectively, the multiple reports of NLRP3 post-translational modifications indicate that
there may exist a phosphorylation/ubiquitination ‘code’, whereby combinations of post-
translational marks shift NLRP3 between the inactive and the active conformations. In
contrast, it does not seem plausible that NLRP3 activation could be a simple event of
receptor oligomerization on a (multivalent) ligand. Taking at face value the results of the

numerous studies on NLRP3 activation, it is very difficult to explain how NLRP3 could
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simultaneously form complexes with the membrane components of several cellular
compartments (the OMM [MAVS], the IMM [cardiolipin], the ER [SCAP], the Golgi
[PI4P]). It is therefore likely that future research will reevaluate, refine, and unify the

current models of the NLRP3 inflammasome formation.

Several NLRP family members have functions less clearly defined than NLRP1 and
NLRP3. There is evidence that NLRP6 may nucleate an inflammasome in the presence of
gut microbes-derived molecules such as taurine or lipoteichoic acid (Hara et al., 2018;
Levy et al, 2015). Murine NLRP9B has been proposed to act as an inflammasome-
forming dsRNA sensor in a model of viral infection (Zhu et al.,, 2017). NLRP12 has been
proposed to form an inflammasome in response to infection with the bacterium Yersinia
pestis (Vladimer et al,, 2012) but it may also act as a negative regulator of the innate
immune responses in an inflammasome-independent manner (Chen et al, 2017).
Notably, NLRP10, the only NLRP subfamily member without the LRR domain, has been
proposed to act as a negative regulator of inflammasome activation (Imamura et al,,
2010; Murphy et al, 2013; Wang et al,, 2004); the validity of these claims will be
addressed in Chapters 6, 7, and 8 of my Thesis. NLRP10 was also proposed to regulate
immune signaling in an inflammasome-independent manner (Clay et al., 2017; Damm et

al, 2016; Lautz et al,, 2012; Vacca et al., 2017).

The cellular and physiological processes involving NLRP2, -4, -5, -7, -8, -9, -11, -13, and -
14 are not well defined and it is unclear whether these proteins can form functional
inflammasome complexes. Importantly, the NLRP subfamily members with unknown
function typically retain both the domain composition (PYD, NACHT, and LRR) and the
conserved ATPase activity-warranting residues in the NACHT domain (MacDonald et al,,

2013; Meunier and Broz, 2017), indicating their evolutionary conservation.

1.5. Mitochondria as a signaling hub for inflammasome activation and cell death

Mitochondria are organelles best known for their role in the cellular energy metabolism
but currently also gaining attention as signaling hubs for inflammation and cell death.
The mitochondrial structure can be divided into four subcompartments, the OMM, the
IMM, the intermembrane space (IMS) between the OMM and the IMM, and the

mitochondrial matrix, which is enclosed by the IMM. The OMM is permeable to water
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and small solutes, whereas the IMM is a tight barrier across which a potential gradient
(A¥Y™) is generated by the activity of the respiratory chain. In the mitochondrial matrix
resides mtDNA, the genomic material of these organelles encoding mitochondrial rRNAs
and tRNAs as well as ~20 proteins. The remaining mitochondrial proteins are imported
through a system of translocases in the OMM and the IMM, and further communication
between the mitochondria and the cytosol is mediated by a range of solute transporters
(Alberts et al., 2017). Mitochondria are a focus of innate immunity research because
they are a potential source of DAMPs (mtDNA, mitochondrial RNAs, N-formylated
peptides) but also of immunologically relevant metabolites, such as fumarate

(Humphries et al., 2020) and itaconate (Hooftman et al., 2020; Mills et al., 2018).

Many studies proposed a role for the mitochondria in activation of the NLRP3
inflammasome. Specifically, NLRP3 has been proposed to bind to mtDNA (Nakahira et
al, 2010; Shimada et al., 2012; Zhong et al., 2018)* and to MAVS (Subramanian et al,,
2013). Furthermore, mtROS generation is proposed to cause, or at least support, NLRP3
activation and promote the interactions between NLRP3 and TXNIP (Zhou et al., 2010)
and NLRP3 and NEK7 (Shi et al,, 2015a). Two NLRP3 activators have been demonstrated
to directly target the mitochondria: R837 (imiquimod) is an inhibitor of the
mitochondrial electron transport chain complex I (Grof et al, 2016), and N-
acetylglucosamine is an inhibitor of the glycolytic enzyme hexokinase that causes
hexokinase dissociation from VDAC on the OMM (Wolf et al, 2016). The IMM lipid
cardiolipin has also been proposed to act as a direct agonist of NLRP3 (Iyer et al., 2013).
Lastly, NLRP3 translocation to the mitochondria has been observed in cells treated with
inflammasome activators and it has been proposed that this step is required for the
NLRP3 inflammasome assembly (Misawa et al, 2013). Importantly, some of the
proposed mechanisms by which mitochondria-related events impact on the NLRP3
inflammasome activation have been challenged by later studies (for example by Mufioz-
Planillo et al. (2013) and implicitly by Dang et al. (2017)). There is also no unified model

of how the mitochondrial signals could be coordinated to activate the inflammasome.

4 0f note, mitochondrial DNA has also been proposed to act as a ligand for the activation of the AIM2
inflammasome (Dang et al., 2017), and it has also been demonstrated to act as an agonist of cGAS (Huang
etal, 2020; Maekawa et al., 2019; McArthur et al,, 2018; Riley et al., 2018).
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Mitochondria are known to be involved in the initiation of apoptotic cell death in a
process termed intrinsic apoptosis (Bock and Tait, 2019; Kale et al., 2017). Briefly, the
intrinsic apoptosis pathway is initiated by permeabilization of the OMM (MOMP, for
mitochondrial outer membrane permeabilization), which results in the release of the
protein cytochrome c from the IMS (Kluck, 1997; Yang, 1997). Cytochrome c is a direct
ligand of apoptotic protease activating factor 1 (APAF1), a signaling protein that recruits
and enables the activation of the protease caspase-9 (Li et al,, 1997; Pan et al,, 1998; Zou
et al,, 1997). Caspase-9, in turn, cleaves and thereby activates caspases-3 and -7, known
as the executioner caspases®. These caspases coordinate a cell death program that
involves cleavage of cytoskeletal proteins and of DNA, and cell fragmentation resulting
in apoptotic bodies formation. The remnants of apoptotic cells can be cleared by tissue-
patrolling phagocytes, typically macrophages. Of note, the enzymatic activity of
apoptotic caspases may be blocked by a group of proteins known as inhibitor of
apoptosis proteins (IAPs), including baculoviral IAP repeat-containing proteins (cIAPs)
1 and 2, and X-linked inhibitor of apoptosis protein (XIAP) (Deveraux, 1998; Roy, 1997;
Takahashi et al, 1998). Until recently, apoptosis was considered to be a non-
immunogenic, ‘silent’ form of programmed cell death, in opposition to pyroptosis and

necrosis/necroptosis (not discussed here).

MOMP is a regulated process that involves formation of protein-lined pores by B-cell
lymphoma 2 (BCL-2) homologous antagonist/killer (Bak; Chittenden et al., 1995; Kiefer
et al,, 1995), BCL-2-associated X, apoptosis regulator (Bax; Antonsson, 1997; Manon et
al, 1997; Oltval et al.,, 1993; Wolter et al.,, 1997), and/or BCL-2-related ovarian killer
(Bok; Hsu et al,, 1997). Under basal conditions, Bak, Bax, and Bok are cytosolic proteins
(Kale et al, 2017), and their cytosolic, inactive state is stabilized by a group of
antiapoptotic BCL-2 proteins: BCL-2, BCL-2-like protein 2 (BCL-W), B-cell lymphoma-
extra large (BCL-XL), and myeloid cell leukemia sequence 1 (BCL-2-related) (MCL-1)
(Chao and Korsmeyer, 1998; Shamas-Din et al., 2013). Under conditions of antiapoptotic
BCL-2 proteins depletion or pharmacological inhibition, Bak, Bax, and Bok may
translocate to the OMM and form pores that enable the egress of cytochrome c into the

cytosol (Bock and Tait, 2019; Kale et al, 2017). Alternatively, Bak/Bax/Bok pore

5 For the sake of completeness, the extrinsic apoptosis pathway is initiated when a class of receptors in the
plasma membrane are ligated by the so-called death ligands. Inside of the cell, death receptors recruit and
activate caspase-8 through the adaptor FADD, and caspase-8 activates caspases-3 and -7 leading to the
engagement of the programmed cell death effector mechanisms.
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formation may be induced by pro-apoptotic members of the BCL-2 family such as the
direct activators BCL-2 homology domain 3 (BH3) interacting-domain death agonist
(Bid) and BCL-2-interacting mediator of cell death (Bim) or the so-called sensitizers
BCL-2-associated agonist of cell death (Bad) and phorbol-12-myristate-13-acetate-
induced protein 1 (PMAIP1, also known as Noxa) (Kale et al.,, 2017; Shamas-Din et al,,
2011; Westphal et al,, 2011; Zhang et al., 2012). While direct activators form complexes
with Bax and shift this protein towards the pore-forming state, sensitizers sequester
antiapoptotic BCL-2 family proteins, promoting the apoptotic pore formation through

inhibition of the antiapoptotic signaling (Kale et al., 2017).

Bid, Bim, Bad, and Noxa can initiate MOMP through accumulation, prevailing over the
anti-apoptotic BCL-2 proteins, but post-translational modifications may also play a role
in this process (Kale et al., 2017). For example, the cleavage of Bid catalyzed by caspase-
8 produces a truncated form of this apoptotic activator (tBid), which is a strong inducer
of Bax pore formation (Gross et al., 1999; Li et al., 1998; Luo et al.,, 1998). A simplified
model of the apoptotic MOMP is presented in Scheme 1.3.

The biophysical characteristics of Bak, Bax, and/or Bok pores and the exact mechanisms
by which pore formation is induced are still a matter of debate (Kale et al.,, 2017). A
recent report demonstrated that, in addition to Bak, Bax, and Bok, the N-terminal
domain of GsdmE may also permeabilize the OMM to release cytochrome c.
Interestingly, this process was described as a secondary event during the extrinsic
apoptosis cascade and it was suggested to provide an amplification of the cell death-
promoting signals by recruiting the molecular machinery of intrinsic apoptosis (Rogers
et al, 2019). Surprisingly, recent reports also indicated that MOMP can trigger the
permeabilization of the IMM (McArthur et al, 2018; Riley et al, 2018). Though the
mechanism of this process is poorly understood and is currently proposed to involve
IMM extrusion through Bak/Bax pores followed by mechanical rupture, the damage
inflicted is sufficient to cause translocation of mtDNA to the cytosol, the induction of
cGAS/STING signaling, and the type I IFN response (McArthur et al., 2018; Riley et al,,
2018; reviewed by Bock and Tait, 2019).

In LPS-primed macrophages, the induction of the intrinsic apoptosis cascade has been

demonstrated to cause IL-1 maturation and release. This reaction is suggested to be at
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least in part mediated by the NLRP3 inflammasome (Deo et al., 2020; Lawlor et al., 2017;
2015; Vince et al., 2018). These observations rekindle the interest in whether and how

mitochondrial stress could trigger the inflammasome activation.
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Scheme 1.3. A simplified model of mitochondrial cell death signaling

Apoptotic cell death can be initiated through the intrinsic and the extrinsic pathway. Intrinsic apoptosis
beings with the permeabilization of the outer mitochondrial membrane (OMM) by Bax, Bak, and/or Bok.
These three proteins are believed to form pores in the OMM. Inhibitors of apoptosis from the BCL-2 family
(BCL-2, BCL-W, BCL-XL, MCL-1) prevent the OMM permeabilization, whereas apoptotic sensitizers (Bad,
Noxa) and activators (Bid, Bim) promote Bax/Bak pore formation. Cytochrome c (c) released from the
intermembrane space (IMS) upon mitochondrial permeabilization acts as a ligand for APAF1, which, when
bound to cytochrome c, serves as an activation platform for caspase-9. This protease, in turn, activates the
executioner caspases (caspases-3 and -7), causing apoptotic cell death.

The OMM permeabilization has recently been demonstrated to also lead to the permeabilization of the
inner mitochondrial membrane (IMM). The molecular details of this process are lacking but it may involve
extrusion of the IMM folds through Bax/Bak pores in the OMM. The concomitant permeabilization of both
mitochondrial membranes exposes mtDNA to the cytosol, triggering the activation of cyclic GMP/AMP
synthase (cGAS)/stimulator of interferon (IFN) genes (STING) signaling and type I IFN response. It has
also been reported that permeabilization of the OMM and/or the IMM by pro-apoptotic stimuli may cause
the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome activation, possibly
through a mechanism linked to K* efflux.

The extrinsic apoptosis pathway can be physiologically initiated be a group of proteins known as death
ligands, which are agonists of death receptors in the plasma membrane. Ligation of these receptors
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induces a signaling cascade leading to the activation of caspase-8, which, similar to caspase-9, activates
the executioner caspases-3 and -7. Of note, caspase-8 also cleaves the apoptotic activator protein Bid,
yielding a truncated (t) Bid form that is a strong inducer of the OMM permeabilization by Bax. Thus, the
caspase-8-catalyzed Bid cleavage provides an amplification loop of the initial pro-apoptotic signal by
engaging the intrinsic apoptosis mechanisms.

Recent studies also suggest that proteins other than Bax, Bak, and Bok may form pores in the OMM. One of
these proteins is gasdermin (Gsdm) E. GsdmE is cleaved by the executioner caspases and the GsdmE N-
terminal domain permeabilizes the OMM leading to the cytochrome c release and an APAF1-mediated
secondary amplification of the pro-apoptotic signal.

In this respect, one pathway of mitochondrial damage not related to intrinsic apoptosis
may be of interest. In the presence of increased ROS levels or high Ca%* concentrations
(Kwong and Molkentin, 2015), the mitochondria have been reported to undergo a
process called the mitochondrial permeability transition (mPT). The mPT consists of the
opening of the mitochondrial permeability transition pore (mPTP) in the IMM, which is
permeable to water and small solutes (up to 1.5 kDa; Halestrap, 2009). This leads to the
loss of A¥Y™t and, according to some reports, to the swelling of the mitochondrial matrix
and the rupture of the OMM. Neither the molecular composition nor the
pharmacological properties of the mPTP are well-defined (I discuss this problem in
detail in Section 9.6), so determining whether the mPT is involved in a process of

interest is difficult.

The mPT has been proposed to occur during NLRP3 activation (Murakami et al., 2012;
Yu et al,, 2014), potentially leading to the release of mtDNA to the cytosol (Nakahira et
al,, 2010). The fact that a single mitochondrial nucleoid is much larger than the 1.5-kDa
cutoff of the mPTP puts under question the validity of such a model. The literature is not
conclusive on whether the mPT is actually required for the NLRP3 inflammasome
activation; likely, at least in part, because of the difficulties in defining the molecular

composition and the biophysical characteristics of the mPTP.

The involvement of the mitochondria in the innate immune responses will probably be
an important research topic in the next couple of years. As regards the inflammasome
signaling, the most important task will be to validate and unify the existing models of
how mitochondria could regulate NLRP3 activation. A part of this effort will be to
determine how mitochondrial damage could differentially cause the activation of NLRP3
(Nakahira et al., 2010; Shimada et al., 2012; Zhong et al,, 2018), AIM2 (Dang et al., 2017),
and cGAS (Huang et al., 2020; Maekawa et al,, 2019; McArthur et al,, 2018; Riley et al,,
2018), and to establish which mitochondria-derived DAMPs could have an impact on

these responses.
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2. Rationale and objectives of the study

NLRP3 is an inflammasome-forming sensor implicated in numerous pathologies but the
signaling events upstream of the NLRP3 inflammasome activation are still incompletely
understood. Several scenarios have been proposed for how NLRP3 activation is
controlled. One of these models posited that NLRP3 agonists induce activation of PLC
and, consequently, cytosolic Ca?* fluxes (Lee et al., 2012; Murakami et al., 2012; Rossol et
al,, 2012). While the involvement of Ca?* ions in the NLRP3 inflammasome assembly has
been contested (Baldwin et al., 2017; Katsnelson et al., 2015; 2016; Mufioz-Planillo et al.,
2013), the role of PLC in NLRP3 activation has not been conclusively ruled out (Chae et
al,, 2015; Martin-Nalda et al.,, 2020).

The initial aim of my Thesis was to explain if and how PLC activation by the LMW
PLC agonist m-3M3FBS (Lee et al., 2012) leads to the NLRP3 inflammasome
assembly. However, at an early stage of my work, I found that the m-3M3FBS-induced
inflammasome activation is NLRP3-independent (Chapter 4). Consequently, the aims of

my Dissertation have been adapted to address the following scientific problems:

a) to determine the mechanism through which PLC inhibitors (Lee et al., 2012;
Murakami et al., 2012; Rossol et al., 2012) block the NLRP3 inflammasome
activation (Chapter 5);

b) to identify the receptors and/or sensors involved in the inflammasome
response to m-3M3FBS (Chapter 6);

c) to characterize the molecular mechanism by which m-3M3FBS activates the

inflammasome (chiefly Chapters 6, 8, and 9).
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3. Materials and methods

3.1. Laboratory plastics and equipment

Table 3.1 provides a summary of laboratory plastics, equipment, and instrumentation
used in my Thesis. Of note, the 96-well plates that were used for microscopy
experiments (96-well plates, flat-bottom, tissue culture-treated, p-clear, black wells [for
imaging; Greiner Bio-One] and 96-well plates, flat-bottom, tissue culture-treated, Cell
Carrier Ultra, black wells [for imaging; PerkinElmer]) were coated in-house with poly-L-
lysine to improve cell adhesion. Briefly, 60-80 uL of ~0.01% aqueous solution of poly-L-
lysine was added per well, followed by a 30-60-min incubation at room temperature
(RT). This was followed by removal of the poly-L-lysine solution (to ensure that no

traces of the coating solution remain in the wells, the plates were centrifuged in an

upside-down position for 5 min at 1000 x g, at RT).

