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SUMMARY

NLRPS3 is a Nod-like receptor sensing a broad variety of intracellular danger- or
pathogen-associated molecular patterns, that often act through K* efflux or
production of reactive oxygen species (ROS). Upon activation, NLRP3 forms an
inflammasome complex, consisting of ASC polymer fibres that recruit caspase-1. In
this process caspase-1 is autocleaved and leaves the so-called ASC speck.
Activated capase-1 is processing on one hand pro-IL-1B to a pro-inflammatory,
mature cytokine IL-1B and on the other hand gasdermin D, which builds pores in the
cell membrane leading to a special form of lytic cell death called pyroptosis.
However, the exact molecular mechanisms of NLRP3 activation remain even after
years of research still puzzling.

In this work NLRP3 activation mechanisms were investigated using two different
approaches both trying to shed light on NLRP3 upstream signalling. By using a
range of small molecules, some of which were published to activate NLRP3 in a K*
efflux independent manner, we tried to understand the involvement of K™ efflux and
ROS production in NLRP3 engagement. Both imatinib and masitinib, two structurally
similar tyrosine-kinase inhibitors (TKIs), triggered robust NLRP3 inflammasome
activation in bone-marrow-derived macrophages (BMDMs) and dendritic cells
(BMDCs) depending on K* efflux and ROS production. Interestingly, we found that
imatinib and masitinib are leading to another form of unconventional lytic cell death,
which was inhibited by the osmoprotectant PEG. This unconventional cell death
most likely induces indirectly NLRP3 activation by membrane destabilization and
consequently also pyroptosis. This observation is of great clinical interest, as
imatinib is commonly used for the treatment of chronic myeloid leukemia.
Furthermore, we focussed on the recently published NLRP3 interaction partner
NEK7, which was shown to play a pivotal role in NLRP3 oligomerization and
inflammasome activity in BMDMs. Surprisingly, we observed NEK7-independent
NLRP3 inflammasome assembly in BMDCs, that was induced in BMDMs by GM-
CSF-treatment prior to inflammasome stimulation. While GM-CSF did not prime the
cells itself, it led to enhanced NLRP3 expression and increased cytokine secretion

without affecting pyroptosis. In conclusion, these findings emphasize the



importance of GM-CSF as a pro-inflammatory mediator and raise awareness to
differences in inflammasome signalling in BMDM and BMDC cultures.

The diverse effects of the small molecular TKls imatinib and masitinib and the
cytokine GM-CSF on NLRP3 upstream signalling, once more reveal the complexity
of NLRP3 inflammasome activation. While the TKIs trigger NLRP3 inflammasome
assembly indirectly by an unconventional cell death, GM-CSF enhances NLRP3

signalling by increasing its transcription.
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ZUSAMMENFASSUNG

NLRP3 ist ein NOD-&hnlicher Rezeptor, der eine Vielzahl verschiedenster
intrazelluldrer Pathogen-assoziierter Moleklle erkennt. Diese haben meist einen
starken K*-Ausstrom und eine erhdhte ROS Produktion zur Folge. Stimuliertes
NLRP3 bildet das Inflammasom aus, welches durch lange ASC-Fasern Caspasen in
unmittelbare N&he zueinander bringt und so deren Autoprozessierung und
Aktivierung erméglicht. Aktive Caspase-1 verldsst den sogenannten ,ASC speck"”
und prozessiert einerseits das entzindungsférdernde Zytokin IL-13 und
andererseits Gasdermin D, das Zellmembranporen bildet und so Pyroptose, einen
lytischen Zelltod, induziert. Trotz langjéhriger Forschung an NLRP3 bleibt der
genaue Aktivierungsmechanismus jedoch ungeklart. Um NLRP3
Aktivierungsmechanismen besser verstehen zu kénnen, wurden in dieser Arbeit zwei
verschiedene Upstream-Signale untersucht.

Da kirzlich bekannt wurde, dass einige kleine, synthetische Molekiile unabhéngig
vom K*-Ausstrom NLRP3 aktivieren kénnen, arbeiteten wir mit zwei strukturell sehr
ahnlichen Tyrosin-Kinase-Inhibitoren (TKIs), Imatinib und Masitinib, um die Rolle
vom K*-Ausstrom und ROS Produktion besser verstehen zu kénnen. Wir konnten
zeigen, dass beide TKIs eine K*-Ausstrom und ROS abhéngige IL-1B-Sekretion in
Makrophagen und dendritischen Zellkulturen induzieren, die NLRP3-Inflammasom
abhangig ist. Dabei rufen Imatinib und Masitinib einen unkonventionellen, lytischen
Zelltod hervor, der die Zellmembran destabilisiert und so NLRP3 und folglich
Pyroptose aktiviert. Unsere Beobachtungen haben groBe klinische Relevanz, da
Imatinib ein géngiges Mittel in der Therapie von chronisch myeloischen Leuk&mien
ist.

AuBerdem beschéftigten wir uns mit dem kirzlich publizierten NLRP3-
Interaktionspartner NEK7, dessen unabdingbare Rolle fiur die NLRPS3-
Oligomerisierung und Inflammasomaktivierung in kultivierten Knochenmarks-
Makrophagen bewiesen wurde.

Interessanterweise konnten wir zeigen, dass NEK7 in dendritischen Zellkulturen fir
die NLRP3 Aktivierung nur eine kleine Rolle spielt. Die NEK7-Unabhé&ngigkeit
konnten wir auch in Makrophagen-Zellkulturen durch das kolonie-stimulierende
Zytokin GM-CSF bewirken. GM-CSF flhrt dabei zu einer erhéhten NLRP3
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Expression und IL-1B Sekretion, beeinflusst aber nicht die Pyroptose. Unsere
Ergebnisse demonstrieren die wichtige entziindungsférdernde Funktion von GM-
CSF und lenken gleichzeitig das Augenmerk auf die Unterschiede zwischen
Inflammasom-assoziierten Signalwegen in Makrophagen und dendritischen
Zellkulturen, die normalerweise wenig Beachtung finden.

Die unterschiedlichen Effekte von den kleinen TKI Molekulen Imatinib und Masitinib
und dem GM-CSF Zytokin auf die Upstream-Signalwege von NLRPS3,
veranschaulichen die Komplexitadt der NLRP-Aktivierung. Wéhrend die TKls diese
indirekt durch einen unkonventionellen Zelltod bewirken, beeinflusst GM-CSF die

NLRP3 Transkription und erhéht so die NLRP3-Inflammasome Signale.
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INTRODUCTION

1.1. THE INNATE IMMUNE SYSTEM

Living organisms are exposed to infectious agents and their toxins throughout their
lifetime. In this regard, different immune mechanisms evolved to defend the body
from those and from the harm they cause. These are divided into the innate immune
system and the adaptive immune system. While the adaptive immune system
induces immunological memory and relies thereby on very specific antigen-
receptors and specialised cells, the innate immune system serves as a rapid answer

to a broad range of infection patterns and a first-line of defence.