Type of product

Source

0.1-2 pL pipette

Mettler-Toledo/Rainin

2-20 pL pipette

Mettler-Toledo/Rainin

20-100 uL pipette

Mettler-Toledo/Rainin

100-1000 pL pipette

Mettler-Toledo/Rainin

2-20 pL 12-channel pipette

Mettler-Toledo/Rainin

20-200 pL 12-channel pipette

Mettler-Toledo/Rainin

20 uL pipette tips

Mettler-Toledo/Rainin

250 pL pipette tips

Mettler-Toledo/Rainin

1000 pL pipette tips

Mettler-Toledo/Rainin

20 pL filter tips

Mettler-Toledo/Rainin

200 pL filter tips

Mettler-Toledo/Rainin

1000 pL filter tips

Mettler-Toledo/Rainin

6-well plates, tissue culture-treated

VWR/Sarstedt/Greiner Bio-One

24-well plates, tissue culture-treated

VWR/Sarstedt/Greiner Bio-One

96-well plates, flat-bottom, tissue culture-treated

VWR/Sarstedt/Greiner Bio-One

96-well plates, flat-bottom, tissue culture-treated, p-clear, black
wells (for imaging)

Greiner Bio-One

96-well plates, flat-bottom, tissue culture-treated, Cell Carrier
Ultra, black wells (for imaging)

PerkinElmer

96-well plates, V-bottom (for supernatant collection)

Greiner Bio-One

384-well plates, V-bottom (for supernatant collection)

Greiner Bio-One

384-well plates, low-volume, white (for HTRF assays)

Greiner Bio-One

PIPETBOY AcuZ2 Pipette Controller Integra
~5-mL serological pipettes Costar
~10-mL serological pipettes Costar
~25-mL serological pipettes Costar
Cell scrapers, small Sarstedt
Cell scrapers, large Sarstedt

Syringes (5 mL; for bone flushing)

BD Biosciences

Luer-Lok syringes (10 mL; for retrovirus harvesting)

BD Biosciences

30




Chapter 3

Needles, 20 G (for bone flushing) B. Braun
Blunt needles, 18 G (for retrovirus harvesting) B. Braun
0.45 pm filters (for retrovirus purification) Merck Millipore

25-cm? tissue culture flasks, tissue culture-treated, with filter

Greiner Bio-One

75-cm? tissue culture flasks, tissue culture-treated, with filter

Greiner Bio-One

175-cm? tissue culture flasks, tissue culture-treated, with filter

Greiner Bio-One

10-cm tissue culture dishes, tissue culture-treated

Greiner Bio-One

Cryopreservation vials

Greiner Bio-One

Mr. Frosty freezing containers

Thermo Fisher Scientific

CellCamper freezing containers

neolLab

Vacuum filter bottles, 100 mL Corning
Vacuum filter bottles, 250 mL Corning
Vacuum filter bottles, 500 mL Corning
PCR tubes Biozym
Eppendorf-type tubes, 1.5-mL Eppendorf
Eppendorf-type tubes, 2-mL Sarstedt

Conical tubes (Falcon-type), 15-mL

Greiner Bio-One

Conical tubes (Falcon-type), 50-mL

Greiner Bio-One

Liquid reservoirs, 50 mL VWR

Liquid reservoirs, 12-channel Carl Roth

Petri dishes for bacterial culture Greiner Bio-One
15-mL tubes for small bacterial cultures BD Falcon
Pasteur pipettes (glass) Brand

Bunsen burner, Fuego Basic WLD-TEC

PCR thermocycler, T3000 Biometra

Quant Studio 6 Flex System

Thermo Fisher Scientific

Spectramax i3 multi-mode platform with HTRF cartridge

Molecular Devices

Epoch Microplate Spectrophotometer with Take3 Micro-Volume BioTek/Agilent
Plate

Observer.Z1 fluorescence microscope Zeiss

SP5 confocal microscope AOBS with SMD Leica

Inverted phase-contrast microscope, TS100 Nikon

Tabletop fluorescence microscope, EVOS-FL

Thermo Fisher Scientific (Life
Technologies)

IKA Vortex 3 mixer Sigma/Merck

Large centrifuge (for 15-50-mL tubes and plates), 5810R Eppendorf

Large centrifuge (for 15-50-mL tubes), 4-16KS Sigma/Merck

Small centrifuge (for 1.5-2-mL tubes), 5425 Eppendorf

Neubauer cell counting chamber (0.1 mm) Paul Marienfeld GmBH & Co0.KG
Balance (~0.01 g accuracy), Entris Sartorius

Balance (~0.001 g accuracy), Extend Sartorius

Tissue culture incubator Sanyo

Small bacterial shaker Heidolph

Thermoshake incubator shaker

C. Gerhardt Analytical

Bacterial incubator

Thermo Fisher Scientific

AccuBlock thermoblock Labnet
Thermomixer thermoblock Eppendorf
4°C fridge Liebherr
-20°C freezer Liebherr

-80°C freezer

Thermo Fisher Scientific

-150°C freezer

Sanyo

Table 3.1. List of laboratory plastics and equipment used in my Thesis.
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3.2. Molecular cloning

Cloning of all constructs was performed following standard procedures and according to
the instructions provided by the manufacturers of all the reagents. The inserts were
amplified by polymerase chain reaction (PCR) using the PfuUltra II Hotstart PCR Master
Mix (Agilent Technologies). The PCR reactions were performed in 50 pL final volumes,
using 0.5 uM forward and reverse primers and ~100-500 ng of DNA per reaction. For
site-directed mutagenesis, the overlap-extension PCR protocol was used (Aiyar et al,,
1996). Generally, PCR was initiated with a 1-min denaturation step (94°C), followed by
35 or 40 cycles of (1) denaturation (94°C, 30 s), (2) primer annealing (58-65°C, 30 s),
and (3) elongation (72°C, 1 min/kb of DNA). At the end of the reaction, a 5- or 10- min
final elongation step at 72°C was included. The PCR products were electrophoretically
separated in an agarose (Biozym) gel (1-1.5%) with green DNA-RNA dye (PEQ-green,
Peqlab/WVR; ~1.5x10% dilution) and isolated using PureLink Quick Gel Extraction kit
(Invitrogen/Thermo Fisher Scientific). Next, sticky ends were generated by digestion
with a pair of restriction enzymes (Thermo Fisher Scientific) according to the
manufacturer’s instructions in final volumes of 50 puL. Inserts generated in this fashion

were re-run in an agarose gel (1-1.5%) and purified.

The backbone vectors were linearized by restriction by restriction digest with the same
pair of restriction enzymes as the insert, and then isolated from a 1% agarose gel after

electrophoretic digest.

Ligation (20 pL final volume) was performed according to the manufacturer’s
instructions. Briefly, the insert of interest was mixed with the backbone at the ratio of
3:1-9:1 and kept on ice (~4°C) with T4 DNA ligase (Thermo Fisher Scientific) in the
presence of 1 x ligation buffer. After preparation of this reaction mix, the tubes were
shifted to 22°C for 20 min. Then the. Then, the reaction mixes were returned to the ice
bath. Vectors generated in this manner (1-5 pL) were used for transformation of
chemically competent DHS5a Escherichia coli cells (15 pL). The heat shock
transformation protocol was employed; briefly, the cells were incubated with the
ligation products on ice (~4°C) for 5 min, followed by 45-s incubation at 42°C, and a 2-

min ‘regeneration’ step on ice (~4°C). Then, the transformed cells were diluted in Luria-
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Bertani (LB) broth without antibiotics (~150 pL) and incubated for 30 min at 37°C with
shaking (400-600 rpm). After this, the cells were plated in LB-agar (Thermo Fisher
Scientific) plates with ampicillin (100 pg/mL, Sigma/Merck) used as selection antibiotic.
All of the constructs used in my thesis contained the ampicillin resistance gene.
Following an overnight incubation at 37°C, colonies were picked from agar plates. They
were then used for inoculation of small bacterial cultures (6 mL, LB broth with 100
pg/mL ampicillin), which were grown for 16-18 h at 37°C with shaking (~360 rpm).
After this time, bacterial cells from these cultures were harvested and plasmid DNA was
isolated using the PureLink Quick Plasmid Miniprep kit (Invitrogen/Thermo Fisher
Scientific), following the manufacturer’s instructions. Complete sequences of the inserts
from the purified plasmids were obtained by Sanger sequencing performed by GATC or
Eurofins Genomics. Of the positive clones, one was selected to prepare a cryopreserved
stock (bacterial suspension in LB broth with 100 pg/mL ampicillin supplemented with
25% glycerol [Sigma/Merck]; stored at -80°C). The glycerol stocks were used for
inoculation of larger-scale bacterial cultures (120-150 mL grown in LB broth with
100pg/mL ampicillin for 16-18 h at 37°C with shaking [~340 rpm]), from which plasmid
DNA was isolated using the PureLink Quick Plasmid Maxiprep kit (Invitrogen/Thermo
Fisher Scientific). To ensure that the correct plasmids were amplified, the inserts were
once again subjected to Sanger sequencing performed by GATC or Eurofins Genomics.
For all subsequent applications, plasmid DNA from those validated Maxiprep

preparations was used.

Several constructs that [ used in my Thesis were cloned independently of my research
project by other scientists at the III (Bonn); these cases are noted in the Source and

references column in Table 3.2.

ID in the Insert Applications Source and

III references

database

1051 Human NLRP1-IRES- Overexpression of human NLRP1 This Thesis
mCitrine

1052 Human NLRP2-IRES- Overexpression of human NLRP2 This Thesis
mCitrine

1053 Human NLRP3-IRES- Overexpression of human NLRP3 This Thesis
mCitrine

1054 Human NLRP4-IRES- Overexpression of human NLRP4 This Thesis
mCitrine

1055 Human NLRP5-IRES- Overexpression of human NLRP5 This Thesis
mCitrine
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1133 Human NLRP6-IRES- Overexpression of human NLRP6 This Thesis
mCitrine

1134 Human NLRP6-linker- Overexpression of human NLRP6 This Thesis
mCitrine

1056 Human NLRP7-IRES- Overexpression of human NLRP7 This Thesis
mCitrine

1057 Human NLRP9-IRES- Overexpression of human NLRP9 This Thesis
mCitrine

1058 Human NLRP10-IRES- Overexpression of human NLRP10 This Thesis
mCitrine

1059 Human NLRP11-IRES- Overexpression of human NLRP11 This Thesis
mCitrine

1060 Human NLRP12-IRES- Overexpression of human NLRP12 This Thesis
mCitrine

1061 Human NLRP13-IRES- Overexpression of human NLRP13 This Thesis
mCitrine

1062 Human NLRP14-IRES- Overexpression of human NLRP14 This Thesis
mCitrine

1120 Human NLRP10-linker- Overexpression of human NLRP10 This Thesis
mCitrine

1612 Human NLRP10-linker- Overexpression of human NLRP10 This Thesis
mCherry

1121 Murine Nlrp10-linker- Overexpression of murine Nlrp10 This Thesis
mCitrine

1122 Human NLRP10(PYD)- Overexpression of the PYD domain of This Thesis
linker-mCitrine human NLRP10

1123 Human NLRP10(NACHT)- | Overexpression of the NACHT domain This Thesis
linker-mCitrine of human NLRP10

1124 Murine Nlrp10(PYD)- Overexpression of the PYD domain of This Thesis
linker-mCitrine murine Nlrp10

1125 Murine Nlrp10(NACHT)- Overexpression of the NACHT domain This Thesis
linker-mCitrine of murine Nlrp10

1378 Human NLRP10X179M- Overexpression of a Walker A motif This Thesis
linker-mCitrine mutant of human NLRP10

1447 Human NLRP1(D249N- Overexpression of a Walker B motif This Thesis
linker-mCitrine mutant of human NLRP10

1448 Human NLRP10P249A- Overexpression of a Walker B motif This Thesis
linker-mCitrine mutant of human NLRP10

1379 Murine Nlrp10X175M- Overexpression of a Walker A motif This Thesis
linker-mCitrine mutant of murine Nlrp10

1453 Murine Nlrp1(0D245N- Overexpression of a Walker B motif This Thesis
linker-mCitrine mutant of murine Nlrp10

1454 Murine Nlrp1(QD245A- Overexpression of a Walker B motif This Thesis
linker-mCitrine mutant of murine Nlrp10

241 mCitrine-linker-human Overexpression of human AIM2 Generated by Dr.
AIM2 Andrea Stutz (111

Bonn)

1044 Human AIM2-linker- Overexpression of human AIM2 Generated by Brian
TagGFP2 Monks (III Bonn)

1349 Murine Aim2-IRES- Overexpression of murine Aim2 This Thesis
mCherry

1040 Human pyrin-IRES- Overexpression of human pyrin Generated by Brian
mCitrine Monks (III Bonn)

799 Human ASC-linker- Overexpression of human ASC as a MSc Thesis of
TagBFP fusion protein with TagBFP, fluorescent | Tomasz Prochnicki

reporter of ASC speck formation (III Bonn)
389 Human ASC-linker- Overexpression of human ASC as a Generated by Brian

mCerulean

fusion protein with mCerulean,
fluorescent reporter of ASC speck

Monks (III Bonn)
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formation

596 HMGB1-linker-mCitrine Overexpression of human HMGB1 as a Generated by Dr.
fusion protein with mCitrine; due to the | Damien Bertheloot
nuclear localization of HMGB1 under (Il Bonn)
basal condition - fluorescent marker of
the nuclei

597 HMGB1-linker-mCherry Overexpression of human HMGB1 as a Generated by Dr.
fusion protein with mCitrine; due to the | Damien Bertheloot
nuclear localization of HMGB1 under (Il Bonn)
basal condition - fluorescent marker of
the nuclei

819 mCitrine targeted to the Fluorescent marker of the Generated by
mitochondrial matrix mitochondrial matrix Rainer Stahl (III
using the COX8A sequence Bonn)

820 mCherry targeted to the Fluorescent marker of the Generated by
mitochondrial matrix mitochondrial matrix Rainer Stahl (III
using the COX8A sequence Bonn)

1176 TOMM20-linker-mCitrine | Fluorescent marker of the mitochondria | Generated by

(integral protein of the OMM) Marta Lovotti (III
Bonn)

1177 MAVS-linker-mCitrine Fluorescent marker of the Generated by
mitochondria, peroxisomes, and Marta Lovotti (III
mitochondria-associated membranes Bonn)
(transmembrane protein)

1163 DDOST-linker-mCitrine Fluorescent marker of the ER Generated by

Marta Lovotti (III
Bonn)

1216 TGOLN2-linker-mCitrine Fluorescent marker of the Golgi Generated by

apparatus Marta Lovotti (III
Bonn)

1165 LAMP1-linker-mCitrine Fluorescent marker of the lysosomal Generated by

compartment Marta Lovotti (III
Bonn)

1626 mTurquoise-linker-human | Overexpression of human PLCy2 This Thesis
PLCy2 (WT)

1627 Human PLCy2 (WT)- Overexpression of human PLCy2 This Thesis
linker-mTurquoise

1630 mTurquoise-linker-human | Overexpression of a reported This Thesis
PLCy25707Y hypermorphic variant of human PLCy2

1631 Human PLCy25707Y-linker- | Overexpression of a reported This Thesis
mTurquoise hypermorphic variant of human PLCy2

1137 Gq o (WT)-IRES-mCherry | Overexpression of Gq o protein This Thesis

1138 Gq 0 209L-IRES-mCherry Overexpression of a constitutively This Thesis
active variant of Gq o protein (GTPase-
null)

1673 TagBFP-T2A- Gq o (WT) Overexpression of Gq o protein This Thesis

1674 TagBFP-T2A- Gq 0209t Overexpression of a constitutively This Thesis
active variant of Gq o protein (GTPase-
null)

849 Human galectin 1-linker- Overexpression of human galectin 1 as a | Generated by Dr.

mCitrine fusion protein with mCitrine; galectin 1 | Matthew Mangan
speckle formation may indicate damage | (III Bonn)
of the endolysosomal compartment

850 Human galectin 3-linker- Overexpression of human galectin 3 as a | Generated by Dr.

mCitrine fusion protein with mCitrine; galectin 1 | Matthew Mangan
speckle formation may indicate damage | (III Bonn)
of the endolysosomal compartment

851 Human galectin 8-linker- Overexpression of human galectin 8 as a | Generated by Dr.
mCitrine fusion protein with mCitrine; galectin 1 | Matthew Mangan
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speckle formation may indicate damage | (III Bonn)
of the endolysosomal compartment

852 Human galectin 9-linker- Overexpression of human galectin 9 as a | Generated by Dr.

mCitrine fusion protein with mCitrine; galectin 1 | Matthew Mangan
speckle formation may indicate damage | (III Bonn)
of the endolysosomal compartment
1462 Human GsdmDFL-[RES- Overexpression of full-length human Generated by Dr.
mCherry GsdmD (nontoxic) Christina Budden
(III Bonn)

1746 Human GsdmD?-275-]RES- Overexpression of the N-terminal This Thesis

mCherry domain of human GsdmD (cytotoxic)

1747 Human GsdmEFL-IRES- Overexpression of full-length human This Thesis

mCherry GsdmE (nontoxic)

1748 Human GsdmE®-270-]IRES- Overexpression of the N-terminal This Thesis

mCherry domain of human GsdmE (cytotoxic)

1749 Human GsdmDFt-linker- Overexpression of full-length human This Thesis

mCherry GsdmD (nontoxic)

1750 Human GsdmD?®-275-linker- | Overexpression of the N-terminal This Thesis

mCherry domain of human GsdmD (cytotoxic)

1751 Human GsdmEFL-linker- Overexpression of full-length human This Thesis

mCherry GsdmE (nontoxic)

1752 Human GsdmE!-270-linker- | Overexpression of the N-terminal This Thesis

mCherry domain of human GsdmE (cytotoxic)
288 MCS-IRES-mCitrine Empty vector control (with fluorescent | Generated by
reporter and puromycin resistance Rainer Stahl (III
gene) Bonn)
289 MCS-IRES-mCherry Empty vector control (with fluorescent | Generated by
reporter and puromycin resistance Rainer Stahl (II1
gene) Bonn)
290 MCS-IRES-mTurquoise Empty vector control (with fluorescent | Generated by
reporter and puromycin resistance Rainer Stahl (III
gene) Bonn)
1516 TagBFP-T2A-MCS Empty vector control (with fluorescent | Generated by
reporter and puromycin resistance Fraser Duthie (III
gene) Bonn)
56 Vsv-g Generation of retroviral particles Generated by Dr.
Gabor Horvath/Dr.
Karin Pelka (III
Bonn)

57 gag-pol Generation of retroviral particles Generated by Dr.
Gabor Horvath/Dr.
Karin Pelka (III
Bonn)

782 B-GECO1 Fluorescent Ca2* sensor; here: template | MSc Thesis of

source for generation of oxidized DNA
by PCR (Section 3.9)

Tomasz Prochnicki
(III Bonn)

Table 3.2. List of plasmids used in my Thesis.

3.3. Tissue culture and generation of stable cell lines

The majority of experiments performed in my Thesis was performed in murine

immortalized macrophages (iMac cells) and in human embryonic kidney (HEK) 293T

cells with various genetic modifications. All stable cell lines used in my Thesis (Table

3.3) were adherent cells and they were cultured in 25-cm?, 75-cm?, or 175-cm? tissue
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culture-treated flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L
glucose, 2 mM L-glutamine, and phenol red supplemented with 10% fetal bovine serum
(FBS) and penicillin-streptomycin (100 x dilution). The typical volumes of growth media
per flask were 7.5 mL (25-cm? flask), 14 mL (75-cm? flask), or 32 mL (175-cm? flask).
Cells were kept in tissue culture incubators at 37°C, in the presence of 5% CO2 with
passive humidification. Cells were split every second or third day. Briefly, the cells in the
flask were washed at RT with 5 mL (25-cm? flask), 10 mL (75-cm? flask) or 12 mL (175-
cm? flask) Dulbecco’s phosphate-buffered saline (DPBS). This was followed by an
incubation (1-5 min, RT) with TrypLE Express Enzyme (1 x) cell dissociation reagent
with phenol red (1.5 mL per 25-cm? flask, 2 mL per 75-cm? flask, or 3 mL per 175-cm?
flask). The surface attachment of the cells was monitored using a phase-contrast
microscope. After the cells detached, the cell dissociation reagent was then neutralized
with 10 mL of complete tissue culture medium (RT) and the cells were transferred to a
fresh flask at the desired dilution (3 x to 25 x). The list of tissue culture reagents can be

found in Table 3.4.

Cells were not allowed to exceed the confluence threshold of 90% and all experiments
were performed on cells between passage 2 and passage 20. All cell lines were screened
for mycoplasma contaminations and are deposited in the Institute of Innate Immunity
(IIT) cell lines bank (Table 3.3). For cryopreservation, cells were harvested from 80-
90%-confluent 75-cm? or 175-cm? flasks using the same detachment protocol as during
routine passaging. Then, the cells were spun down at 340 x g (RT), resuspended in
cryopreservation medium (FBS with the addition of 10% DMSO, RT), and aliquoted into
cryopreservation vials. Cells from a 75-cm? flask were typically distributed into 3
cryopreservation vials, whereas cells from a 175-cm? flask were typically distributed
into 4-5 cryopreservation vials. The vials with cell suspensions were then transferred
into Mr. Frosty or CellCamper freezing containers, placed in a -80°C freezer for 24 h-1
week, and eventually stored at -150°C for prolonged periods of time. To thaw frozen
cells, the vials with cryopreserved cell suspensions were thawed ‘in hand’; their
contents were then diluted with complete DMEM (~11 mL DMEM supplemented with
10% FBS and 1:100 penicillin-streptomycin per ~1 mL frozen cell suspension),
transferred into 15-mL conical tubes, spun down at 340 x g (RT), resuspended in fresh

complete DMEM, and transferred to 75-cm? tissue culture flasks.
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To generate cell lines stably transduced with constructs of interest (Table 3.3),
retroviruses were used as a nucleic acid vector. HEK 293T cells were used for
production of retroviruses. Briefly, ~5x105> HEK 293T cells per well were seeded in 6-
well plates in complete DMEM (~3 mL). After an overnight incubation (37°C, 5% CO2)
the cells were transfected with combinations of three vectors: the vector of interest
(carrying the insert to be stably integrated into the genome of the target cell line; 2
ng/well), the packaging vector (gag-pol; vector 57 in the III plasmid database; 1
pg/well), and the entry vector (vsv-g; vector 56 in the IIl plasmid database; 100
ng/well). To prepare transfection mixes, (per one transfection well) Gene]uice
transfection reagent (8 uL; approx. 2.6 puL of GeneJuice per 1 ug of DNA) was combined
with 100 uL of FBS- and antibiotic-free DMEM, and, in a separate tube, the three
plasmids were mixed and filled with FBS- and antibiotic-free DMEM to 20 uL. After 5
min, GeneJuicepmem and plasmidspmem were mixed and left for 20 min to allow for the
formation of transfection complexes. After this time, transfection complexes were
transferred to the HEK cells, followed by a 18-20-h incubation (37°C, 5% COz). After this
time, the tissue culture media were removed, discarded, and replaced with ~2 mL of
DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 30% FBS and penicillin-
streptomycin (100 x dilution). The high-FBS (30%) conditions promote the generation
of retroviral particles. After ~24 h of incubation under the high-FBS conditions (37°C,
5% COz2), the retrovirus-containing tissue culture supernatants were harvested. Briefly,
the supernatants were collected in a Luer-Lok syringe using a blunt 18 G needle. Then,
the supernatants were filtered through a 0.45 um membrane filter. Such supernatants
were either directly used for stable transgene delivery into target cell lines, or they were
cryopreserved at -80°C in cryopreservation vials. For retrovirus-mediated transgene
delivery (retroviral transduction), the target cells were plated at ~5x10% cells/well (one
day before transduction) or ~105 cells/well (on the day of transduction) in 24-well
plates. Next, the cells were subjected to several doses of retrovirus-containing
supernatants (typically 5-500 pL). After 24-48 h of retroviral transduction (37°C, 5%
C0Oz), the transduction efficiency was assessed using an epifluorescence microscope (if
the delivered transgenes contained a constitutively expressed fluorescent protein) and,
if necessary, the wells containing populations of positive cells were subjected to

antibiotic selection with puromycin (~10 pg/mL; at 37°C and in the presence of 5%
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COz). All vectors used in my thesis carried the eukaryotic puromycin resistance cassette.

After successful transduction, the resulting cell lines were expanded and used for

experiments at passages 4-20 following retroviral transduction and/or cryopreserved at

-150°C. The cells that underwent retrovirus-mediated transgene delivery were

considered to be biosafety level 2 organisms for three passages following retroviral

transduction, after which time they were considered to be biosafety level 1 organisms.

Unless otherwise indicated, all hands-on steps of the procedure above were performed

at RT, under a tissue culture hood appropriate for biosafety level 2 work. The

incubations were performed in a tissue culture incubator dedicated to biosafety level 2

work.
ID in the | Name in text and figures | Cell type Genetic modifications Source and
III references
database
CL13 WT iMac Immortalized | n.a. Generated by
murine Dr. Dominic
macrophages DeNardo (III
Bonn)
CL170 WT iMac + [h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
murine human ASC-linker-mCerulean
macrophages | (vector 389)
CL12 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of Franklin et
[reporter] iMac murine human ASC-linker-mCerulean | al. (2014);
macrophages | (vector 389) and of murine Stutz et al.
NLRP3 (2013)
CL96 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] control | murine human ASC-linker-mCerulean
[empty] vector macrophages | (vector 389), of murine
NLRP3, and of an empty
construct (vector 288)
CL97 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] murine human ASC-linker-mCerulean
hNLRP10 macrophages | (vector 389), of murine
NLRP3, and of human NLRP10
(WT; vector 1120)
CL98 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] murine human ASC-linker-mCerulean
mNIrp10 macrophages | (vector 389), of murine
NLRP3, and of murine Nlrp10
(WT; vector 1121)
CL185 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] murine human ASC-linker-mCerulean
hNLRP10k179M macrophages | (vector 389), of murine
NLRP3, and of a Walker A
motif of human NLRP10
(vector 1378)
CL186 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] murine human ASC-linker-mCerulean
hNLRP1(0D249N macrophages | (vector 389), of murine

NLRP3, and of a Walker B
motif of human NLRP10
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(vector 1447)

CL187 [m]NLRP3/[h]ASCmCerulean Immortalized | Stable overexpression of This Thesis
[reporter] iMac [+] murine human ASC-linker-mCerulean
hNLRP1(0D249A macrophages | (vector 389), of murine

NLRP3, and of a Walker B
motif of human NLRP10
(vector 1448)

CL118 [m]NLRP3/[h]ASCmCerulean /| Immortalized | Stable overexpression of This Thesis
HMGB1mCitrine [reporter ]| murine human ASC-linker-mCerulean
iMac macrophages | (vector 389), of murine

NLRP3, and of an HMGB1-
based fluorescent nuclear
marker (vector 596)

CL119 [m]NLRP3/[h]ASCmCerulean /| Tmmortalized | Stable overexpression of This Thesis
mitomcitrine [reporter] iMac | murine human ASC-linker-mCerulean

macrophages | (vector 389), of murine
NLRP3, and of a fluorescent
marker of the mitochondrial
matrix (vector 819)

CL14 Nlrp3-/-iMac Immortalized | NLRP3 deficiency Juliana et al.
murine (2010; 2012)
macrophages

CL20 Aim2CRISFR jMac* Immortalized | AIM2 deficiency Generated
murine and validated
macrophages by Brian

Monks (III
Bonn)

CL104 Aim2CRISPR jMac + empty Immortalized | AIM2-deficient cells stably This Thesis

[control] vector murine transduced with an empty
macrophages | construct (vector 288)

CL181 Aim2CRISPR jMac + hAIM2 Immortalized | AIM2-deficient cells This Thesis

(#1/vector 241)** murine reconstituted with human
macrophages | AIM2 (vector 241)

CL105 Aim2CRISPR iMac + hAIM2 Immortalized | AIM2-deficient cells This Thesis

(#2/vector 1044) murine reconstituted with human
macrophages | AIM2 (vector 1044)

CL106 Aim2CRISPR jMac + mAim?2 Immortalized | AIM2-deficient cells This Thesis
murine reconstituted with murine
macrophages | Aim2 (vector 1349)

CL107 Aim2CRISPR jMac + hNLRP10 | Immortalized | AIM2-deficient cells stably This Thesis
murine overexpressing human
macrophages | NLRP10 (WT; vector 1120)

CL108 Aim2CRISPR jMac + mNIrp10 | Immortalized | AIM2-deficient cells stably This Thesis
murine overexpressing murine
macrophages | Nlrp10 (WT; vector 1121)

CL182 AimZ2CRISPR jMac + Immortalized | AIM2-deficient cells stably This Thesis

hNLRP10-PYD murine overexpressing the PYD
macrophages | domain of human NLRP10
(vector 1122)

CL183 AimZ2CRISPR jMac + Immortalized | AIM2-deficient cells stably This Thesis
hNLRP10-NACHT murine overexpressing the NACHT

macrophages | domain of human NLRP10
(vector 1123)

CL184 AImZ2CRISPR jMac + Immortalized | AIM2-deficient cells stably This Thesis
hNLRP10k179M murine overexpressing a Walker A

macrophages | mutant of human NLRP10
(vector 1378)

CL260 AimZ2CRISPR jMac + Immortalized | AIM2-deficient cells stably This Thesis
hNLRP1(QD249N murine overexpressing a Walker B

macrophages | mutant of human NLRP10
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(vector 1447)

CL261

AImZ2CRISPR jMac +
hNLRP1(0bz49A

Immortalized
murine
macrophages

AIM2-deficient cells stably
overexpressing a Walker B
mutant of human NLRP10
(vector 1448)

This Thesis

CL23

HEK [293T]

HEK cells

n.a.

ATCC

CL115/
CL169

[h]ASCTagBFP HEK

HEK cells

HEK cells stably
overexpressing human ASC as
a fusion protein with TagBFP
(vector 799), may serve as a
fluorescent reporter of ASC
speck formation

This Thesis

CL172

[h]ASCmCerulean HEK

HEK cells

HEK cells stably
overexpressing human ASC as
a fusion protein with
mCerulean (vector 389), may
serve as a fluorescent reporter
of ASC speck formation

This Thesis

CL168

mCitrine/[h]ASCT2¢5FF HEK

HEK cells

HEK cells stably
overexpressing mCitrine
(vector 288) and human ASC
as a fusion protein with
TagBFP (vector 799), may
serve as a fluorescent reporter
of ASC speck formation

This Thesis

CL100

[h] NLRP1 OmCitrine/
[h]ASCTagBFP HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 (vector 1120) and
human ASC as a fusion protein
with TagBFP (vector 799),
may serve as a fluorescent
reporter of ASC speck
formation in response to
NLRP10 inflammasome
activators

This Thesis

CL163

[h]NLRP10mCherry/
[h]ASCmCerulean HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 (vector 1612) and
human ASC as a fusion protein
with mCerulean (vector 389),
may serve as a fluorescent
reporter of ASC speck
formation in response to
NLRP10 inflammasome
activators

This Thesis

CL165

[h]NLRP10mCitrine HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 as a fusion protein
with mCitrine (vector 1120),
may serve as a fluorescent
reporter of NLRP10
subcellular localization

This Thesis

CL236

[h]NLRP10mCherry HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 as a fusion protein
with mCherry (vector 1612),
may serve as a fluorescent
reporter of NLRP10
subcellular localization

This Thesis

CL262

[m]NIrp10mCitrine HEK

HEK cells

HEK cells stably

This Thesis
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overexpressing murine
NIrp10 as a fusion protein
with mCitrine (vector 1121),
may serve as a fluorescent
reporter of Nlrp10 subcellular
localization

CL101

[m] N]rp 1 OmCitrine/
[h]ASCTagBFP HEK

HEK cells

HEK cells stably
overexpressing murine
NIrp10 (vector 1121) and
human ASC as a fusion protein
with TagBFP (vector 799),
may serve as a fluorescent
reporter of ASC speck
formation in response to
Nlrp10 inflammasome
activators

This Thesis

CL166

[h]NLRP10-IRES-mCitrine
HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 and mCitrine as two
separate polypeptides (vector
1058), serves as a control cell
line for the cell lines in which
NLRP10 localization was
monitored using NLRP10-
mCitrine fusion constructs

This Thesis

CL116

[h] NLRP1 OmCitrine/
[h]ASCTagBFP/
[h]HMGB1mcherry HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 as a fusion protein
with mCitrine (vector 1120),
human ASC as a fusion protein
with TagBFP (vector 799), and
an HMGB1-based fluorescent
nuclear marker (vector 597)

This Thesis

CL117

[h] NLRP1 OmCitrine/
[h]ASCTagBFP/mitomCherry
HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 as a fusion protein
with mCitrine (vector 1120),
human ASC as a fusion protein
with TagBFP (vector 799), and
a fluorescent marker of the
mitochondrial matrix (vector
820)

This Thesis

CL258

mitomcitrine [reporter] HEK

HEK cells

HEK cells stably
overexpressing a fluorescent
marker of the mitochondrial
matrix (vector 819)

This Thesis

CL277

[h]NLRP10mCherry/
TOMM20mCitrine HEK

HEK cells

HEK cells stably
overexpressing human
NLRP10 as a fusion protein
with mCherry (vector 1612)
and the mitochondrial marker
TOMM20 as a fusion protein
with mCitrine (vector 1176)

This Thesis

Table 3.3. List of stable cell lines used in my Thesis.

*Here only used as a parental cell line to generate other cell lines. The AIM2-deficient cells used in
experiments throughout my Thesis is CL20 stably transduced with the empty vector (vector 288 in the III
database), that is, CL104.