111 AN OVERVIEW

The very first innate, protective barrier in humans is the skin and mucosa that prevent
the direct invasion of pathogens into the body. If pathogens, however, evade the
host’s anatomic barrier, different antimicrobial enzymes at those barriers as well as

the complement fight the early infection. The complement is a system of a variety of
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humoral proteins, many of which are proteases. When complement proteins bind to
pathogens, they get activated and process other complement proteins. This
complement cascade will lead in the end to the membrane lysis of certain
pathogens, an inflammation and the recruitment of innate immune cells.

The recruited cells are phagocytes which engulf and digest the complement labelled
pathogens and thus build the next line of defence. Phagocytes cannot only detect
complement but can also sense pathogen-associated molecular patterns (PAMPs)
with their pattern recognition receptors (PRRs). PRRs are germ-line encoded
receptors, which recognize a broad range of danger molecules that can also be of
endogenous origin (danger-associated molecular patterns DAMPs). Most activated
PRRs induce an intracellular signalling cascade that activates the secretion of pro-
inflammatory cytokines and chemokines that again recruit other immune cells, both

innate and adaptive, and thus shape the inflammatory response.

1.1.2 CELLS OF THE INNATE IMMUNE SYSTEM

One of the first cell types recruited to the infection sites are neutrophils. Neutrophils
are the most numerous innate immune cells as well as the most abundant subgroup
of granulocytes, which belong to the myeloid leukocyte lineage. They circulate in the
blood but transmigrate into infected tissue in a process called extravasation (

). This multi-step process involves adhesive interactions
between leukocytes and the endothelium that are induced by cytokines and
chemokines secreted by phagocytes at the inflammation site ( ).
Neutrophils recognise complement and PAMPs, so that pathogens can be taken up
and attacked by their cytoplasmic granules eventually. These granules contain
superoxide or antimicrobial peptides and enzymes ( ).
Furthermore, extracellular pathogens can be defeated by neutrophils by
degranulation of different antimicrobial granules or by the fatal release of neutrophil
extracellular traps (NETs). NETs consist of nuclear chromatin that traps pathogens

and enables an easier engulfment of those by other phagocytic immune cells

( )-
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Two more granulocyte cell types exist, which play a role in innate immunity -
eosinophils and basophils. Like neutrophils, both cell types have granules that are
degranulated upon activation. They can fight bigger pathogens like ticks, parasites
or helminths. While the granules of eosinophils are acidophilic and contain
peroxidases, ribonucleases, lipases and the toxic major basic protein (

), basophil granules are filled with central inflammatory mediators like

histamine, serotonin and heparin ( )- Nevertheless, basophils
and eosinophils play an essential role in allergic reaction and asthma, too.
Together with eosinophils and basophils, mast cells are also involved in allergic
inflammation. They are best known for their tremendous influence on IgE-mediated
allergic responses. Mast cells develop, like granulocytes, from common myeloid
progenitors in the bone marrow and migrate in an immature state to peripheral
tissue, where they undergo maturation ( ). They are commonly
found in the skin or mucosa. Similar to basophils their granules contain histamine
and heparin, allowing them to fight parasitic infections as well as to participate in
wound healing ( ).
Natural Killer (NK) cells are innate immune cells that derive, unlike the already
mentioned cell types, from common lymphoid progenitors ( ).
They have, however, also granules with cytotoxic proteins and additionally the pore-
forming protein perforin. When the granules are released, perforin induces pores in
the cell membrane of the target cell, so that the cytotoxic proteins can enter and
induce apoptosis ( ). What makes NK cells so unique is, however,
their ability to detect stressed and virus-infected cells by a missing-self mechanism.
Thus, if the activation of inhibitory/self-receptors and activating/stress-receptors is
disbalanced, NK cells induce a cytotoxic response in the target cell (

). As NK cells not only recognize virally infected cells but also tumor cells, they
have a huge inhibitory effect on tumor development ( ).

Recently, NK cells have been grouped to innate lymphoid cells (ILCs). ILCs belong
to the innate immune lineage that derive from lymphoid progenitors but lack B and
T cell markers ( ). ILCs are contributing to the rapid, innate

immune response and amplifying it by secreting different cytokines. Lymphoid
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tissue-inducer (LTi) cells are regulating lymphoid tissue development before birth
and their architecture later on ( )-

Together, with macrophages and dendritic cells (DCs), two antigen-presenting
innate immune cell-types, ILCs are interacting with adaptive immune cells and

directing their response.

113 MACROPHAGES AND DENDRITIC CELLS

Macrophages and dendritic cells are phagocytes of the innate immune system that
derive from common myeloid progenitors in the bone marrow. They are tissue-
resident cells that can be found in almost all tissues where they screen their
environment for any pathogen or danger associated molecular patterns (
)-

A central dogma in macrophage research was that tissue-resident macrophages are
highly differentiated cells that lost their ability to proliferate and thus must be
renewed by circulating progenitors, which are monocytes ( ).
Monocytes are myeloid cells, that circulate the blood and can migrate to tissue to
differentiate into macrophages or dendritic cells ( ). However,
it was recently shown that different tissue-resident macrophages develop during
embryogenesis and migrate to the peripheral tissue, where they self-renew during
adulthood ( ).

Nevertheless, a large influx of circulating monocytes into inflamed tissue leads to an
increased monocyte differentiation into macrophages or dendritic cells during
infection ( ). Upon PAMP or DAMP sensing via their
scavenger, pattern recognition or phagocytic receptors, macrophages engulf the
pathogens or target cells in a phagosome that eventually fuses with intracellular
lysosomes, filled with digestive enzymes and toxic peroxides ( ). As
a response to their PRR activation they additionally secrete different inflammatory
cytokines like TNFa, IL-12, IL-1 or IL-6 to induce further immune responses, both
innate as well as adaptive. Furthermore, macrophages possess the ability to interact
with adaptive immune cells directly by displaying the digested antigen on their major

histocompatibility complex class I (MHCIIl) receptors, known as antigen
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presentation. Apart from their pro-inflammatory role, macrophages can also act in
an anti-inflammatory way, thereby secreting IL-10 or TGFf3 to induce wound-healing
or tissue repair during later inflammation phases. The pro-inflammatory phenotype
is defined as the M1 macrophage polarization, while the anti-inflammatory
phenotype is referred to as M2 macrophage polarization (
).

Like macrophages also dendritic cells can fight infections by phagocytosis.
However, their main role is the antigen-presentation to T cells to initiate adaptive
immune responses. Most dendritic cells derive from common myeloid progenitors
in the bone marrow, however, some can also develop from the common lymphoid
progenitor lineage ( ). Dendritic cells migrate to tissue and
lymphoid organs in an immature state via blood circulation, where they scan their
environment for pathogen or danger associated molecules and phagocytose them.
When their PRRs get activated, they become mature, upregulate MHCII receptors
and co-stimulatory molecules on their surface and migrate to the draining lymph
nodes or spleen for antigen-presentation ( ). Apart from
exogenous antigen display on MHCII receptors, dendritic cells can also present
these on MHC class | (MHCI) receptors in a process called cross-presentation. Thus,
dendritic cells can activate both CD4* T helper cells as well as cytotoxic CD8* T cells
and are key mediators of the innate and adaptive immune cross-talk and thus
important initiators of the adaptive immune response (

). This rare and heterogenous cell type can be divided into three major subsets,
which are conventional dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs)
and monocyte-derived cell populations (moDCs) ( ). While pDCs
secrete high amounts of type | interferons upon stimulation, cDCs respond to PRR
activation like M1 macrophages with TNFa, IL-12, IL-1 or IL-6 secretion (

). As pDCs secrete type | interferons and express rather low levels of

MHCII receptors compared to mature cDCs upon stimulation, they are less suitable
for antigen-presentation and were linked to anti-viral immune responses (

). Most steady-state DCs derive from DC-precursors, however, during

infection, monocytes are recruited to the inflamed tissue, where they may
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differentiate, dependent on the environmental signals, also to dendritic cells.

However, their exact role and function in the immune response remains unclear.

1.14 GRANULOCYTE-MACROPHAGE COLONY STIMULATING FACTOR (GM-CSF)

As the isolation of tissue-resident DCs and macrophages is very difficult and results
in low numbers of vital cells, they were generated in vitro for decades of myeloid cell
research. Thereby, granulocyte-macrophage colony-stimulating factor (GM-CSF) is
used to treat bone marrow isolated cells in order to differentiate DCs and
macrophage colony-stimulating factor (M-CSF) for macrophage development. GM-
CSF and M-CSF are cytokines that belong to the colony-stimulating superfamily that
are responsible for myelopoiesis of monocytes, macrophages, dendritic cells
( ). Another canonical member is of high relevance,
granulocyte (G)-CSF. In vivo M-CSF-deficient mice show the strongest phenotype
with a severe lack of osteoclasts and tissue macrophages (

), while G-CSF-deficiency causes low numbers of
neutrophils ( ).
The importance of GM-CSF under physiological conditions is so far not major, cells
lacking GM-CSF only display diminished alveolar macrophage numbers. Especially
the small effect of GM-CSF on DC populations in vivo is surprising, as it is in vitro
crucial for generation of bone marrow derived DCs (BMDCs). In this regard, GM-
CSF deficiency in mice does not influence the numbers of lymphoid-tissue-resident
cDCs and effects only the numbers of non-lymphoid-tissue cDCs predominantly in
lung, dermis and intestine ( ).
In a healthy organism, GM-CSF is virtually absent. These changes, however, in
inflammation where GM-CSF is produced and secreted locally as a monomeric
glycoprotein. It has been reported that T helper type 17 (Th17) cells respond to IL-
23R activation by GM-CSF expression ( )- As Th17 cells are also
involved in autoimmunity, GM-CSF seems to contribute to healthy tissue
inflammation. Furthermore, blockage or deficiency of GM-CSF contributes to better
multiple sclerosis and arthritis progression in mouse models ( ).
The cellular and molecular mechanism of this observation is however poorly

understood.
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While the M-CSF receptor is a tyrosine kinase receptor, the GM-CSF receptor (GM-
CSFR) is a heterodimeric transmembrane protein without intrinsic catalytic activity.
It belongs to the family of type | cytokine receptors and shares structural similarity
to the IL-3 and IL-5 receptor. Upon ligand binding, GM-CSFR triggers the JAK-STAT
pathway for differentiation and inflammation responses and uses PI3K-MAPK
signalling for proliferation and cell survival ( ). The
receptor itself is mostly expressed on DCs and in a lower percentage on
macrophages.

The GM-CSF cell culture was recently under critical observation. It displays a high
heterogeneity with cells resembling cDCs and monocyte-derived macrophages,
expressing CD11c and MHCII surface molecules (see 1.1.3), but still they differ from
their physiological counterparts ( ). Future research on DCs should

be ideally restricted to a standardized, specific subpopulation of the BMDC culture.
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1.2. PATTERN RECOGNITION RECEPTORS (PRRS)

To increase the chances of pathogen-recognition by germ-line encoded receptors
in the best possible way, PRRs are very diverse in structure as well as in their
location within the innate immune cell. While the membrane-bound Toll-like
receptors (TLRs) and C-type lectin receptors (CTLs) target PAMPs or DAMPs from
exogenous sources, RIG-I-like receptors (RLRs) and NOD-like receptors (NLRs) bind
cytosolic ones. Usually pathogens carry more than just one PAMP, so that more
than just one PRR gets activated at the same time. Furthermore, different PRRs can
recognize overlapping PAMPs. By this interplay of PRRs the invading pathogens can
be attacked through different pathways and the infection can be eliminated more

efficiently.

1.2.1 TOLL-LIKE RECEPTORS (TLRS)

Toll-like receptors (TLR) were the first identified PRRs and are thus the best
characterized so far, with 13 different variants described in mice and 11 in humans.
All TLRs are type | transmembrane proteins with an amino (N) terminus pointing
outwards that contains multiple leucine-rich repeat (LRR) domains. Their carboxy
(C) terminus have a Toll-IL-1 receptor (TIR) domain, that interacts with TIR-
containing adapters and induces downstream signalling upon activation (M.
Yamamoto, Takeda, & Akira, 2004). As some TLRs are localized in the cell
membrane while others can be found in membranes of intracellular vesicles, like ER,
lysosome or endosome, they react to distinct stimuli and sense a broad range of
intra- and extracellular PAMPs from different bacteria, viruses, fungi or parasites.
The cell membrane bound TLRs, TLR1, 2, 4, 5 and 6, are mainly activated by
components of the microbial membrane, while the intracellular TLRs 3, 7, 8 or 9
react upon binding of different nucleic acids.