**Only used in the experiment in Figure 7.7.
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Reagent

Source

Dulbecco’s Modified Eagle’s Medium (DMEM), 4.5 g/L glucose, 2 mM
L-glutamine, with phenol red

Thermo Fisher Scientific

DMEM without glucose, without phenol red

Thermo Fisher Scientific

DMEM without glucose, without amino acids, with phenol red

Genaxxon

Roswell Park Memorial Institute (RPMI) tissue culture medium

Thermo Fisher Scientific

Minimal Essential Medium (MEM)

Thermo Fisher Scientific

OptiMEM

Thermo Fisher Scientific

Dulbecco’s phosphate-buffered saline (DPBS)

Thermo Fisher Scientific

TrypLE Express (1 x) Enzyme

Gibco (Thermo Fisher Scientific)

Fetal bovine serum (FBS)

Gibco (Thermo Fisher Scientific)

L929 cell conditioned medium

Generated by Gudrun Engels (111
Bonn)

Penicillin-streptomycin (10,000 U/mL)

Thermo Fisher Scientific

Puromycin (10 mg/mL)

Gibco (Thermo Fisher Scientific)

Ampicillin (100 mg/mL)

Sigma/Merck

Sodium pyruvate (100 mM)

Life Technologies (Thermo
Fisher Scientific)

poly-L-lysine (0.1% aqueous solution) Sigma
Ethidium bromide (10 mg/mL) Sigma (Merck)
2’,3’-dideoxycytidine abcam

Water (water-for-injection grade) Fresenius

Nuclease-free water

Thermo Fisher Scientific

Sodium chloride (5 M aqueous solution)

Sigma (Merck)

Potassium chloride (75 mM aqueous solution)

Sigma (Merck)

Calcium chloride (1 M aqueous solution)

Sigma (Merck)

Magnesium chloride (1 M aqueous solution)

Sigma (Merck)

Lithium chloride (8 M aqueous solution)

Sigma (Merck)

Sodium hydroxide (1 N aqueous solution)

Sigma (Merck)

Glucose (10%, or ~555 mM, aqueous solution)

Sigma (Merck)

HEPES pH 7.4 (1 M aqueous solution)

Sigma (Merck)

Lipofectamine 2000

Thermo Fisher Scientific

Lipofectamine 3000 and P3000 reagent

Thermo Fisher Scientific

GeneJuice Transfection Reagent Merck Millipore
DMSO (tissue culture grade) PanReac AppliChem
Ethanol absolute (molecular biology grade) PanReac AppliChem
Lipopolysaccharide (LPS) from Escherichia coli 0111:B4 Invivogen

Nigericin Thermo Fisher Scientific

Silica US Silica (MIN-U5/MIN-U15)
poly-(dA:dT) Sigma (Merck)

m-3M3FBS Sigma (Merck), Cayman Chemical
0-3M3FBS Tocris

Thapsigargin Enzo Life Sciences

SMBA1 Tocris

SC-9 Tocris

SC-10 abcam

DRAQ5 nuclear stain (5 mM)

Invitrogen (Thermo Fisher
Scientific)

PhosSTOP phosphatase inhibitor tablets Roche/Sigma (Merck)
Formaldehyde (16% aqueous solution, methanol-free) Thermo Fisher Scientific
Triton X-100 Carl Roth

Isopropanol (technical grade) PanReac AppliChem

Table 3.4. List of tissue culture reagents, chemicals, and inflammatory stimuli.
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3.4. DNA transfection (for protein overexpression)

Of the cell lines used in my Thesis, only HEK cells could be subjected to transient
transfection with plasmid DNA to enable transient protein overexpression. iMac cells
express a range of endogenous innate immune DNA sensors (most prominently AIM2
and cGAS), so cytosolic DNA delivery may lead to drastic off-target effects including cell
death. Therefore, all genetic modifications in iMac cells were performed by stable

transgene delivery using retroviral vectors (Section 3.3).

For transient protein overexpression, GeneJuice transfection reagent was used for DNA
delivery into the cell. Typically, the transfection reagent was combined with plasmid
DNA at the ratio of 2.3-2.8 uL of GeneJuice per 1 pg of plasmid DNA. Briefly, GeneJuice
was first mixed with serum- and antibiotic-free OptiMEM, and, in a separate tube, the
plasmid of interest was mixed with the same volume of serum- and antibiotic-free
OptiMEM. After a 5-10-min incubation at RT, the contents of both tubes were combined,
and the resulting mixture was incubated at RT for 15-20 min to allow for the formation
of transfection complexes. Thus formed transfection complexes were transferred to HEK
cells plated 6-24 h in advance in complete DMEM medium (with 4.5 g/L glucose and 2
mM L-glutamine, with the 10% FBS and penicillin-streptomycin [100 x dilution]
supplementation?) in either uncoated 6-well tissue culture-treated plates, or in poly-L-
lysine-coated 96-well tissue culture-treated microscopy-adapted plates. The typical
plating densities were between 5x103-2.2x10% cells/well (or 1.6x104-6.9x10% cells/cm?)
in 96-well plates, or ~5x10> cells/well (or ~5.3x10% cells/cm?) in 6-well plates. The
final volume of the transfection mix was generally kept under 100 pL/well for cells
transfected in 96-well plates, or under 200 pL/well for cells transfected in 6-well plates
so as to avoid an excessive dilution of the growth medium. Addition of DNA transfection
complexes was followed by a centrifugation step (340 x g, 5 min at RT). All prolonged (>

15 min) incubations of cells were performed at 37°C in the presence of 5% CO5-.

For the transfections performed in 96-well plates, the cells were imaged after 24-48 h
(depending on the experiment), either after direct fixation (4% formaldehyde with the

nuclear counterstain [5 uM DRAQS5]) or following a treatment with inflammasome

! Instances where any additional substances were included in the media during transfection experiments
are detailed in figure legends.
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activators (Section 3.10) and subsequent fixation. For the transfections performed in 6-
well plates, the cells were incubated with the transfection complexes for 24 h (37°C, 5%
COz). Next, the cells were detached from the growth surface (Section 3.3) and replated in
poly-L-lysine-coated tissue culture-treated microscopy-adapted 96-well plates. After a
24-h ‘resting’ period (37°C, 5% CO:), these cells were treated with inflammasome
activators (Section 3.10), fixed (4% formaldehyde with the nuclear counterstain [5 uM
DRAQ5]) and inspected by fluorescence microscopy. Specific details of each
experimental setup (the ratio of transfection reagent to DNA, the initial cell plating
density, the experimental timeline, and the incorporation of a re-plating step) are

provided in figure legends.

3.5. DNase I protein transfection

Protein transfection with DNase [ was performed using the PULSin protein transfection
reagent (Polyplus Transfection) following the manufacturer’s instructions, as described
by (Jabir et al., 2014). Briefly, the cells were loaded with DNase I (from bovine pancreas
[Sigma/Merck]; 0, 60, 300, or 500 ng per well in a 96-well plate) using the PULSin
protein transfection reagent (at the ratio of 4 uL of PULSin per 1 ug of protein). The
loading step (5 h, 37°C, 5% COz) was performed in OptiMEM without FBS or penicillin-
streptomycin supplementation. After the DNase I delivery, the cells were shifted for 90
min to DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS and
penicillin-streptomycin (100 x dilution), at 37°C in the presence of 5% CO;. This was

followed by treatment with inflammasome agonists (Section 3.10).

3.6. Bone marrow extraction and generation of bone marrow-derived

macrophages (BMDMs)

Femurs and tibias were typically obtained from 6-24-week-old mice with the following
genotypes: C57BL/6 (‘wild-type’ [WT]), Pycard/- (ASC-deficient), Aim2-/- (AIM2-
deficient), NIrp3-/- (NLRP3-deficient), Nlrp10-/- (NLRP10-deficient), and Nlrp1(Qfiox/flox
(WT-equivalent control for NLRP10-deficient experiments). Nlrp10-/- and Nlrp1Qfiex/flox

bones were a gift from Prof. Thomas Kufer (University of Hohenheim).

45



Chapter 3

After isolation, the bones were briefly washed in DPBS in a tissue-culture dish, followed
by a 30-s incubation in 70% ethanolaq. Then, the bones were transferred to DPBS in a
fresh tissue-culture dish and kept there until the bone marrow extraction step (< 30
min). The bones were opened using scissors and flushed (using a syringe) with FBS- and
antibiotic-free DMEM (4.5 g/L glucose, 2 mM L-glutamine; bones from one mouse were
flushed ~10 mL of medium) in a fresh tissue-culture dish. The bone marrow
suspensions in DMEM were centrifuged (340 x g, 5 min) and either cryopreserved at -
150°C (as described in Section 3.3; in FBS supplemented with 10% DMSO; bone marrow
from one mouse was distributed into two cryopreservation vials) or resuspended in
DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS, penicillin-
streptomycin (100 x dilution) and 15-30% L929 cell conditioned medium, which
contains the factors necessary for BMDM differentiation. Bone marrow from one mouse
was resuspended in ~40 mL of such medium. All steps of this procedure were

performed at RT.

BMDM differentiation was conducted over the period of 7 days in a tissue culture
incubator (37°C, 5% COz2). Bone marrow from one mouse was typically distributed into
two 175-cm? flasks or three to four 75-cm? flasks. On the last day of differentiation, the
L929 cell conditioned media-containing differentiation media were discarded and the
cells were washed with DPBS (~10 mL per flask for both the 75-cm? and the 175-cm?
flasks). DPBS from this wash was collected and replaced with fresh DPBS (~12 mL per
flask for both the 75-cm? and the 175-cm? flasks), in which the cells were detached using
a cell scraper. The BMDM suspensions in DPBS were collected and the flasks were
washed one last time with DPBS (~10 mL per flask for both the 75-cm? and the 175-cm?
flasks), which was also collected. Finally, the cell suspensions were spun down (340 x g,
8 min), the DPBS supernatants were discarded, and BMDMs were resuspended in DMEM
(4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS, penicillin-
streptomycin (100 x dilution) and 1-5% L929 cell conditioned medium (bone marrow
from one mouse was resuspended in ~12 mL of this medium). Then, the cells were
counted and the volumes of cell suspensions were adjusted to reach the final
concentration of ~5x10° cells/mL. For further experimentation, BMDMs were plated in
96-well plates at the density of 5x10% cells/well (or ~1.56x105 cells/cm?). All steps of

this procedure were performed at RT. Experiments using BMDMs were performed after
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a 16-18-h resting period in a tissue culture incubator (37°C, 5% COz) following cell

plating.

3.7. Generation of mtDNA-depleted cells

mtDNA depletion experiments were all performed in 96-well plates. Initial populations
of NLRP3/ASCmCerulean reporter iMac cells (2.5 x 103 cells per well in a 96-well plate, or
~7.8 x 103 cells/cm?), WT iMac cells (2.5 x 103 cells per well in a 96-well plate, or ~7.8 x
103 cells/cm?), or NLRP1Qm¢itrine /ASCTagBFP HEK cells (2.5 x 103 cells per well in a 96-well
plate, or ~7.8 x 103 cells/cm?; or 5 x 103 cells per well in a 96-well plate, or ~1.56 x 104
cells/cm?) were grown for 72-96 h in DMEM (4.5 g/L glucose, 2 mM L-glutamine)
supplemented with 10% FBS, penicillin-streptomycin (100 x dilution), 1 mM sodium
pyruvate and either ethidium bromide (EtBr; 50 or 75 ng/mL) or 2’,3’-dideoxycytidine
(ddC; 40 or 80 pg/mL) under standard conditions (37°C, 5% COz). Control cells were
grown in DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS,
penicillin-streptomycin (100 x dilution), and 1 mM sodium pyruvate. After the cells
reached 80-90% confluence, the experiments (Sections 3.8 and 3.10) were performed in

the same wells in which the cells had been plated.

3.8. Measurement of the cellular mtDNA content

Total cell DNA from mtDNA-depleted and control cells (Section 3.7) was isolated using
QIAmp DNA micro kit (Qiagen), following the manufacturer’s instructions. Per condition,

material from nine wells of a 96-well plate was collected.

The total cellular mtDNA content was analyzed by quantitative PCR (qPCR) using
sequences from nuclear DNA as a reference (‘housekeeping’) whose level is not strongly
affected by addition of the mtDNA-depleting agents. The sequences of [q]PCR primers
can be found in Table 3.5.

Primer name Primer sequence (5’-3°) Source

Leu-tRNA for (h-mtDNA) GATGGCAGAGCCCGGTAATCGC Hashiguchi and Zhang-Akiyama, 2009

Leu-tRNA rev (h-mtDNA) TAAGCATTAGGAATGCCATTGCG Hashiguchi and Zhang-Akiyama, 2009

pol-gamma for (h-nucDNA) | AGCGACGGGCAGCGGCGGCGGCA Hashiguchi and Zhang-Akiyama, 2009

pol-gamma rev (h-nucDNA) | CCCTCCGAGGATAGCACTTGCGGC Hashiguchi and Zhang-Akiyama, 2009
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D-loop for (m-mtDNA) AATCTACCATCCTCCGTGAAACC West et al,, 2015
D-loop rev (m-mtDNA) TCAGTTTAGCTACCCCCAAGTTTAA | Westetal, 2015
Tert for (m-nucDNA) CTAGCTCATGTGTCAAGACCCTCTT | Westetal, 2015
Tert rev (m-nucDNA) GCCAGCACGTTTCTCTCGTT West etal,, 2015

Table 3.5. Primer sequences used for the qPCR assessment of mtDNA depletion efficiency.

For the qPCR reaction mixes (20 uL), 100 ng DNA per sample was analyzed. The primers
were used at the final concentrations of 500 nM per primer. The qPCR master mix
(Maxima SYBR Green/ROX 2 x qPCR Master Mix [Thermo Fisher Scientific]) was based
on SYBR Green DNA detection and it was supplied as a 2 x concentrated working
solution. 10 pL of gPCR master mix were used per reaction, and nuclease-free water was

added to the final volume of 20 pL.

gPCR was run in technical duplicates according to the standard two-step cycling
protocol. Briefly, the DNA samples were denatured for 10 min at 95°C, followed by 40
cycles of (1) denaturation (95°C, 15 s) and (2) annealing and elongation (60°C, 1 min).
The fluorescence signal was acquired during the annealing and elongation step,
following the manufacturer’s instruction. The fold changes in the mtDNA content values

were calculated using the 2-24¢t method (Livak and Schmittgen, 2001).

3.9. Generation of oxidized DNA (0oxDNA) fragments by PCR

To generate double-stranded (ds) oxDNA fragments, a PCR reaction was performed on
vector 782 in the Il database (encoding the blue fluorescent Ca?* sensor B-GECO1 [Zhao
et al, 2011a]; the choice of vector was dictated by the size of the amplicon and the
availability of plasmid DNA and primers) using the following primers (5’-3’): forward
TTTTTTGGCGCGCCACCATGGTCGACTCACCACGTC, and reverse
AAAAAAGCGGCCGCCTACTTCGCTGTCATCATTTGTAC. The PCR reaction (50 pL) was run
on 100 ng DNA using 500 nM concentration of each of the primers. The PCR master mix
(PfuUltra II Hotstart PCR Master Mix [Agilent Technologies]) was supplied as 2 x
working solution and 25 pL of master mix per reaction were added. To introduce
oxidative DNA modifications into the PCR products, 8-oxo-dGTP (0, 0.1, 0.2, or 0.5 mM;
Jena Bioscience) was added to the PCR reaction (typically, the concentrations of dNTPs
in PCR reactions are ~0.2 mM). The cycling protocol consisted of a 1-min denaturation

step at 94°C, followed by 40 cycles of (1) denaturation (94°C, 30 s), (2) annealing (60°C,
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30 s), and (3) elongation (72°C, 2 min), and concluded by a final elongation step of 10
min (72°C). Next, the PCR products were electrophoretically separated from the
unoxidized template DNA in an agarose gel (1%) and isolated using PureLink Quick Gel
Extraction kit (Invitrogen/Thermo Fisher Scientific). DNA fragments purified in this way
served as ligands in inflammasome activation experiments (Section 3.10). Incorporation

of ox-guanosine residues was confirmed by antibody staining (Section 3.15).

Single-stranded (ss) (ox)DNA fragments were generated as described above with
several important modifications. The reverse primer used in the PCR reaction
(AAAAAAGCGGCCGCCTACTTCGCTGTCATCATTTGTAC) was phosphorylated at the 5’-
end (the forward primer did not contain any modifications). Additionally, only the 8-
0x0-dGTP-free (‘0 mM’) and 0.5 mM 8-o0xo-dGTP conditions were selected. Following the
PCR reaction, the products were subjected to digest with Lambda exonuclease (Thermo
Fisher Scientific). Lambda exonuclease is a highly processive enzyme that degrades the
5’-phosphorylated but not the 5’-unphosphorylated strands in dsDNA molecules,
yielding ssDNA fragments. The reaction (400 pL) was performed in the presence of
Lambda exonuclease buffer supplied by the manufacturer and using 16 uL of the
enzyme (10 U/uL) for 60 min at 37°C. This was followed by an enzyme inactivation step
(10 min at 80°C). ssDNA generated in this manner was electrophoretically separated
from leftover dsDNA substrate (1% agarose gel) and then purified from the gel
(PureLink Quick Gel Extraction kit, Invitrogen/Thermo Fisher Scientific) and used in

inflammasome activation assays (Section 3.10).