TLR3 recognizes double-stranded DNA, while TLR7 is specialised for single-
stranded DNA. This is also true for TLR8, which shares a great homology with TLR7.
Both TLR7 and 8 were shown to be also activated by synthetic ligands, like

imidazoquinolines. TLR9 is signalling upon receptor-binding of unmethylated 2’-

18



deoxyribo (cytidine-phosphateguanosine) (CpG) rich DNA sequences, motifs that
are commonly found in bacterial genomic DNA (

).
TLR2 can bind together with TLR1 and 6 different lipoproteins of gram negative as
well as gram-positive bacteria. As heterodimers these TLRs can also interact with
Dectin-1, which is a C-type lectin receptor and will be described in more detail in
chapter 1.2.2, to discriminate different lipopeptide PAMPs. TLR5 is activated upon
the interaction with bacterial flagellin, which is also recognised by the intracellular
TLR5 homologue TLR11 ( )-
Lipopolysaccharides (LPS) of gram-negative bacteria are stimulating TLR4, which is
the only TLR that is activating two different downstream signalling pathways.
Myeloid Differentiation Primary Response 88 (MyD88) and TIR-domain-containing
adaptor protein inducing IFNB (TRIF) are the adapter proteins that are activated by
the TIR domain of TLRs upon PAMP association. While MyD88 interacts with all
TLRs except TLR3, TRIF acts only downstream of TLR3 and 4 (

). MyD88 induces nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB) and mitogen-activated protein (MAP) kinase activation, which will lead
to the transcription of pro-inflammatory cytokines like pro-IL-13, TNFa, and IL-6.
The TRIF pathway would also signal via NFkB for pro-inflammatory cytokine
secretion. Additionally, it would induce type | interferon upregulation, by activating
interferon regulatory factors (IRFs) ( ). TLR7
and 9 are exceptions within this system as they are able to induce type | interferon
production in a MyD88-dependent manner ( ).

TLR4 is, as mentioned above, acting in a MyD88-dependent and TRIF-dependent
manner. Here, MyD88 induces an early-phase activation of NFkB, while TRIF gets
only activated after the endocytosis of TLR4, leading to the late-phase activation of

NFkB and type | interferon expression.

1.2.2 C-TYPE LECTIN RECEPTORS (CLRS)

C-type lectin receptors (CLRs) belong to a superfamily of both membrane and

soluble proteins, that is defined by the C-type lectin-like domain (CTLD). Even
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though these proteins share the CTLD motif, they are not all Ca?*-dependent (C-
type) or carbohydrate binding (lectin) proteins ( ). CTLD
containing proteins have a wide range of ligands, that are still poorly characterised.
However, some CTLD containing proteins serve as PRRs on innate immune cells
like neutrophils, dendritic cells or macrophages. These CLRs are known to bind
carbohydrates in a Ca**-dependent way by their carbohydrate recognition domain
(CRD) ( ). There are two different types of membrane-
bound CLRs, distinguished by their N-terminal orientation. While the N terminus of
type | CLRs faces outwards of the cell and contains 8-10 CRDs, the N terminus of
type Il CLRs points into the cytoplasm and the one CRD is located at the
extracellular C-terminal site ( )-

A well-studied type | CLR is the mannose receptor (MR). It recognises mannosylated
ligands, which can be found on glycans of different pathogens like fungi, bacteria or
viruses, but also on host glycoproteins. This is why MRs also contribute to the
resolution of inflammations as they play an important role in extracellular clearance
during inflammation, when glycoproteins are increased extracellularly (

). Upon receptor activation phagocytosis is initiated, so that the
pathogen bound to it can be degraded by lysosomes. As the MRs do not possess
any intracellular signalling motif, they need the interact with TLRs for cytokine
secretion and signalling ( ).

Type Il CLRs share quite similar extracellular C-terminal sites, differ however in their
intracellular N-terminal region, that is able to induce cell signalling upon receptor
activation. The most prominent type Il CLRs are DC-associated C-type lectin 1
(Dectin-1), Dectin-2 and macrophage-inducible C-type lectin (Mincle), each
recognizing different carbohydrate patterns of the fungal cell wall. Upon receptor
binding, spleen tyrosine kinase (Syk) activation occurs directly over the tyrosine-
based activation motif (ITAM) in the case of Dectin-1 signals or indirectly via ITAM-
containing adaptors in the case of Dectin-2 and Mincle. Syk signals over the
caspase recruitment domain 9 (Card9) containing adapter protein to NFkB to induce

pro-inflammatory IL-6 and IL-23 secretion (

).

20



However, some CLRs can modulate or supress the signalling of other PRRs like
TLRs. While the DC-specific intracellular adhesion molecule 3 (ICAM3)-grabbing
nonintegrin (DC-SIGN) is enhancing NFkB signalling and IL-10 secretion upon TLR

activation ( ), DC-inhibitory receptor
(DCIR), myeloid inhibitor C-type lectin receptor (MICL) and blood DC antigen 2
(BDCA-2) have an inhibitory effect on TLR signalling ( ).

DCIR and MICL contain the tyrosine-based inhibitory motif (ITIM) that depletes TLR8
and TLR9 activation and IL-12 secretion upon Lipopolysaccharide (LPS) and
zymosan treatment ( ). Even though, BDCA-2 has an
ITAM, it also inhibits TLR9-dependent type | interferons and TLR-mediated IL-6 and

TNFa production in a process that is so far not fully understood (

).

1.2.3 RIG-I-LIKE RECEPTORS (RLRS)

In contrast to the described TLRs and CLRs, retinoic acid-inducible gene-I-like
receptors (RIG-I-like receptors, short RLRs) represent together with nucleotide-
binding oligomerization domain-like receptors (NOD-like receptors, short NLRs) the
main two cytosolic PRRs.

The RLR family consists of three different members, which are retinoic acid-
inducible gene | (RIG-I), melanoma differentiation-associated gene 5 (MDA-5), and
laboratory of genetics and physiology 2 (LGP2) ( )- RIG-I1 and MDA5
share a similar structure. The DExD/H-box RNA helicase domain and the
autoregulatory C-terminal domain (CTD) scan the cytosolic environment for viral
double-stranded RNA, while the two N-terminal caspase activation and recruitment
domains (CARDs) are responsible for downstream signalling. In an inactive state the
CTD and CARD domains interact and unfold upon activation to induce NFkB and
IRF phosphorylation and thus type | interferon and pro-inflammatory cytokine
expression ( ).