3.10. Activation of the inflammasome

One day before the experiment, the cells were detached from growth surface (as
described in Section 3.3) and plated in 96-well plates in DMEM (4.5 g/L glucose, 2 mM L-
glutamine) supplemented with 10% FBS and penicillin-streptomycin (100 x dilution).
The plating densities were typically 6x104 cells per well (~1.88x10> cells/cm?) for WT
iMac cells and cell lines derived from these cells, NIrp3-/- iMac cells, and Aim2CRISPR iMac
cells and cell lines derived from these cells, 5x10% cells per well (~1.56x105 cells/cm?)

for NLRP3/ASCmCerulean reporter iMac cells, and 3.5-3.8x10% cells per well (~1.1x10°-
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1.19x105 cells/cm?2) for HEK 293T cells and cell lines derived from these cells. The cells

were kept in a tissue culture incubator (37°C, 5% COz) overnight (16-18 h).

On the day of the experiment, the cells were primed with LPS (200 ng/mL, 2 h at 37°C,
5% COz) in DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS
and penicillin-streptomycin (100 x dilution), or they were left unprimed. Of note,
NLRP3/ASCmCerulean reporter iMac cells do not require the priming step for the NLRP3
inflammasome activation due to the constitutive overexpression of NLRP3. For the
experiments where the IL-1f secretion from these cells was to be measured, the priming
step (200 ng/mL, 2 h at 37°C, 5% COz) was included. Any deviations from the standard

priming protocol described here are indicated in figure legends.

For inflammasome activation, the cells were shifted to the standard extracellular
buffer/minimal salt solution consisting of (in mM) 123 NaCl, 5 KCI, 2 MgCl, 1 CaCl, 10
glucose, 10 HEPES, pH 7.4. For some experiments this list of buffer ingredients was
modified; the compositions of all extracellular buffers used in my Thesis is summarized
in Table 3.6. The details on extracellular milieu compositions are also provided in figure
legends. Typically, at this point 90 pL per well of the extracellular buffer were added.
Next, the cells were stimulated with the following inflammasome activators: nigericin
(final concentration 10 puM), thapsigargin (final concentration ~20 uM), m-3M3FBS
(final concentration ~85 uM), 0-3M3FBS (final concentration ~85 uM), or poly-(dA:dT)
(model dsDNA transfection complexes, administered at 200 ng/well 2). The
inflammasome activators (typically 10 pL per well]) were administered as 10 x
concentrated working solutions, so, for example, 10 pL of 100 uM nigericin were added
to 90 uL of the extracellular medium to produce the final concentration of 10 uM

nigericin. The addition of inflammasome agonists was followed by gently flicking the

2 Poly-(dA:dT) transfection complexes were prepared by mixing (per well) 0.5 pL of Lipofectamine 2000
with 5 puL. OptiMEM and, in a separate tube, 200 ng of poly-(dA:dT) with 5 puL. OptiMEM. After a 5-min
incubation at RT, the contents of both tubes were mixed and incubated for further 10-15 min to allow for
the formation of transfection complexes. Then, 10 uL per well of transfection complexes were transferred
to the cells, with 90 uL of the extracellular buffer already present in the medium. These amounts
correspond to the final concentration of 2 pg/mL poly-(dA:dT) dsDNA complexed with 5 uL of
Lipofectamine 2000. Of note, for a set of specific experiments (Sections 8.9 and 8.10), Lipofectamine 3000
with the P3000 reagent were used as transfection reagents to deliver DNA to the cytosol for
inflammasome activation. Those instances, as well as the ratios of DNA to Lipofectamine 3000 to the
P3000 reagents are indicated in the respective figure legends.
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plate with a finger, a centrifugation step3 (340 x g, 5 min, at RT), and a 30-60-min
incubation (37°C, 5% COz2). After this time, tissue culture supernatants were collected,
and/or the cells were fixed (4% formaldehyde) and counterstained with a nuclear dye

(5 1M DRAQS5).

There were two reasons why [ used minimal salt solutions as extracellular media for
inflammasome activation in my Thesis. First, several experiments involved testing of the
influence of increased concentrations of certain ions (K*, Ca?*) on inflammasome
activation, or of the impact of certain ions’ depletion (K*, Ca?*, Mg?+, Cl-). There are no
commercially available media to easily examine such conditions, so using buffers
prepare in-house was a sensible alternative. Secondly, the inflammasome responses to
m-3M3FBS and thapsigargin were much more efficient in the standard extracellular
buffer than they were in DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with
10% FBS and penicillin-streptomycin (100 x dilution) (Supplementary Methods Figure
SM1). In an attempt to determine whether the decrease in inflammasome activation
could be attributed to the presence of FBS or bovine serum albumin (BSA; the major
protein component of serum), I tested whether addition of FBS (0.1-10%) or BSA (0.05-
5 mg/mL) to the standard extracellular buffer would block the inflammasome responses
to m-3M3FBS and thapsigargin (Supplementary Methods Figure SM2). However, the
inhibitory effect of FBS and BSA (Supplementary Methods Figure SM2) was less evident
than the inhibitory effect of DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented
with 10% FBS and penicillin-streptomycin (100 x dilution) (Supplementary Methods
Figure SM1). To determine whether DMEM (4.5 g/L glucose, 2 mM L-glutamine) itself
contained ingredients that acted as inhibitors of the inflammasome responses to m-
3M3FBS and thapsigargin, I inspected the strength of the inflammasome activation by
these stimuli in WT iMac cells, NLRP3 /ASCmCerulean reporter iMac cells (Supplementary
Methods Figure SM3), and NLRP1(QmCitrine /ASCTagBFP HEK cells (Supplementary Methods
Figure SM4) in the presence of various serum-free extracellular media: the minimal salt
solution, DPBS, DMEM (4.5 g/L glucose, 2 mM L-glutamine), DMEM (glucose-free and
without phenol red), DMEM (glucose- and amino acid-free, with phenol red), RPMI,
OptiMEM, and MEM. Overall, there was no indication that any of the tested media may

contain a complete inhibitor of the m-3M3FBS-/thapsigargin-induced inflammasome

3 Centrifugation of the cells was essential for an efficient inflammasome activation by thapsigargin and
poly-(dA:dT).
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activation but because of the reliably high levels of inflammasome activation in the
minimal salt solution and because of the easiness with which the composition of this
extracellular buffer can be manipulated, I performed the majority of the experiments in
my Thesis in an extracellular buffer consisting of (in mM) 123 NaCl, 5 KCI, 2 MgCl, 1
CaCly, 10 glucose, 10 HEPES, pH 7.4.

A certain deviation from the protocol for activation of the inflammasome with nigericin,
m-3M3FBS, 0-3M3FBS, thapsigargin, and poly-(dA:dT) was the stimulation of the AIM2
and NLRP10 inflammasomes with SC-9, SC-10, and SMBA1. For the three latter
stimulations, the cells were shifted to 50 pL per well of the standard extracellular buffer,
followed by addition of 50 pL per well of the inflammasome stimuli in the form of 2 x
concentrated working solutions (SMBA1: typically 100 uM working solution, 50 uM final
concentration; SC-9: typically 200 uM working solution, 100 uM final concentration; SC-
10: typically 200 uM working solution, 100 uM final concentration). Similar to other
inflammasome activation protocols, the addition of inflammasome agonists was
followed by gently flicking the plate with a finger, a centrifugation step (340 x g, 5 min,
at RT), and a 30-60-min incubation (37°C, 5% COz). After this time, tissue culture
supernatants were collected, or the cells were fixed (4% formaldehyde) and

counterstained with a nuclear dye (5 uM DRAQ5).

The exception to this general protocol was the NLRP3 inflammasome activation with
silica crystals. This stimulation was performed in the presence of DMEM (4.5 g/L
glucose, 2 mM L-glutamine) supplemented with 10% FBS and penicillin-streptomycin
(100 x dilution). Briefly, silica crystal suspension (500 pg/mL) was added to the cells,
followed by gently flicking the plate with a finger, a centrifugation step (340 x g, 5 min,
at RT), and a 6-h incubation (37°C, 5% CO2). After this time, tissue culture supernatants
were collected, or the cells were fixed (4% formaldehyde) and counterstained with a

nuclear dye (5 uM DRAQ5).

Name of buffer Composition

Minimal salt solution (standard) | 123 mM NaCl, 5 mM KCl, 2 mM MgClz, 1 mM CaClz, 10 mM glucose, 10
mM HEPES, pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq (~500 pL of
1 N NaOHaq per 500 mL of buffer).

Minimal salt solution (high 125 mM KCl, 2 mM MgClz, 1 mM CaClz, 10 mM glucose, 10 mM HEPES,
potassium) pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq (~500 pL of 1 N NaOHaq
per 500 mL of buffer).
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Minimal salt solution
(potassium-free)

123 mM NacCl, 2 mM MgClz, 1 mM CaClz, 10 mM glucose, 10 mM HEPES,
pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq (~500 pL of 1 N NaOHaq
per 500 mL of buffer).

Minimal salt solution (calcium-
free)

123 mM NaCl, 5 mM KCl, 2 mM MgClz, 10 mM glucose, 10 mM HEPES,
pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq (~500 pL of 1 N NaOHaq
per 500 mL of buffer).

Minimal salt solution (calcium
and magnesium free)

131 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, pH 7.4. Adjust
the pH to 7.4 with 1 N NaOHaq (~500 pL of 1 N NaOHaq per 500 mL of
buffer).

Minimal salt solution (chloride-
free; acetate-based)

131 mM sodium acetate, 5 mM potassium acetate, 10 mM glucose, 10
mM HEPES, pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq (~500 pL of
1 N NaOHaq per 500 mL of buffer).

Minimal salt solution (chloride-
free, gluconate-based)

131 mM sodium gluconate, 5 mM potassium gluconate, 10 mM
glucose, 10 mM HEPES pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq
(~500 pL of 1 N NaOHaq per 500 mL of buffer).

Minimal salt solution (with
lithium chloride, high
osmolarity)

125 mM Na(l, 50 mM LiCl, 5 mM KCl, 2 mM MgClz, 1 mM CaClz, 10 mM
glucose, 10 mM HEPES, pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq
(~500 pL of 1 N NaOHaq per 500 mL of buffer).

Minimal salt solution (with
lithium chloride, osmolarity-
compensated)

75 mM NaCl, 50 mM LiCl, 5 mM KCl, 2 mM MgClz, 1 mM CaClz, 10 mM
glucose, 10 mM HEPES, pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq
(~500 pL of 1 N NaOHaq per 500 mL of buffer).

Minimal salt solution (high
osmolarity)

175 mM NaCl, 50 mM LiCl, 5 mM KCl, 2 mM MgClz, 1 mM CaClz, 10 mM
glucose, 10 mM HEPES, pH 7.4. Adjust the pH to 7.4 with 1 N NaOHaq
(~500 pL of 1 N NaOHaq per 500 mL of buffer).

Table 3.6. Compositions of the minimal media/extracellular buffers for inflammasome activation.
All buffers were prepared using water-for-injection grade water.

3.11. Testing of LMW inhibitors

Multiple experiments throughout my thesis were performed using LMW inhibitors of
signaling enzymes, or blockers of channels and transporters. The comprehensive list of
all tested treatments, together with their commercial sources and reported mechanisms
of action, is provided in Table 3.7. These assays were performed in 96-well plates and

the cells were prepared for the experiment as described in Section 3.10.

The basic setup of the inhibition experiments was as follows: for experiments in which
the readout was the measurement of IL-13 concentration in tissue culture supernatants,
the cells were primed with LPS (200 ng/mL, 2 h in DMEM [4.5 g/L glucose, 2 mM L-
glutamine] supplemented with 10% FBS and penicillin-streptomycin [100 x dilution], at
37°C, 5% COz). For experiments in which the readout was imaging of ASC specks, the
cells were generally left unprimed. Next, the cells were shifted to an extracellular
medium consisting of (in mM) 123 NacCl, 5 KCl, 2 MgCl, 1 CaClz, 10 glucose, 10 HEPES,
pH 7.4, with the addition of LMW inhibitors/blockers, or vehicle [solvent] controls (90
pL/well when the next step was inflammasome activation with nigericin, m-3M3FBS, o-

3M3FBS, thapsigargin, poly-[dA:dT], or silica, or 50 puL. when the next step was
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inflammasome activation with SMBA1, SC-9, or SC-10). The tested concentrations
inhibitor/blocker concentrations are indicated in figure legends. Inhibitor addition was
followed by ~10-min incubation at 37°C, 5% CO2. Then, the cells were stimulated with
inflammasome activators (typically 10 or 50 uL/well), as described in Section 3.10. The
addition of inflammasome agonists was followed by gently flicking the plate with a
finger, a centrifugation step (340 x g, 5 min, at RT), and a 30-60-min incubation (37°C,
5% CO3). After this time, tissue culture supernatants were collected, or the cells were

fixed (4% formaldehyde) and counterstained with a nuclear dye (5 uM DRAQS5). Any

deviations from this general protocol are specified in figure legends.

Name Source Solvent Reported mechanism of action
(vehicle)

2-APB Sigma (Merck) DMSO Inhibitor of IPs receptors in the
endoplasmic reticulum membrane

3-methyladenine Sigma (Merck) Ethanol Inhibitor of autophagy

4-phenylbutyric acid Sigma (Merck) Water Chemical chaperone - expected to
counteract proteotoxic stress

8-hydroxy-2’- Sigma (Merck) DMSO Reported inhibitor of NLRP3

deoxyguanosine

A-92 Axon Medchem DMSO GCN2 kinase inhibitor

ABT263 (navitoclax) Selleckchem DMSO BCL-2/XL/W inhibitor

ABT737 Selleckchem DMSO BCL-2/XL/W inhibitor

Actinomycin D Sigma (Merck) DMSO Inhibitor of eukaryotic mRNA
transcription

Alisporivir (Debio025) MedChem Express DMSO Non-immunosuppressive analog of
cyclosporin A (blocks mitochondrial
damage)

AMG PERK 44 Tocris DMSO PERK kinase inhibitor

Amprenavir Sigma (Merck) DMSO Inhibitor of HIV protease

Apoptosis activator 2 Tocris DMSO Inducer of intrinsic apoptosis

Artemisinin Tocris DMSO Reported inhibitor of
sarco/endoplasmic reticulum Caz*
ATPase

Ascomycin Biomol/Cayman DMSO Inhibitor of calcineurin/nuclear

Chemical factor of activated T cells signaling

AT406 Cayman Chemical DMSO SMAC mimetic (pro-apoptotic)

Atazanavir Sigma (Merck) DMSO Inhibitor of HIV protease

Auranofin Sigma (Merck) DMSO Cytotoxic agent reported to induce
mtROS generation

Bafilomycin A1l Adipogen DMSO Inhibitor of vacuolar H*-ATPase

Barium chloride (BaClz) Sigma (Merck) Water Reported inhibitor of mitochondrial
permeability transition pore

BAM7 Tocris DMSO Agonist of Bax

BAPTA-AM Enzo Life Sciences DMSO Intracellular Ca%* chelator

Benzenesulfonamide Sigma (Merck) DMSO Chemical scaffold of m-3M3FBS and
related molecules

Betulinic acid Sigma (Merck) DMSO Activator of intrinsic apoptosis

BHQ Tocris DMSO Inhibitor of sarco/endoplasmic
reticulum Ca%* ATPase

BI-6C9 Santa Cruz DMSO Inhibitor of tBid-mediated apoptosis

Bisindolylmaleimide II Tocris DMSO Inhibitor of protein kinase C
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Birinapant Biomol/Cayman DMSO SMAC mimetic
Chemical
Bongkrekic acid Sigma (Merck) TBS Inhibitor of Slc25a4, reported to
inhibit mPT
Bortezomib Selleckchem DMSO Proteasome inhibitor
Bovine serum albumin Sigma/Merck Water Major serum protein component
(BSA)
Brefeldin A Sigma/Merck DMSO Inhibitor of protein transport from
the ER to the Golgi apparatus
Bryostatin 1 Enzo Life Sciences DMSO Activator of protein kinase C
BTSA1 Selleckchem DMSO Agonist of Bax
C-1 Tocris DMSO Inhibitor of protein kinases A, C, and
G
Cl6 Tocris DMSO PKR kinase inhibitor
Calcium chloride (CaCl;) Sigma/Merck Water Source for extracellular Ca?* ions
Carboxyatractyloside Biomol/Cayman DMSO Inhibitor of Slc25a4, reported to
Chemical activate mPT
CCCP Tocris DMSO Mitochondrial uncoupler
CDDO Cayman Chemical DMSO Inducer of mitochondrial unfolded
protein response
CDDO-Me Tocris DMSO Inducer of mitochondrial unfolded
protein response
Chelerythrine chloride Calbiochem DMSO Inhibitor of protein kinase C
Chloramphenicol Sigma/Merck Ethanol Antibacterial antibiotic with reported
mitochondria-damaging activity
CkI7 Santa Cruz DMSO SGK kinases inhibitor
Cobalt(II) chloride Sigma/Merck Water Chemical inducer of hypoxia-like
(CoClp) cellular state
Colchicine Sigma/Merck DMSO Inhibitor of microtubule
polymerization
Concanavalin A (type I[V) | Sigma/Merck PBS Lectin used for induction of
neutrophil extracellular trap
formation
Concanavalin A (type VI) | Sigma/Merck PBS Lectin used for induction of
neutrophil extracellular trap
formation
CRID3 Pfizer Ethanol Inhibitor of NLRP3
CRT0066101 abcam DMSO Inhibitor of protein kinase D
Cyclopiazonic acid Tocris DMSO Inhibitor of sarco/endoplasmic
reticulum Ca%+ ATPase
Cyclosporin A Sigma/Merck DMSO Inhibitor of mitochondrial damage as
well as calcineurin/nuclear factor of
activated T cells signaling
Cytochalasin D Sigma/Merck DMSO Phagocytosis inhibitor (through actin
polymerization inhibition)
D609 Tocris DMSO Phosphatidylcholine (PC)-
phospholipase C inhibitor
Debio025 (alisporivir) MedChem Express DMSO Non-immunosuppressive analog of
cyclosporin A (blocks mitochondrial
damage)
Dexpramipexole Sigma/Merck DMSO Mitoprotective agent, possibly
dihydrochloride through mPT inhibition
Diazoxide Tocris DMSO K* channel blocker
DIDS Tocris DMSO Inhibitor of Cl- channels
Doxorubicine Biomol/Cayman DMSO Antitumor agent triggering DNA
Chemical damage, intercalating agent inhibiting
topoisomerase Il
DS16570511 Aobious DMSO Mitochondrial Ca2+ uniporter

inhibitor
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DS44170716 Sigma/Merck DMSO Mitoprotective agent, possibly
through mPT inhibition

Edelfosine Enzo Life Sciences Ethanol Phosphatidylinositol (PI)-
phospholipase C inhibitor

Emricasan Sigma/Merck DMSO Pan-caspase inhibitor

Eperezolid AdooQ Bioscience DMSO Antibacterial antibiotic with reported
mitochondria-damaging activity

ER000444793 MedChem Express DMSO Mitoprotective agent, possibly
through inhibition of mPT

FCCP Tocris DMSO Mitochondrial uncoupler

FK506 Tocris DMSO Inhibitor of calcineurin/nuclear
factor of activated T cells signaling

Gadolinium chloride Sigma/Merck Water Reported inhibitor of mitochondrial

(GdCls) permeability transition pore

Gambogic acid Tocris DMSO Inducer of intrinsic apoptosis

GF109203X Tocris DMSO Inhibitor of protein kinase C

Glycine Sigma/Merck PBS Inhibitor of lytic cell death

G66983 Tocris DMSO Inhibitor of protein kinase C

GSK650394 Tocris DMSO Inhibitor of SGK kinases

GSK2606414 Tocris DMSO PERK kinase inhibitor

GTPP MedChem Express DMSO Inducer of mitochondrial unfolded
protein response

HA14-1 Tocris DMSO Inducer of intrinsic apoptosis

1AA-94 Sigma/Merck DMSO Cl- channel blocker

ICH-1 Sigma/Merck DMSO Caspase-2 inhibitor

Idebenone Sigma/Merck DMSO Synthetic analog of coenzyme Q in the
IMM

iMAC2 Tocris DMSO Inhibitor of intrinsic apoptosis

Importazole Sigma/Merck DMSO Inhibitor of nuclear protein import

lonomycin Enzo Life Sciences DMSO Ca?* ionophore

Ivermectin Tocris DMSO Reported inhibitor of nuclear protein
import

K252c Enzo Life Sciences DMSO Inhibitor of protein kinase C

KB-R7943 mesylate Cayman Chemical DMSO Inhibitor of mitochondrial Caz*
uniporter and of Na*/Ca?* exchanger

KPT-185 Selleckchem DMSO Inhibitor of nuclear export

KPT-330 (Selinexor) Biomol/Cayman DMSO Inhibitor of nuclear export

Chemical
LCL161 Cayman Chemical DMSO SMAC mimetic
Leptomycin B Sigma/Merck Methanol: Inhibitor of nuclear export
water (7:3)
Leu-Leu-O-Me Chem-Impex DMSO Activator of NLRP3 through the
International lysosomal damage pathway

Linezolid Tocris DMSO Antibacterial antibiotic with reported
mitochondria-damaging activity

Lithium chloride (LiCl) Sigma/Merck Water GSK3 kinase inhibitor; used here as
an inhibitor of inositol
monophosphate dephosphorylation

Lonidamine Sigma/Merck DMSO Inhibitor of hexokinase with reported
mitochondrial activity

Lopinavir Sigma/Merck DMSO Inhibitor of HIV protease

Maleimide Sigma/Merck DMSO Chemical scaffold of U73122 and
related molecules

MCD-cholesterol Sigma/Merck PBS Water-soluble form of cholesterol

Mdivi-1 Tocris DMSO Inhibitor of mitochondrial fission

Metformin Tocris DMSO Likely acts on multiple targets; some
reports suggest mitoprotective
activity

Minocycline Enzo Life Sciences DMSO Antibacterial antibiotic with reported
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mitochondria-damaging activity

Mirin Enzo Life Sciences DMSO Inhibitor of DNA repair, suggested to
also disrupt mtDNA
MitoBloCK-6 Focus DMSO Inhibitor of mitochondrial protein
Biomolecules/tebu- import
bio
MitoBloCK-12 tebu-bio DMSO Inhibitor of mitochondrial protein
import
N-ethylmaleimide Sigma/Merck DMSO Chemical scaffold of U73122 and
related molecules
N-ethyltoluene-4- Sigma/Merck DMSO Chemical scaffold of m-3M3FBS and
sulfonamide related molecules
N-methyl-p- Sigma/Merck DMSO Chemical scaffold of m-3M3FBS and
toluenesulfonamide related molecules
Navitoclax (ABT263) Selleckchem DMSO BCL-2/XL/W inhibitor
Necrostatin-1 Tocris DMSO Inhibitor of necroptosis
Necrosulfonamide Merck DMSO Inhibitor of necroptosis
Nelfinavir Sigma/Merck DMSO Inhibitor of HIV protease
Nifedipine Tocris DMSO Ca?* channel blocker
NIM811 MedChem Express DMSO Non-immunosuppressive analog of
cyclosporin A (blocks mitochondrial
damage)
NSC668394 EMD Millipore/ DMSO Inhibitor of ezrin
Calbiochem
Oligomycin A Selleckchem Ethanol Inhibitor of ATP synthase
(mitochondrial)
p-toluenesulfonamide Sigma/Merck DMSO Chemical scaffold of m-3M3FBS and
related molecules
PF-543 Tocris DMSO Sphingosine kinase inhibitor with
reported mitoprotective activity
Pitstop 2 Sigma/Merck DMSO Clathrin inhibitor demonstrated to
cause a breach in the nuclear
permeability barrier
PMA Sigma/Merck DMSO Activator of protein kinase C
Potassium chloride (KCl) | Sigma/Merck Water Major salt inside of the cell
Q-Vd-OPh Cayman Chemical DMSO Pan-caspase inhibitor
R-(+)-N-(1- Sigma/Merck DMSO Chemical scaffold of U73122 and
phenylethyl)maleimide related molecules
R837 Invivogen PBS Activator of NLRP3 through
inhibition of the mitochondrial
electron transport chain complex I
Ritonavir Tocris DMSO Inhibitor of HIV protease
R032-0432 Tocris DMSO Inhibitor of protein kinase C
Rotenone Sigma/Merck DMSO Inhibitor of the mitochondrial
electron transport chain complex I
S$63845 Cayman Chemical DMSO Inhibitor of the BCL-2 family protein
MCL-1
SC79 Selleckchem /Biozol DMSO Activator of protein kinase B (Akt)
Selinexor (KPT-330) Biomol/Cayman DMSO Inhibitor of nuclear export
Chemical
Sodium acetate Sigma/Merck Water Replacement of NaCl in Cl- depletion
experiments
Sodium azide (NaN3) Sigma/Merck Water Inhibitor of the mitochondrial
electron transport chain complex IV
Sodium chloride (NaCl) Sigma/Merck Water Major salt in extracellular fluids
Sodium gluconate Sigma/Merck Water Replacement of NaCl in Cl- depletion
experiments
Succinimide Sigma/Merck DMSO Chemical scaffold of U73343 and

related molecules
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Staurosporine Enzo Life Sciences DMSO Pan-kinase inhibitor

Tetracycline Sigma/Merck Ethanol Antibacterial antibiotic with reported
mitochondria-damaging activity

TR0O19622 Tocris DMSO Mitoprotective agent, possibly
through inhibition of mPT

Tunicamycin Tocris DMSO Inhibits protein glycosylation in the
ER, leading to ER stress

TW37 Cayman Chemical DMSO Inducer of intrinsic apoptosis

U73122 Sigma/Merck DMSO Phosphatidylinositol (PI)-
phospholipase C inhibitor

U73343 Tocris DMSO Inactive analog of U73122

Valinomycin Sigma/Merck DMSO Electrogenic K* ionophore

VBIT-4 Aobious DMSO Inhibitor of voltage-dependent anion
channel

VX-765 Selleckchem DMSO Inhibitor of caspase-1

Z-1IETD-FMK R&D Systems DMSO Inhibitor of caspase-8

Table 3.7. List of low molecular weight enzyme inhibitors, channel/transporter blockers, and
other treatments aimed at perturbing cellular processes.
PBS, phosphate-buffered saline; TBS, TRIS-buffered saline.

3.12.U73122, maleimide, and CRID3 inhibitor washout experiment

Unprimed NLRP3/ASCmCerulean reporter iMac cells or LPS-primed (200 ng/mL, 2 h) WT
iMac cells were shifted to an extracellular medium consisting of (in mM) 123 NaCl, 5 KCl,
2 MgCl», 1 CaCly, 10 glucose, 10 HEPES, pH 7.4 and pre-treated for 10 min with CRID3 (5
puM) or two doses of U 73122 or maleimide (10 or 20 uM) at 37°C in the presence of 5%
CO2. This was followed by 0, 1, or 2 washes with the extracellular medium (RT) and
addition of nigericin (10 uM) in the extracellular medium consisting of (in mM) 123
NaCl, 5 KCl, 2 MgClz, 1 CaClz, 10 glucose, 10 HEPES, pH 7.4. The negative controls were
subjected to medium alone. Immediately after addition of nigericin, the plates were
centrifuged at 340 x g for 5 min (RT) and then transferred to a tissue culture incubator
(37°C, 5% CO2) to allow for inflammasome activation. After 60 min, the supernatants
were collected and IL-1p concentrations were measured, or the cells were fixed with 4%
formaldehyde, counterstained for the nuclei with 5 uM DRAQ5 and imaged using a

fluorescence microscope.

3.13. Induction of intrinsic apoptosis

Intrinsic apoptosis was induced by treatments described by Vince et al. (2018),
McArthur et al. (2018), and Riley et al. (2018). Briefly, LPS-primed (100 ng/mL, 1 h;
37°C, 5% CO2; LPS was kept in the stimulation media for the entire duration of the
experiments) or unprimed cells were subjected to the transcription inhibitor
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actinomycin D (2 uM) or the MCL-1 inhibitor S63845 (5 uM), or they were left untreated
(-) in the presence or absence of the pan-caspase inhibitors Q-Vd-OPh (20 uM) or
emricasan (20 puM), or the caspase-1 inhibitor VX-765 (20 uM). Immediately after
administration of these treatments, the cells were stimulated with the BCL-2 family
inhibitors ABT263 (0, 10, 25, or 50 uM) or ABT737 (0, 10, 25, or 50 uM). All stimulations
were performed in DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 5%
FBS and penicillin-streptomycin (100 x dilution). Immediately after addition of
inflammasome activators, the plates were centrifuged at 340 x g for 5 min (RT). After a
24-h incubation at 37°C in the presence of 5% COz2, the supernatants were collected for
IL-1B concentrations measurement, or the cells were fixed with 4% formaldehyde and

counterstained with the nuclear dye DRAQ5 (5 uM).

Any modifications to this general protocol (for example, introduction of pre-incubation
steps with LMW inhibitors of various signaling molecules or addition of increased KClI

concentration to the stimulation medium) are specified in figure legends.

Other long-term (> 6 h) stimulations were performed using a similar setup (in DMEM
[4.5 g/L glucose, 2 mM L-glutamine] supplemented with 5-10% FBS and penicillin-
streptomycin [100 x dilution], with a decreased concentration of ‘priming’ LPS [100
ng/mL], and with LPS present in the stimulation medium for the entire duration of the

experiment); all the deviations from this general protocol are noted in figure legends.

3.14. Chemical-induced hypoxia and ischemia in vitro models

For the CoClz-induced in vitro hypoxia model, cells plated in wells of 96-well plates (as
described in Section 3.10) were treated overnight (~16 h) with CoClz (0, 100, or 250
uM) in DMEM (4.5 g/L glucose, 2 mM L-glutamine) supplemented with 10% FBS and
penicillin-streptomycin (100 x dilution; 37°C, 5% CO2). On the next day, the cells were
shifted to CoCl;-free media and primed with LPS or left unprimed; or they were kept in
CoClz (0, 100, or 250 uM)-containing media and LPS-primed or left unprimed (all
incubations were performed at 37°C in the presence of 5% CO2). Next, the cells were
shifted to an extracellular medium consisting of (in mM) 123 NacCl, 5 KCI, 2 MgCl2, 1
CaCl2, 10 glucose, 10 HEPES pH 7.4 without or with CoClz (0, 100, or 250 uM) and
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stimulated with the inflammasome activators m-3M3FBS (85 uM), thapsigargin (20 uM),
nigericin (10 uM) or poly-(dA:dT) (2 ug/mL complexed with 5 uL Lipofectamine 2000).
Immediately after addition of inflammasome activators, the plates were centrifuged at
340 x g for 5 min (RT). After 30-60 min (37°C, 5% CO:), tissue culture supernatants
were collected for IL-1B concentration measurement, or the cells were fixed with 4%

formaldehyde and counterstained with the nuclear dye DRAQ5 (5 uM).

For the NaNz-induced in vitro ischemia model, LPS-primed (200 ng/mL, 2 h; 37°C, 5%
CO2) WT iMac cells, NLRP3 /ASCmCerulean reporter iMac cells, and NLRP1(QmCitrine / AS(CTagBFP
HEK cells were shifted to an extracellular medium consisting of (in mM) 123 NaCl, 5 KCl,
2 MgCl», 1 CaCly, 10 glucose, 10 HEPES pH 7.4, without or with NaN3 (0.5, 1, 2.5, 5, 10, or
20 mM). The cells were incubated under these conditions for 30 min or for 90 min
(controls) at 37°C in the presence of 5% COz. After 30 min, NaN3 was washed away, and
the cells were incubated for further 60 min (37°C, 5% COz2) in the experimental medium
without NaN3 (during this time, the cells from the 90-min NaN3 condition were further
incubated with NaNz). At this point, the positive (m-3M3FBS) control cells were
stimulated with 85 uM m-3M3FBS. At the completion of the experiment, the tissue
culture supernatants were collected for IL-1p concentrations assessment, or the cells

were fixed with 4% formaldehyde and counterstained with the nuclear dye DRAQ5 (5
uM).

3.15. Antibody staining

An antibody staining was performed to assess the efficiency of oxidized guanosine
residues incorporation into PCR reaction products generated in the presence of 8-oxo-
dGTP (Section 3.9). Briefly, NLRP3/ASCmCerulean reporter iMac cells in wells of a 96-well
plate were stimulated (37°C, 5% CO2z) with PCR reaction products-Lipofectamine 2000
complexes at 1 pg/mL DNA complexed with 2.5 pL Lipofectamine 2000 (corresponding
to 100 ng DNA and 0.25 pL Lipofectamine 2000 per well). Immediately after addition of
DNA transfection complexes, the plates were centrifuged at 340 x g for 5 min (RT). After
60 min (37°C, 5% COz), the cells were fixed with 4% formaldehyde (37°C, 60 min). Next,
formaldehyde was discarded, and its residues were ‘quenched’ by and overnight

incubation with 150 mM NH4Clppgs (at 4°C). Subsequently, the samples were
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permeabilized and blocked in 0.3% Triton-X100 in DPBS with 3% BSA (blocking buffer;
RT, 60 min). Then, the blocking buffer was removed, and the primary antibody was
added (mouse anti-8-oxo-dG monoclonal antibody, Trevigen; supplied as a 0.5-mg/mL
solution and used here at a 100 x dilution in blocking buffer) for 2 h, at RT. Next, the
samples were washed three times with DPBS, followed by incubation with the
secondary antibody (goat anti-mouse IgG F(ab’); fragments conjugated with Alexa Fluor
568, Invitrogen/Thermo Fisher Scientific; supplied as a 2-mg/mL solution and used here
at a 500 x dilution in blocking buffer) for 1 h, at RT in the dark. Next, the samples were
washed three times with DPBS in the dark and counterstained for the nuclei with
DRAQS5 (final concentration: 5 uM in DPBS). Samples prepared in this manner were

subjected to widefield fluorescence imaging (Section 3.16).

3.16. Widefield fluorescence imaging of fixed samples

Formaldehyde-fixed cell samples were analyzed by fluorescence microscopy no later
than one week after completion of the experiment. Until that time, the samples were

stored at 4°C.

Samples were imaged at the Microscopy Core Facility (Medical Faculty, University of
Bonn) using the Observer.Z1 fluorescence microscope (Zeiss) with a dry 20 x LD Plan
Neo Fluor objective (numerical aperture 0.4) or a dry 20 x Plan Apochromat objective
(numerical aperture 0.8). Scale bars (typically 50 um) are included in the overlay
microscopy images presented in my Thesis. The microscope was operated using Zen 2.3

Pro software (Zeiss). Image acquisition was performed at RT.

All imaging assays were performed in 96-well plates. For most experiments, six images
per well were acquired*. Automated acquisition was set up in the microscope software;
as all fixed samples were counterstained with the nuclear dye DRAQS5, the DRAQS

channel was used as the reference channel for software autofocus.