Apart from the lacking CARDs, LGP2 has a similar structure like RIG-I and MDA5
with an DExD/H-box and CTD. It was believed that LGP2 has only a negative effect
on RIG-I and MDAS5 signalling ( ). Recent studies
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showed, however, that low concentrated LGP2 also can lead to an enhanced MDA5

signalling, by increasing the MDA5 affinity to target RNA (
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Picture 1: Human and Mouse NLR Family Members from ( )-

A) Phylogenetic Tree of murine (lowercase) and human (uppercase) NACHT domains, showing
the distinct subfamilies: NLRP, IPAF, NOD. B) Schematic structures of human NLR, revealing
structural similarities within the NLRP subfamily.

1.24 NoOD-LIKE RECEPTORS (NLRS)

Nucleotide binding oligomerization domain (NOD)-like receptors (NLRs) represent a
big family of cytosolic PRRs with 22 members in human and 34 in mice.
Nevertheless, they share great similarity in all vertebrate phyla and can thus be
directly compared between different mammalian organisms.

NLRs can be further divided into 3 different subfamilies based on the phylogenetic
variation of their NACHT domain: the NODs (NOD1-2, NOD3/NLRC3, NOD4/NLRCS5,
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NOD5/NLRX1, CIITA), the NLRPs (NLRP1-14) and the IPAFs (IPAF/NLRC4 and
NAIP) (Schroder & Tschopp, 2010b).
The members of all subfamilies share a central NOD (also referred to as NACHT) and
a C-terminal LRR domain, which is only missing in NLRP10. In an ATP dependent
manner, the NACHT domain oligomerizes upon NLR activation and is responsible
for signal transduction. The LRR domains are believed to be involved in ligand
sensing and autoregulation. Differences in the N-terminal region are observed
among the NOD and IPAF family members, while the NLRP family shows
consistently a C-terminal pyrin domain (PYD) (Schroder & Tschopp, 2010b).
NOD1 and NOD2 have a N-terminal CARD, which interacts with the CARD-
containing Receptor-interacting serine/threonine-protein kinase 2 (RIP2) upon
activation, which eventually leads to NFkB signalling ( ). They
are activated by different motifs of bacterial cell wall components. In particular,
NOD1 recognizes y-glutamyl diaminopimelic acid (iIE-DAP) ( ),
found in some gram-negative and some gram-positive bacteria, and NOD2 muramyl
dipeptide (MDP) ( ), that is part of the peptidoglycans of most
bacteria. They play an important role in the gut, where they keep the bacterial burden
and microbiome homeostasis in check (G. Y. Chen & Nufez, 2009). This is why,
mutations in these proteins are often associated to Crohn’s disease (
).

MHC class Il transactivator (CIITA) the only PRR that has regulatory effects on MHCII
transcription upon IFNy exposure ( ). It has a N-terminal acidic
transactivation domain that is responsible for the binding and thus activation of the
transcriptional machinery of MHCII. NLRCS5 has a similar structure to CIITA and was
recently reported to play an important role in the regulation of the MHCI transcription
machinery ( ). The functions of NLRC5 and NLRX1 are not
characterized yet.
NAIPs carry characteristically a N-terminal baculoviral inhibition of apoptosis protein
repeat (BIR) domain. NAIP2 and -5 can induce a conformational change in
inactivated NLRC4 and thus assist in its activation and oligomerization upon
bacterial type 3 secretion system or flagellin sensing in the cytoplasm (

). NLRC4 contains a N-terminal CARD, which
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interacts with ASC or directly with caspase-1 in a complex called inflammasome to
induce pro-inflammatory cytokine secretion. As NAIPs do not have the ability to
oligomerize, only one NAIP molecule is found in each NAIP inflammasome complex
( )-

Some of the NLRP family members are also activating caspase-1 in an
inflammasome-dependent manner, which will be explained in more detail in 1.3. As
mentioned above, all NLRPs have an N-terminal PYD. NLRP1 has additionally a
domain with function to find (FIIND) and CARD at the C-terminal end. Thus, NLRP1
and NLRC4 are the only CARD-containing NLRs that form an inflammasome and

can interact with different caspases at the same time (Schroder & Tschopp, 2010b).
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1.3. THE INFLAMMASOMES

Inflammasomes are cytosolic, oligomeric multiprotein complexes that lead on the
one hand to interleukin-1 (IL-1B) maturation and on the other hand to pyroptosis, a
specific form of cell death, by recruiting and activating caspase-1 (Martinon, Burns,
& Tschopp, 2002; Schroder & Tschopp, 2010b). IL-1PB is a potent pro-inflammatory
cytokine, which plays a crucial role in host defence against infections. It can also,

however, cause pathological inflammation if its maturation is deregulated.

1.3.1 CANONICAL INFLAMMASOMES

Various receptors from different families are described as canonical inflammasome
forming proteins. These are NLRP1, NLRP3, NLRP6, NLRP12 and NLRC4 of the
NLR family, absent in melanoma 2 (AIM2) and interferon inducible protein 16 (IF16)
from the PHYIN family and RIG-I of the RLR family.
The PHYIN family consists of PRRs that can sense cytosolic DNA, both from
microbial origin as well as from host cancer cells. They contain a N terminal PYD
that is responsible for downstream signalling and a C terminal HIN200 that can
directly bind DNA molecules. AIM2 recognizes double-stranded DNA from bacteria,
viruses and host that is present in the cytoplasm (

). Upon activation it induces ASC polymerization by pyrin-pyrin
interactions. In vitro, AIM2 can be stimulated by transfection of poly(dA:dT), a
synthetic, double-stranded DNA ( ). RIG-l is activated by double-
stranded RNA and NLRC4 by bacterial type 3 secretion components or flagellin.
They are described in more detail in chapters 1.2.3 and 1.2.4, respectively.
NLRP1 was the first inflammasome-inducing PRR to be described. In human, it has,
as described in chapter 1.2.4, besides the PYD, NACHT and LRR domain an
additional C terminal FIIND and CARD. There are multiple paralogues of human
NLRP1 found in mice, that are activated by an endopeptidase, called anthrax lethal
factor of Bacillus anthracis and are missing the PYD ( ). Thus,
mouse NLRP1 paralogues are interacting with ASC by the C terminal CARD domain

upon activation, that is induced by direct cleavage by the lethal factor (
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). This cleavage may lead to a conformational change and loss of the
autoinhibition that is characteristic for the inactivated state of NLRPs.
NLRP6, 7 and 12 inflammasome formation is not completely understood yet. It is
believed that NLRP6 plays an important role in microbiome homeostasis, as its loss
results in an altered gut flora ( ). NLRP7 is
distinct to human macrophages, where it signals in an inflammasome-dependent
manner upon microbial acylated lipopeptide sensing (