Generally, a phase-contrast micrograph was acquired for every condition, with the DAPI

filter set (Zeiss filter set #49) in the light path. For the fluorescent proteins and dyes

4 For example, a result of three independent experiments performed in technical duplicate is pooled from
36 images (6 images/well x 2 wells/repeat of experiment x 3 independent experiments).
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used in my Thesis, the following filter sets were used: TagBFP, Zeiss filter set #49
(DAPI); mCerulean, Zeiss filter set #47 HE (CFP); mCitrine, Zeiss filter set #46 HE (YFP);
mCherry, Zeiss filter set #43 HE (DsRed); Alexa Fluor 568, Zeiss filter set #43 HE
(DsRed); DRAQS5, Zeiss filter set #50 (Cy5).

After acquisition, where applicable, sample images were exported as TIFF files using Zen
Lite software (Zeiss). Only linear adjustments were applied to the images (adjustments
to the lower and upper boundaries of the lookup table), and these adjustments were
uniformly applied to all sample images within one experiment. No non-linear
adjustments were applied. TIFF files exported from Zen Lite software were directly
imported into figures, which were prepared using Ai Illustrator software (Adobe
Creative Cloud). In Ai Illustrator, the images were cropped and, when necessary, the

image dimensions were adjusted to the layout of the figure.

For image quantification (Section 3.22), raw imaging data were imported into Cell
Profiler 3.1.8 or 3.1.9 software (Carpenter et al., 2006; Kamentsky et al,, 2011; McQuin et
al.,, 2018).

3.17. Time-lapse (live) widefield fluorescence imaging

Samples were imaged at the Microscopy Core Facility (Medical Faculty, University of
Bonn) using the Observer.Z1 fluorescence microscope (Zeiss) with a dry 20 x LD Plan
Neo Fluor objective (numerical aperture 0.4) or a dry 20 x Plan Apochromat objective
(numerical aperture 0.8) and the 37°C incubation chamber. Scale bars (typically 50 pm)
are included in the overlay microscopy images presented in my Thesis. The microscope
was operated using Zen 2.3 Pro software (Zeiss). The cells were stimulated with
inflammasome activators as detailed in Section 3.10. The stimuli were added either
directly to cells in the microscope incubation chamber just after the onset of imaging (<
1 min), or, when a centrifugation step was necessary, they were added outside of the

incubation chamber just before the onset of imaging (< 2 min).

All imaging assays were performed in 96-well plates. For most experiments, 1-2 images
per well were acquired. Automated acquisition with time-lapse recording was set up in
the microscope software; the phase contrast was typically used as the reference channel
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for software autofocus, or the definite focus option was used. The time interval between
consecutive acquisitions of a given imaging field was 1 min or 4 min, depending on the

activator (the time intervals for each treatment are specified in figure legends).

Generally, a phase-contrast micrograph was acquired for every condition, with the DAPI
filter set (Zeiss filter set #49) in the light path. For the fluorescent proteins and dyes
used in my Thesis, the following filter sets were used: TagBFP, Zeiss filter set #49
(DAPI); mCerulean, Zeiss filter set #47 HE (CFP); mCitrine, Zeiss filter set #46 HE (YFP);
mCherry, Zeiss filter set #43 HE (DsRed).

After acquisition, where applicable, sample images were exported as TIFF files using Zen
Lite software (Zeiss). Only linear adjustments were applied to the images (adjustments
to the lower and upper boundaries of the lookup table). No non-linear adjustments were
applied. TIFF files exported from Zen Lite software were directly imported into figures,
which were prepared using Ai Illustrator software (Adobe Creative Cloud). In Ai
[llustrator, the images were cropped and, when necessary, the image dimensions were

adjusted to the layout of the figure.

3.18. Confocal laser scanning microscopy

All imaging assays were performed in 96-well plates. Formaldehyde-fixed cell samples
were analyzed by confocal laser scanning microscopy no later than one week after

completion of the experiment. Until that time, the samples were stored at 4°C.

Samples were imaged at the Microscopy Core Facility (Medical Faculty, University of
Bonn) using the SP5 AOBS with SMD confocal microscope (Leica) with a water
immersion 63 x HCX PL APO objective (numerical aperture 1.2). The images were
acquired at a 1024x1024 resolution with the line averaging of 8. Scale bars (typically 5
um) are included in the overlay microscopy images presented in my Thesis. The
microscope was operated using LAS AF 2.7.3 software (Leica). Image acquisition was

performed at RT.

Generally, a transmitted light micrograph was acquired for every condition. For the
fluorescent proteins and dyes used in my Thesis, the following lasers were used:
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mCerulean, argon laser (the 458 nm line); mCitrine, argon laser (the 514 nm line);

mCherry, DPSS laser (561 nm); DRAQS5, HeNe laser (633 nm).

After acquisition, where applicable, sample images were exported as TIFF files using
LAS X Lite software (Leica). Only linear adjustments were applied to the images
(adjustments to the lower and upper boundaries of the lookup table). No non-linear
adjustments were applied. TIFF files exported from LAS X Lite software were directly
imported into figures, which were prepared using Ai Illustrator software. In Ai
[llustrator, when necessary, the image dimensions were adjusted to the layout of the

figure.

3.19. Assessment of inflammasome activation by measurement of IL-1J

concentrations in tissue culture supernatants

IL-1B concentrations in tissue culture supernatants were assessed by a homogenous
time-resolved fluorescence (HTRF) ‘sandwich’ antibody-based assay (Cisbio), following
the manufacturer’s instructions. The supernatants were analyzed either directly upon

completion of the experiment, or they were stored at 4°C for up to 24 h.

Briefly, the anti-murine IL-1B antibody solutions (the antibody pair consisted of a
fluorescence donor- [cryptate]-conjugated antibody and a fluorescence acceptor- [d2]-
conjugated antibody) were mixed at a 1:1 ratio. 4 pL/well of this mixture were
distributed in white low-volume medium-binding HTRF-adapted 384-well assay plates.
This was followed by addition of the samples (tissue culture supernatants; 16 uL/well).
The plates were centrifuged at RT, 1000 x g for 5 min, followed by a 2-6-h incubation at
RT, or a 16-18-h incubation at 4°C. After this time, the fluorescence signals were
measured using Spectramax i3 (Molecular Devices) with HTRF cartridge. In parallel with
the analysis of experimental samples, IL-1p standard curve was prepared in duplicate,
according to the manufacturer’s instructions. It was against the fluorescence values
obtained for the standard curve that the values of IL-1B concentrations in the

experimental samples were estimated.
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3.20. Assessment of the interference between S63845 fluorescence and the HTRF

signal

S63845 was diluted in PBS (to the final concentrations of 1, 5, or 10 uM) and the
fluorescence signal of these solutions was measured and compared to an IL-1f3 standard
curve prepared according to the manufacturer’s instructions (66-4200 pg/mL), as
described in Section 3.19. Tissue culture supernatants were not added to any of these

samples.

3.21. Assessment of PLC activity by measurement of inositol monophosphate (IP1)

concentrations in tissue culture supernatants

Inositol monophosphate (IP1) concentrations in tissue culture lysates were assessed by
an HTRF competitive antibody- and labelled ligand-based assay (IPONE Gq HTRF Kkit,
Cisbio), following the manufacturer’s instructions. The lysates were analyzed directly

upon completion of the experiment.

Briefly, the cells were lysed with 0.5% Triton-X100 in a medium consisting of (in mM)
75 or 125 NaCl, 50 LiCl, 5 KCI, 2 MgCl;, 1 CaCly, 10 glucose, 10 HEPES, pH 7.4, with the
addition of the PhosSTOP phosphatase inhibitor cocktail (diluted as per the
manufacturer’s instructions). Next, the d2- (fluorescence acceptor)-labelled IP1 solution
(3 uL/well) was distributed in white low-volume medium-binding HTRF-adapted 384-
well assay plates®. The experimental samples (14 pL/well) were added to the d2-
conjugated IP;, followed by a brief centrifugation (RT, 1000 x g for 1 min). Next, the
cryptate- (fluorescence acceptor)-conjugated anti-IP; antibody solution was added (3
puL/well), and the plates were centrifuged at RT, 1000 x g for 5 min. Following a 2-h
incubation at RT, the fluorescence signals were measured using Spectramax i3
(Molecular Devices) with HTRF cartridge. In parallel with the analysis of experimental
samples, [P; standard curve was prepared in duplicate, according to the manufacturer’s
instructions. It was against the fluorescence values obtained for the standard curve that

the values of IP1 concentrations in the experimental samples were estimated.

5 The use of low-volume assay plates for the [PONE HTRF assay is crucial, high-volume wells produce
experimental artifacts.
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3.22. ASC specks and nuclei counting (image quantification)

For image quantification (obtaining nuclear and ASC specks counts from images
acquired on the Zeiss Observer.Z1 widefield fluorescence microscope), raw imaging data
were imported into Cell Profiler 3.1.8 or 3.1.9 software (Carpenter et al., 2006;
Kamentsky et al., 2011; McQuin et al., 2018). To each image, an analysis pipeline was
applied consisting of the following steps: first, the DNA (DRAQS5) and ASC (TagBFP or
mCerulean) channels were extracted. Then, the illumination correction was calculated
for each channel (using the background method with block size of 60, with rescaling of
the illumination function, and using the fit polynomial smoothing method), and the
illumination correction was applied. In these corrected images, the primary objects
(nuclei and ASC specks) were identified and counted. For identification of the nuclei,
typical diameter of 10-80 pixels was used (this parameter could be adjusted between
image sets), and objects outside this diameter range were discarded. Objects touching
the border of the image were retained. The thresholding strategy was global, and the
thresholding method was robust background. The lower and upper outlier fractions
were set to 0.02. The averaging method was mode, and the variance method was
standard deviation. The number of deviations was set to 0, threshold smoothing scale to
1.3488, threshold correction factor to 1.86, and the lower and upper bounds on
threshold were set between ~0.001-~1 (this parameter could be adjusted between
image sets, depending on the brightness of the nuclear signal). The methods to
distinguish between clumped objects and to draw dividing lines between clumped
objects were both set to intensity. The size of smoothing filter for declumping and the
minimum allowed distance between local maxima were both automatically calculated.
Lower-resolution images were used to find local maxima. Holes in identified objects

were filled after both thresholding and declumping.

For identification of ASC specks, the background illumination-corrected image was first
enhanced using feature type ‘speckles’, feature size 14, and slow speed and accuracy.
ASC specks were identified in these enhanced images by setting the typical diameter of
objects to ~2-~19 pixels (this parameter could be adjusted between image sets), and
objects outside this diameter range were discarded. Objects touching the border of the
image were retained. The thresholding strategy was global, and the thresholding

method was robust background. The lower and upper outlier fractions were set to 0.02.
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The averaging method was mode, and the variance method was standard deviation. The
number of deviations was set to 0, threshold smoothing scale to 1.3488, threshold
correction factor to 1.97, and the lower and upper bounds on threshold were set
between ~0-~0.05 for HEK cells and ~0.01-~1 for macrophages (this parameter could
be adjusted between image sets, depending on the brightness of the ASC signal). The
method to distinguish between clumped objects was shape, and the method to draw
dividing lines between clumped objects was intensity. The size of smoothing filter for
declumping and the minimum allowed distance between local maxima were both
automatically calculated. Lower-resolution images were used to find local maxima.

Holes in identified objects were filled after both thresholding and declumping.

After performing nuclear and ASC specks counts, Cell Profiler generated a ‘report’ file,
containing the numbers of ASC specks and nuclei in each image. This file was then
imported into Microsoft Excel, where the ratio of ASC specks to nuclei in each well was

calculated.

3.23. Assessment of mitochondrial granularity (image quantification)

Raw imaging data from time-lapse recordings of cells overexpressing fluorescent
protein-based markers targeted to the mitochondrial matrix were imported into Cell
Profiler 3.1.9 software (Carpenter et al, 2006; Kamentsky et al, 2011; McQuin et al,,
2018). The granularity of the mitochondrial fluorescence signal was assessed in
unprocessed images. The module used was ‘MeasureGranularity’, with the following
parameter settings: measurement within objects was disabled, the subsampling factor
for granularity measurements was 0.25, the subsampling factor for background
reduction was 0.25, the radius of structuring element was 3, and the range of the
granular spectrum was 1. To facilitate the comparisons between multiple recordings, the
image granularity in the first frame of the recording was set to 100% and the values

obtained from subsequently recorded frames were normalized to this initial value.
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3.24. Further data analysis and software

The list of software used in my Thesis, together with the sources and applications, is

provided in Table 3.8.

Name of Version, source Applications

software

Geneious R9-Prime 2020 Molecular cloning manager software, storage of
plasmid DNA sequencing data

LAS AF 2.7.3, Leica Operating the Leica SP5 AOBS with SMD confocal
laser scanning microscope

LAS X Lite Leica Export of images acquired on the Leica SP5 AOBS
with SMD confocal laser scanning microscope

Zen Pro 2.3, Zeiss Operating the Zeiss Observer.Z1 widefield
fluorescence microscope

Zen Lite Zeiss Export of images acquired on the Zeiss Observer.Z1
widefield fluorescence microscope

Cell Profiler 3.1.8, 3.1.9; Carpenter et al. Image quantification (obtaining nuclear and ASC

(2006), Kamentsky et al. (2011),
and McQuin et al. (2018)

specks counts from images acquired on the Zeiss
Observer.Z1 widefield fluorescence microscope)

Gen5 Image+

3.03, BioTek/Agilent

Operating the Epoch Microplate Spectrophotometer
with Take3 Micro-Volume Plate for DNA
concentration measurements, calculating DNA
concentrations

SoftMax Pro 6.3, Molecular Devices Operating the Spectramax i3 multi-mode platform,
acquiring and exporting data from HTRF assays

QuantStudio 1.7.1, Thermo Fisher Scientific Operating the Quant Studio Flex 6 System qPCR

Software cycler, export of Ct data from the gPCR assay

Clustal W Sievers et al. (2011) Comparison of protein sequences

Microsoft 16, Microsoft Import and processing of numerical data

Excel

Prism 6,7, 8, GraphPad Preparation of plots

Ai Illustrator

CC 2018 (22.1.0), 2020 (24.1),
Adobe Creative Cloud

Preparation of figures

Table 3.8. List of software used for data acquisition and analysis.
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4. m-3M3FBS activates the inflammasome in a manner independent of NLRP3

Despite the enormous body of research on the NLRP3 inflammasome, there is still no
unified model explaining the activation mechanism of this sensor. Among the molecular
events proposed to occur upstream of the NLRP3 inflammasome assembly is PLC
activation (Chae et al,, 2015; Lee et al,, 2012; Murakami et al,, 2012; Rossol et al., 2012).
These early studies demonstrated that the NLRP3 inflammasome responses are
sensitive to PLC inhibition and suggested that cytosolic Ca?* fluxes are the link between
PLC signaling and NLRP3 activation. Later, the role of Ca?* in this process has been
contested (Katsnelson et al., 2015; Mufioz-Planillo et al., 2013), but this criticism did not
aim at the involvement of PLC. Here I will focus on the inflammasome activation by m-
3M3FBS, a low molecular weight agonist of PLC. Initially reported as an inflammasome-
triggering compound (Lee et al.,, 2012), this molecule has not received as much attention
as PLC inhibitors in the follow-up studies. Hoping to establish whether and, if yes, how
PLC regulates the NLRP3 inflammasome, [ began my project by characterizing m-

3M3FBS as an inflammasome activator.

4.1. m-3M3FBS activates the inflammasome in immortalized murine macrophages

[ first tested whether m-3M3FBS can activate the inflammasome in NLRP3/ASCmCerulean
reporter iMac and LPS-primed WT iMac cells, two immortalized murine macrophage cell
lines that I use throughout my thesis. Importantly, NLRP3/ASCmCerulean reporter iMac
cells constitutively overexpress NLRP3, which allows to circumvent the requirement for
the NLRP3 priming stimulus in assays relying on fluorescent ASC specks imaging. (For
assays relying on the measurement of IL-1 concentrations in tissue culture
supernatants, NLRP3/ASCmCerulean reporter iMac cells still have to be primed with LPS.)
To determine the potential of m-3M3FBS to activate the inflammasome, I challenged
NLRP3/ASCmCerulean reporter iMac and LPS-primed WT iMac cells with increasing
concentrations of m-3M3FBS, or of its PLC-inactive isomer 0-3M3FBS (Figure 4.1). I
assessed the degree of inflammasome activation by measurement of the secreted IL-1f3
concentrations (Figure 4.1 A) and imaging of ASC specks (Figure 4.1 B). The NLRP3
activator nigericin and the AIM2 agonist poly-(dA:dT) served as positive controls.
Consistent with earlier reports (Chae et al., 2015; Lee et al., 2012; Mufioz-Planillo et al,,

2013), m-3M3FBS triggered robust inflammasome responses at all tested
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concentrations. In contrast, the stimulation with the inactive isomer 0-3M3FBS did not

lead to IL-1 secretion or ASC speck formation.
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Figure 4.1. m-3M3FBS activates the inflammasome in WT iMac and NLRP3/ASCmCerulean reporter
iMac cells in a manner independent of crystal formation

A, B: LPS-primed (200 ng/mL, 2 h) WT iMac cells (A) or unprimed NLRP3/ASCmCerulean reporter iMac cells
(B) were stimulated with m-3M3FBS, 0-3M3FBS (both at 30, 40, 50, 60, 70, 80, 90, or 100 uM), nigericin
(10 uM), or poly-(dA:dT) (2 pg/mL complexed with 5 uL Lipofectamine 2000) in an extracellular medium
consisting of (in mM) 123 NaCl, 5 KCl, 2 MgClz, 1 CaClz, 10 glucose, 10 HEPES, pH 7.4. The unprimed and
LPS controls were subjected to medium alone. Immediately after addition of inflammasome activators, the
plates were centrifuged at 340 x g for 5 min (RT). After 60 min, the supernatants were collected and IL-1f3
concentrations were measured by HTRF (A), or the cells were fixed, counterstained for the nuclei and
imaged using a fluorescence microscope (B).