). The role of NLRP12 is, however, still undefined.
NLRP3 is probably the most investigated inflammasome-forming NLR and was also
of special interest in this thesis, as the exact molecular mechanisms of NLRP3
activation remain undefined. It is activated upon a variety of different PAMPs or
DAMPs, solidifying the hypothesis that a central common process must be induced
by those that can then be sensed by NLRPS3 ( ). Different possible
activation mechanisms will be introduced in depth in chapter 1.4. Downstream
signalling of NLRP3 is comparable to the one of the other canonical inflammasome
receptors.
Inflammasome signalling needs in either case a first priming signal to pre-activate
the cell and happens thus in a 2-step process. Priming can be induced by
stimulation of TLRs, IL-1 receptor, TNFa receptor or NODs upon which NFkB
engagement causes a transcriptional upregulation of the NLRs themselves and also
of cytokine precursors like pro-IL-1p ( ).
In vitro, cells are, for the purpose of NLRP3 inflammasome analysis, usually primed
by TLR4 signalling, which is stimulated by extracellular LPS. LPS-priming has also
an additional rapid, transcription-independent enhancing effect on NLRP3
activation, that is not fully understood yet. However, an additional PAMP or DAMP

motif is crucial for inflammasome formation.

1.3.2 DOWNSTREAM SIGNALLING OF CANONICAL INFLAMMASOME RECEPTORS

Upon PRR oligomerization, ASC is recruited by PYD-PYD or CARD-CARD
interactions ( ) in the case of NLRC4 ( ). This
induces homotypic ASC oligomerization into one macromolecule, called ASC speck,
which is built of long helical ASC filaments ( ). Within ASC specks, the
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ASC®* is protruding from the filaments and enables pro-caspase-1 recruitment by
CARD-CARD interaction ( )-

Pro-caspase-1 consists of a CARD and two subunits, the smaller p10 and bigger
p20, where the active centre is located (

). Due to the close proximity of caspases within the ASC speck, pro-
caspase-1 can cleave itself at the linker between CARD and p20 and hence gets
fully active. This cleavage leads on the one hand to conformational rearrangement
and flexibility and on the other hand to the interruption of the CARD-CARD
interaction between ASC and caspase-1. This process induces p20/p10
heterotetramer stabilization of two activated caspases (

). As caspase-1
is a strongly inflammatory protease, the half-life of the potent p20/p10
heterotetramers is very short, restricting its potent effect ( )-

When active caspase-1 leaves the ASC speck, it has two distinct effects for the
progression of inflammatory signalling. The first one is the cleavage of the IL-1(3
precursor pro-IL-1p and the IL-18 precursor pro-IL-18, the second the induction of
pyroptosis ( ). IL-18, like IL-1B, belongs to the IL-1 cytokine
superfamily signals to T helper and NK cells. Interestingly, ASC-deficient
macrophages show weak IL-1 secretion upon NLRC4 activation, showing that the
CARD-CARD interaction can develop between NLRC4 and Caspase-1 (

. Moreover, it becomes clear that ASC filament formation is enhancing the
initial signal for downstream signalling.
Only the mature IL-13 can bind the IL-1B receptor (IL1BR), this is why it needs to get
processed in a tightly regulated manner before secretion. Two Caspase-1 cleavage
sites are known in immature pro-IL-13, one leading to a minor 26kDa product with
so far unknown function and the other to the mature 17kDa form (

). It was long debated how IL-1B is secreted, as it happens in an
“unconventional” way ( ). Normally, secretion proteins carry
two signal peptides: one for the endoplasmatic reticulum (ER) and the other one for
the Golgi. However, pro-IL-1(3 does not have any signal peptides, but is secreted in

a regulated pathway ( ).
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Recently, the exact mechanism of caspase-1 dependent pyroptosis was unravelled,
which also shed light upon the secretion pathway of IL-1f.
Gasdermin-D (GSDMD) is a protein that consists of a 31kDa N-terminal and a 22kDa
C-terminal part, which are kept by conformational folding in an autoinhibited,
inactivated state ( ). After proteolytic cleavage, the N-terminus
locates to the inner leaflet of the cell membrane where it charge-dependently
interacts with phosphatidylinositol, which is missing in the outer leaflet. The N-
terminus of GSDMD integrates into the membrane, where it oligomerizes and forms
pores of 10-14nm ( ). These pores
lead to cell swelling and lysis, two observations characteristics for pyroptosis.
Furthermore, pyroptotic cells show DNA fragmentation, depending on nucleases
that differ from those of apoptosis, and condensation of the nucleus (
).

It is debated whether IL-1P is secreted passively via these pores or in a rather more
active process. Earlier observations showed that glycine, which stabilizes the
osmotic gradient, can prevent pyroptotic cell lysis, but not IL-1f3 secretion (Conos
et al., 2017a). This could lead to the assumption that another secretion mechanism
must be involved. Interestingly, GSDMD-deficient cells show an intact cell
membrane and no pyroptotic cell burst upon inflammasome activation. Thereby,
pro-caspase-1 processed, mature IL-1B is accumulating within the cell, strongly
pointing towards the passive IL-1B secretion hypothesis (

). Furthermore, IL-1q, which is activated by calpains and not caspase-1
( ), is also secreted in a GSDMD-dependent matter upon

caspase-1 activating signalling ( ).

1.3.3 THE NON-CANONICAL INFLAMMASOME

Nevertheless, IL-1B secretion and pyroptosis can also be induced in a PRR-
independent manner. During non-canonical inflammasome activation, murine
caspase-11 and its human orthologues caspase-4 and 5 serve as the PAMP sensor
and signal transducer ( ). It was reported that

intracellular LPS, an essential component of gram-negative bacterial cell walls,
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directly binds to inactive capase-11 . This binding leads to proteolytic autocleavage,
probably by conformational change, causing caspase-11 dimerization and
activation ( )-

Active Caspase-11 is, like caspase-1, able to cleave GSDMD and provoke
pyroptosis ( ) but different to capase-1 it
cannot process pro-IL-1p3. The N-terminal GSDMD subunit is forming pores in the
cell membrane in the same way it happens during canonical inflammasome
signalling, as described in chapter 1.3.2. This process eventually leads to pyroptosis
and osmotic pressure destabilization, inducing water influx and ion fluctuations of
potassium and calcium for example. K" efflux is seen as a potential key player of
NLRP3 activation, as it is often observed prior to NLRP3 inflammasome activation
( ). With this in mind, the non-canonical NLRP3 inflammasome
assembly upon caspase-11-dependent LPS sensing, that can be observed as ASC
specks and measured by mature IL-1f3 secretion ( ), could be
stimulated by the K*-efflux induced by GSDMD pores. NLRP3 is thus activated by
the by-products of pyroptosis, discriminating IL-1 secretion and pyroptosis even
further. The mechanisms involved in NLRP3 activation will be described in further

detail in chapter 1.4.
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1.4. NLRPS3 ACTIVATION

While most inflammasomes are stimulated by specific PAMPs, the NLRP3
inflammasome responds to a plethora of different stress signals, including
extracellular ATP, potassium ionophores, crystals, insoluble particles, and certain
pathogens ( ). This broad variety of NLRP3 inflammasome
activators, raises the question if it is rather sensing a common signal downstream
of these PAMPs. Different stress conditions can by observed prior to speck
formation. These include K* efflux, ROS, and endolysosomal leakage, but the exact
mechanistic details and common traits of NLRP3 activation remain however elusive.
K* efflux was the first NLRP3 upstream signal to be described and is now seen as
the most common activation mechanism (

). A strong argument is the substantial inhibition
of NLRP3 signalling when extracellular KCI is added to the cells before PAMP
stimulation ( ). Moreover, an intracellular drop in K* concentration
is induced shortly after treatment with common NLRP3 activators like nigericin or
extracellular ATP. Nigericin is a pore-forming bacterial toxin, while extracellular ATP
leads to opening of the purinergic receptor P2X7 ( ), both
allowing K* efflux.

As inhibition of ROS produced by NADPH oxidase also impaired IL-13 secretion in
THP1 cells ( ), arole in NLRPS3 activation was suggested.
Furthermore, mitochondrial ROS production by a dysfunctional respiratory chain,
induced by complex | or complex Il inhibitors, increases inflammasome signalling
(GroB et al., 2016a). Specific mitoROS inhibition would indeed negatively affect
stretch-induced IL-1[3 secretion in alveolar macrophages ( ). The
crystal structure gives further evidence that NLRP3 inflammasome formation could
be triggered by ROS. A highly redox-state sensitive disulfide bond between PYD
and NOD, which is conserved in NLRP3 among six different species (including
human and mice), strengthens the hypothesis additionally ( ).

Lysosomal leakage occurs when phagocytosed pathogens, crystals or particles
manage to disturb phagolysosome integrity and the lysosomal membrane gets

permeable. Thereby the most abundant hydrolases, the cathepsins, enter the cell
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plasma and induce apoptosis or necrosis, depending on the severity of the leakage
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Picture 2: NLRP3 inflammasome formation pathway according to

Inflammasome formation happens in a two-step process. The first priming signal is dependent
on the NFkB pathway, which is activated by DAMP stimulation of TLRs. NfkB activity leads to
transcription and translation of inflammasome components, mainly NLRP3 and pro-IL-1pB. In
vitro, LPS is used to trigger TLR4 signalling and prime the cell.

The second signal triggers NLRP3 activation by a not fully understood mechanism. NLRP3
senses a huge variety of PAMPs and DAMPs. Depicted here is the NLRP3 activation by
extracellular ATP as an example. Many NLRP3 activators induce K* efflux, mitochondrial ROS,
lysosomal leakage or a combination of these. Recently NEK7 was found to act downstream of
K* efflux and upstream of NLRP3, directly binding to it and leading to NLRP3 oligomerization
and ASC speck formation. ASC fibres recruit Pro-Caspase-1 is then autoprocessed, leaving the
speck in an activated form. Active Caspase-1 is inducing maturation of pro-IL-13 and pro-IL-18.
Furthermore caspase-1 cleaves GSDMD, which oligomerizes in the cell membrane and forms
pores, leading to pyroptosis and cytokine secretion.

As cathepsin inhibitors, lysosome-destabilizing agents or neutralization of lysosomal
acidification were reported to modulate NLRP3 activation, it was postulated that
lysosomal leakage could be involved in inflammasome formation ( ).
However, further studies revealed that caspase-1 activation is observed before

lysosomal leakage, indicating independent NLRP3 signalling (
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). Furthermore, it was shown that lysosomal leakage could lead to
K* efflux or ROS production ( ), two
mechanisms convincingly reviewed as possible upstream NLRP3 stimulating

events.

141 NEK7: A NEW UPSTREAM REGULATOR OF NLRP3

Three simultaneous reports from different research groups provided strong evidence
that NEK7 (never in mitosis A (NIMA)-related kinase 7), a kinase so far only
associated with mitotic spindle apparatus formation, plays a crucial role in NLRP3
inflammasome activation.

In a phosphorylation cascade downstream of NEK9, the serine/threonine kinase
NEK? induces together with NEK6 the phosphorylation of Kinesin family member 11
(KIF11), influencing its accumulation at the microtubules and the separation of the
centrosomes for mitotic progression (

). Recently, a role in neuronal dendrite morphogenesis was
also attributed to NEK7, whereby it effects the cytoskeletal microtubules in a KIF11-
dependent manner as well ( )

The additional role of NEK7 in inflammasome activation was surprising, but
emerging evidence of diminished NLRP3 signalling in NEK7-deficient bone marrow
derived macrophages (BMDMs) was very convincing. The NEK-7 dependent NLRP3
activation and oligomerization can be observed for both canonical and non-
canonical NLRP3 stimuli downstream of K* efflux, but not for activators of the other
inflammasomes ( ). NEK7 binds directly to the LRR domain of NLRP3,
thereby releasing its autoinhibition ( ). For this
interaction the active site of NEK7 is crucial, but not the kinase activity (

). Notably, Caspase-1 processing downstream of the gain-of-function NLRP3
mutation NLRP3-R258W is still NEK7-dependent ( ). Nek7-
dependency was also observed in vivo, as mice lacking NEK7 secreted less IL-13

both after MSU injections as well as in an experimental multiple sclerosis model.
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Moreover, mitotic cells are responding less to NLRP3 stimuli and show diminished
NLRP3-NEK7 interaction, indicating that NEK7 is strongly contributing to the

exclusivity of these two opposing events, pyroptosis and mitosis ( ).