C, D: For the assessment of the sensitivity of the inflammasome activation to cytochalasin D (CytoD;
phagocytosis inhibitor), LPS-primed (200 ng/mL, 2 h) WT iMac cells (C) or unprimed NLRP3/AS(CmCerulean
reporter iMac cells (D) were pre-treated with CytoD (0 [DMSO control], 10, 25, or 50 uM) for 10 min, and
then stimulated with silica crystals (0.5 mg/mL, 6 h), m-3M3FBS (m-3M3; 85 uM, 60 min), or nigericin (10
uM, 60 min). The silica stimulations as well as the unprimed and LPS control stimulations (6 h) were
performed in DMEM supplemented with 10% FBS. The m-3M3FBS and nigericin stimulations were
performed in an extracellular medium consisting of (in mM) 123 NacCl, 5 KCl, 2 MgClz, 1 CaClz, 10 glucose,
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10 HEPES, pH 7.4. Immediately after addition of inflammasome activators, the plates were centrifuged at
340 x g for 5 min (RT). After the stimulations were completed, the supernatants were collected and IL-1f3
concentrations were measured by HTRF (C), or the cells were fixed, counterstained for the nuclei and
imaged using a fluorescence microscope (D).

The results are plotted as means from 3 independent experiments performed in technical triplicate. Error
bars represent SD. Individual data points represent means of the technical triplicate values from each of
the independent experiments.

m-3M3FBS has a relatively low solubility in aqueous media. Because precipitates and
crystals are known to activate NLPR3 through the lysosomal damage pathway (Duewell
et al, 2010; Franchi and Nufiez, 2008; Hornung et al., 2008; Rajamaki et al., 2010), I
proceeded to verify whether the observed inflammasome activation could be a result of
m-3M3FBS precipitation. To this end, I challenged NLRP3/ASCmCerulean reporter iMac
cells and LPS-primed WT iMac cells with m-3M3FBS in the presence or absence of the
phagocytosis inhibitor cytochalasin D. Cytochalasin D prevents internalization of
crystals by macrophages (Hornung et al, 2008), so if the m-3M3FBS-driven
inflammasome activation was mediated by agonist precipitation, cytochalasin D would
inhibit this response. I assessed the level of inflammasome activation by measuring the
secreted IL-1B concentrations and imaging of ASC specks (Figure 4.1 C, D). Nigericin
served as a phagocytosis-independent control, whereas the silica crystals were a

cytochalasin D-sensitive control activator.

While the NLRP3 inflammasome activation with silica crystals was blocked by all tested
concentrations of cytochalasin D, the m-3M3FBS-induced inflammasome activation was
not sensitive to (Figure 4.1 D) or even slightly increased by (Figure 4.1 C) this inhibitor,
indicating that m-3M3FBS does not activate the inflammasome through crystal

formation and lysosomal destabilization.

4.2. Inflammasome activation by m-3M3FBS is dependent on ASC and caspase-1

To confirm that the m-3M3FBS-driven response exhibits the typical characteristics of
inflammasome activation, I examined whether the m-3M3FBS-elicited IL-1p secretion is
dependent on the inflammasome adaptor ASC (the murine gene encoding ASC is called
Pycard), and on the effector protease caspase-1. For this purpose, I challenged LPS-
primed WT and ASC-deficient (Pycard’/-) BMDMs (Figure 4.2 A), and LPS primed,
vehicle- or VX-765- (caspase-1 inhibitor)-pre-treated WT BMDMs (Figure 4.2 B) with

increasing doses of m-3M3FBS. [ assessed the extent of the inflammasome response by
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measurement of secreted IL-1B. The inflammasome activators nigericin and poly-

(dA:dT) served as control stimuli whose dependence on ASC and caspase-1 is well-

established.
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Figure 4.2. The m-3M3FBS-driven inflammasome response relies on ASC and caspase-1

A: To determine whether the m-3M3FBS-induced inflammasome activation is dependent on ASC, BMDMs
generated from WT and ASC-deficient (Pycard/-) bone marrows were primed with LPS (200 ng/mL, 2 h)
and then stimulated with m-3M3FBS, (at 55, 65, 75, or 85 uM), nigericin (10 uM), or poly-(dA:dT) (2
ug/mL complexed with 5 uL Lipofectamine 2000) in an extracellular medium consisting of (in mM) 123
NacCl, 5 KCl, 2 MgClz, 1 CaClz, 10 glucose, 10 HEPES, pH 7.4. The unprimed and LPS controls were subjected
to medium alone. Immediately after addition of inflammasome activators, the plates were centrifuged at
340 x g for 5 min (RT). After 60 min, the supernatants were collected and IL-1f concentrations were
measured by HTRF.

B: To determine whether the m-3M3FBS-induced inflammasome activation is dependent on caspase-1,
BMDMs generated from WT bone marrows were primed with LPS (200 ng/mL, 2 h), pre-treated with the
caspase-1 inhibitor VX-765 (40 uM, 10 min) or vehicle (DMSO), and then stimulated as in (A). After 60
min, the supernatants were collected and IL-1 concentrations were measured by HTRF.

The results are plotted as means from 4 independent experiments performed in technical triplicate. Error
bars represent SD. Individual data points represent means of the technical triplicate values from each of
the independent experiments.

IL-1P secretion by m-3M3FBS-stimulated BMDMs was dependent on ASC (Figure 4.2 A)
and caspase-1 (Figure 4.2 B), consistent with the typical course of the inflammasome

activation cascade.

4.3. Inflammasome responses to m-3M3FBS, nigericin, and poly-(dA:dT) are all

comparably sensitive to PLC inhibitors

m-3M3FBS has previously been employed to demonstrate that PLC activation can
trigger the NLRP3 inflammasome assembly (Chae et al, 2015; Lee et al, 2012).

However, there are no published reports addressing whether PLC inhibitors can block
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the inflammasome response to m-3M3FBS. Only two phosphatidylinositol- (PI)-PLC
inhibitors are commercially available, U 73122 and edelfosine. To test how these
compounds impact on the inflammasome activation, I pre-treated NLRP3/ASCmCerulean
reporter iMac cells and LPS-primed WT iMac cells with increasing doses of U 73122 or
edelfosine and challenged them with nigericin, poly-(dA:dT), or m-3M3FBS. The degree
of the inflammasome responses was assessed by measurement of IL-13 concentrations

in the supernatants (Figure 4.3 A, C) and imaging of ASC specks (Figure 4.3 B, D).
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Figure 4.3. The PLC inhibitors edelfosine and U 73122 non-selectively inhibit multiple
inflammasome responses

A-D: To determine whether the inflammasome responses to m-3M3FBS, nigericin, and poly-(dA:dT) are
sensitive to edelfosine and U 73122, LPS-primed (200 ng/mL, 2 h) WT iMac cells (A, C) or unprimed
NLRP3/ASCmCerulean reporter iMac cells (B, D) were pre-treated with edelfosine (A, B; 0 [ethanol], 1, 2.5, 5,
10, 25, 50, or 75 uM; 10 min) or U 73122 (C, D; 0 [DMSO], 0.5, 1, 2.5, 5, 10, 25, or 50 uM; 10 min) and then
stimulated with m-3M3FBS (85 uM), nigericin (10 uM), or poly-(dA:dT) (2 pg/mL complexed with 5 pL
Lipofectamine 2000) in an extracellular medium consisting of (in mM) 123 NaCl, 5 KCI, 2 MgCl;, 1 CaCl,
10 glucose, 10 HEPES, pH 7.4. The unprimed and LPS controls were subjected to medium alone.
Immediately after addition of inflammasome activators, the plates were centrifuged at 340 x g for 5 min
(RT). After 60 min, the supernatants were collected and IL-1f3 concentrations were measured by HTRF (A,
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C), or the cells were fixed, counterstained for the nuclei and imaged using a fluorescence microscope (B,
D).

The results are plotted as means from 3 independent experiments performed in technical duplicate. Error
bars represent SD. Individual data points represent means of the technical duplicate values from each of
the independent experiments.

Strikingly, the inflammasome activation with the PLC agonist m-3M3FBS was not
particularly sensitive to the PLC inhibitors. Edelfosine inhibited the inflammasome
responses to nigericin and poly-(dA:dT) more strongly than it inhibited the
inflammasome activation with m-3M3FBS (Figure 4.3 A, B). U 73122 inhibited all tested
inflammasome activations with similar potency on the ASC specking level (Figure 4.3 D),
whereas it was a very strong inhibitor of the nigericin-induced IL-1[ secretion (Figure
4.3 C). Neither of the tested PLC inhibitors provided an indication that the m-3M3FBS-
induced inflammasome activation could be specifically mediated by PLC!. This
observation was the first hint that m-3M3FBS might be activating the inflammasome
through a PLC-unrelated off-target effect. [ will elaborate on this topic in Chapters 5 and
6.

4.4. m-3M3FBS does not exhibit the typical characteristics of an NLRP3 agonist

In the previous section, I demonstrated that the m-3M3FBS-induced inflammasome
activation is not sensitive to PLC inhibition. Another issue not sufficiently explored in
the literature is whether m-3M3FBS has pharmacological and cell biological properties

similar to other NLRP3 agonists.

The NLRP3 signaling cascade consists of two steps, priming, chiefly involving the
induction of NLRP3 expression (Bauernfeind et al., 2009), and activation. For a number
of NLRP3 agonists, the activation step is mediated by K* efflux from the cytosol into the
extracellular fluid (Mufioz-Planillo et al, 2013; Petrilli et al., 2007). Therefore, the
NLRP3 activation by many, though not all (Grof$ et al.,, 2016; Sanman et al., 2016; Wolf et
al, 2016), stimuli can be blocked by bathing the cells in media containing high KCI
concentrations. Finally, there is a specific, high-affinity inhibitor of NLRP3 known as

CRID3, MCC950, or CP-456773 (Coll et al., 2019; Tapia-Abellan et al.,, 2019; Vande Walle

1 Of note, U 73122 and edelfosine are not structurally related. These molecules are also not similar to m-
3M3FBS. For that reason, it is unlikely that m-3M3FBS and edelfosine or m-3M3FBS and U 73122 could
compete for the same binding pocket of PLC enzymes.
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et al, 2019). CRID3 blocks the NLRP3 inflammasome through direct binding to the
NLRP3 protein, leading to global inhibition of the NLRP3 responses.

To determine to what extent the inflammasome activation by m-3M3FBS conforms to
the characteristics outlined above, | addressed the following questions:
1. Does the inflammasome activation by m-3M3FBS require the priming stimulus,
such as LPS?
2. Is the inflammasome activation by m-3M3FBS blocked by high extracellular KCI
concentrations?
3. Is the inflammasome activation by m-3M3FBS inhibited by CRID3?
The first question has not been answered by the literature to date. To my knowledge, the
second and, indirectly, the third questions were only addressed in a single study
(Munoz-Planillo et al,, 2013)?, which suggested that m-3M3FBS activates the NLRP3

inflammasome through K* efflux. I set out to verify these observations.

To test whether the m-3M3FBS-driven inflammasome activation requires the priming
step, I challenged unprimed and LPS-primed ASCmCerulean reporter WT iMac cells with m-
3M3FBS, nigericin (a model priming-dependent NLRP3 inflammasome activator), or
poly-(dA:dT) (a model priming-independent AIM2 inflammasome agonist). The degree

of inflammasome activation was then evaluated by imaging of ASC specks (Figure 4.4 A).

2 The relevant data can be found in the Supplementary Figure S2 L in the cited article.
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Figure 4.4. The m-3M3FBS-induced inflammasome activation is independent of LPS priming, not
relying on K* efflux, and not sensitive to CRID3

A: To determine whether the m-3M3FBS-induced inflammasome activation requires the priming step,
ASCmCerulean_gyerexpressing WT iMac cells were primed with LPS (200 ng/mL, 2 h) or left unprimed, and
then stimulated with m-3M3FBS (65, 75, or 85 uM), nigericin (10 uM), or poly-(dA:dT) (2 pg/mL
complexed with 5 pL Lipofectamine 2000) in an extracellular medium consisting of (in mM) 123 NaCl, 5
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KCl, 2 MgClz, 1 CaClz, 10 glucose, 10 HEPES, pH 7.4. The negative controls were subjected to medium
alone. Immediately after addition of inflammasome activators, the plates were centrifuged at 340 x g for 5
min (RT). After 60 min, the cells were fixed, counterstained for the nuclei and imaged using a fluorescence
microscope.

B, C: To determine whether the m-3M3FBS-induced inflammasome activation requires K+ efflux, LPS-
primed (200 ng/mL, 2 h) WT iMac cells (B) or unprimed NLRP3/AS(CmCerulean reporter iMac cells (C) were
shifted to media with non-physiological concentrations of KCl (0, 5, 10, 25, 50, 75, 100, or 125 mM,; for the
KCI concentrations above 5 mM, the NaCl concentrations were accordingly decreased so as to maintain a
constant osmolarity) and then stimulated with m-3M3FBS (85 uM), nigericin (10 uM), or poly-(dA:dT) (2
png/mL complexed with 5 pL Lipofectamine 2000). Apart from NaCl (123-0 mM) and KCl (0-125 mM), the
extracellular media consisted of (in mM) 2 MgClz, 1 CaClz, 10 glucose, 10 HEPES, pH 7.4. The negative
controls were subjected to medium alone. Immediately after addition of inflammasome activators, the
plates were centrifuged at 340 x g for 5 min (RT). After 60 min, the supernatants were collected and IL-1f3
concentrations were measured by HTRF (B) or the cells were fixed, counterstained for the nuclei (5 uM
DRAQ5) and imaged using a fluorescence microscope (C).

D, E: To determine whether the m-3M3FBS-induced inflammasome activation is modulated by the
extracellular Ca%* concentrations, the caspase-1 inhibitor VX-765, or the NLRP3 inhibitor CRID3 LPS-
primed (200 ng/mL, 2 h) WT iMac cells (D) or unprimed NLRP3/AS(CmCerulean reporter iMac cells (E) were
pre-treated for 10 min with a range of CaClz concentrations (0, 1 [control], 2.5, 5, or 10 mM), VX-765 (10
or 25 uM), or CRID3 (5 uM), and then stimulated with m-3M3FBS (85 puM), nigericin (10 uM), or poly-
(dA:dT) (2 pg/mL complexed with 5 uL Lipofectamine 2000) in an extracellular medium consisting of (in
mM) 123 NaCl, 5 KCl, 2 MgClz, 1 CaCl: (except for the Ca?*-free and the increased [CaClz] conditions), 10
glucose, 10 HEPES, pH 7.4. The negative controls were subjected to medium alone. Immediately after
addition of inflammasome activators, the plates were centrifuged at 340 x g for 5 min (RT). After 60 min,
the supernatants were collected and IL-1p concentrations were measured by HTRF (D) or the cells were
fixed, counterstained for the nuclei (5 uM DRAQ5) and imaged using a fluorescence microscope (E).

The results are plotted as means from 3 independent experiments performed in technical triplicate (A) or
duplicate (B-E). Error bars represent SD. Individual data points represent means of the technical triplicate
(A) or duplicate (B-E) values from each of the independent experiments.

While the nigericin-induced ASC speck formation was fully dependent on the priming
stimulus, both poly-(dA:dT) and m-3M3FBS produced an ASC specking signal in the
absence of LPS priming (Figure 4.4 A). Even though the LPS treatment was associated
with a modest increase in ASC speck formation upon m-3M3FBS and poly-(dA:dT)
stimulations, unprimed macrophages still showed considerable responses to these

inflammasome activators.

[ next assessed the reliance of the m-3M3FBS-triggered inflammasome activation on K*
efflux by shifting NLRP3/ASCmCerulean reporter iMac cells and LPS-primed WT iMac cells
to extracellular buffers containing a range (0-125 mM) of KCl concentrations. This was
followed by stimulation with m-3M3FBS, nigericin (a model K* efflux-dependent NLRP3
inflammasome activator), or poly-(dA:dT) (a model K* efflux-independent AIM2
inflammasome ligand). The levels of the inflammasome responses were evaluated by
measurement of [L-1f3 concentrations in the cell culture supernatants (Figure 4.4 B), and
by imaging of ASC specks (Figure 4.4 C). Whereas the nigericin-driven NLRP3 activation
was abolished by KCI concentrations above 25 mM (Figure 4.4 B, C), the m-3M3FBS-
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elicited inflammasome activation was fully independent of K* efflux, similar to poly-

(dA:dT).

Finally I examined the sensitivity of the m-3M3FBS-induced inflammasome activation to
the NLRP3 inhibitor CRID3. Briefly, I pre-treated NLRP3/ASCmCerulean reporter iMac or
LPS-primed WT iMac cells with CRID3 and stimulated them with m-3M3FBS, nigericin (a
CRID3-sensitive NLRP3 activator), or poly-(dA:dT) (a CRID