1.4.2 SMALL MOLECULES: NEW TOOLS TO STUDY NLRP3 ACTIVATION

Previous work of our group showed that small molecules like imidazoquinoline
imiquimod or some TKIls can induce robust NLRP3-dependent IL-13 secretion in
BMDMs and BMDCs.
Imiquimod, is an imidazoquinoline derivate drug (also known as R837), commonly
used as therapeutic medication in condyloma conditions, basal cell carcinoma, and
actinic keratosis. It was described that Imiquimod binds and inhibits the non-kinase
NQO2 ( ). NQO2 is a promiscuous quinone
oxidoreductase that catalyses a two-electron detoxification of quinones to form
hydroquinones with unclear physiological function ( ). The quinone
oxidoreductases NQO2 and mitochondrial Complex | were shown to be ROS-
producing molecular targets of Imiquimod. Imiquimod can bind NQO2 and activate
the NLRP3 inflammasome without the need of K* efflux, but by an intense production
of mitochondrial ROS ( )-
NQO2 is also bound by some tyrosine kinase inhibitors (TKIs), of which a few also
show NLRP3 inflammasome stimulating effects. It seems however, that NQO2
binding is not mandatory linked to the ability to activate the NLRP3 inflammasome
( )-
The family of TKIls includes small molecule inhibitors selectively targeting the ATP-
binding pocket of proto-oncogenic tyrosine kinases. By blocking constitutive cellular
signalling all TKls have anti-neoplastic activity and promote growth arrest and cell
death of cancer cells ( ). Imatinib was also shown to bind and inhibit
NQO2 and induce IL-1( secretion in BMDMs and BMDCs (

).
Imatinib, initially developed as a PDGFR kinase blocker, was later found to be a
potent inhibitor of the BCR-ABL fusion kinase and KIT ( ).
Consequently, it was the first TKI commercially used as a cytostatic drug under the

trade name Glivec (Gleevec in US), which is still most successfully used for treatment
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of chronic myeloid leukemia ( ). Masitinib, is a TKI structurally
related to imatinib, inhibiting specifically PDGFR and c-KIT. Masitinib is currently
being tested in several clinical trials and has been so far used in treatment of canine
mastocytosis ( ).

Small molecules are interesting new tools to study NLRP3 inflammasome activation,
as emerging evidence shows their ability to modulate its responses. Furthermore,
findings observed by this approach could have clinical relevance and lead to new

therapies using small molecules for NLRP3 associated inflammatory diseases.
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1.5. AIM OF THIS THESIS

Even after years of research, the exact molecular mechanism of NLRP3 activation
remains unsolved. With regard to many pathological roles of NLRP3 in diseases like
gout, arthritis or autoinflammatory diseases such as cryopyrin-associated period
syndrome (CAPS) , it would be of therapeutic interest to answer this question
( )-

As small molecules like imiquimod represent a new NLRPS3 targeting approach, they
are of special interest for a better understanding of upstream signals triggering
inflammasome formation. The finding of TKI-induced inflammasome activation
introduces novel small molecule activators of NLRP3 to the field of inflammasome
research.

To study the molecular details of inflammasome activation by TKils, we focussed on
imatinib and masitinib. This extends the toolbox of clearly defined molecular triggers
of the inflammasome and thus facilitates the study of its fine mechanistic aspects.
Furthermore, the reported pro-inflammatory site of TKl-treatment is of significant
clinical importance and may relate to the immunomodulatory effects elicited by
imatinib in patients ( ).

In a second approach we tried to investigate the recently identified mediator of
NLRP3 activation NEK7 in further detail. Hereby we tried to focus on differences
between BMDM and BMDC cultures, as NEK7 dependency was only observed in
macrophages so far. A better understanding of NEK7 activation may provide a new

targeting strategy for treatment of NLRP3-associated diseases.
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MATERIALS & METHODS II

2.1. MATERIALS

All salts, reagents and fine chemicals were purchased from either Sigma-Aldrich,
Carl Roth, or Enzo. Tyrosine kinase inhibitors were purchased from Selleckchem.
R837 was purchased from Invivogen. Tissue culture media, supplements and
antibiotics were from Thermo Scientific. GM-CSF and M-CSF were obtained from

ImmunoTools. Tissue culture plasticware was from TPP or Sarstedt.

211 ANTIBODIES

Antibody Host species Company

ASC (AL177) rabbit Adipogen AG
Caspase-1 p20 (Casper-1) mouse Adipogen AG

IL-1B (AF-401) goat R&D Systems Inc.
NEK?7 (EPR4900) rabbit Abcam PLC

NLRP3 (Cryo-2) mouse Adipogen AG

Tubulin (B512) mouse Sigma-Aldrich Co. LLC
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Conjugated Antibody Reactivity Company

CD11b PE/Cy7-conjugated (M1/70) mouse/human BioLegend Inc.
CD11c PerCP/Cy5.5-conjugated (N418)  mouse BioLegend Inc.
CD135 APC-conjugated (A2F10) mouse BioLegend Inc.
F4/80 FITC-conjugated (BM8) mouse Abcam PLC
KI-67 PE conjugated mouse BioLegend Inc.
MHCII APC/Cy7-conjugated (M5/114.15.2) mouse BioLegend Inc.
2.2. MicE

Mice were housed under SOPF or SPF (specifying pathogen free) facilities at
Klinikum rechts der Isar in Munich, Germany or Charles River Laboratories in Calco,
Italy in accordance with local and European guidelines.
Used for inflammasome experiments were following mice: Nirp3™
), ASC™ ( ), caspase-17" ( ); Nek77 (

), kindly provided by Prof. Bruce Beutler and colleagues; and GSDMD™
( ), kindly provided by Prof. Petr Broz and colleagues.
Colonies were maintained by inbreeding of heterozygous mice and kept under strict
observation for manifestation of disease symptoms. Offspring were genotyped from

biopsy material by PCR or Western blot analysis in the case of Nek7” breeding.

2.3. CELLLINES

Cell lines were cultured at 37°C with 5% CO: in humidified incubators and handled
under a HEPA-filter cell culture sterile hood. NIH-3T3 murine embryonic fibroblasts,
HelLa human epithelial cells and HEK293T human embryonic kidney cells were
cultured in DMEM (1mM pyruvate, 25mM glucose, 4mM glutamine) supplemented
with 10% FCS and 100U/mL penicillin and 100mg/mL streptomycin (abbreviated
Pen/Strep). Every 2-3 days, the cells were passaged by washing with
phosphatebuffered saline (PBS) and treated for 5-10 min at 37°C with Trypsin and
0.05% EDTA solution. Cultivation media were prepared as recommended by the

German collection of microorganisms and cell cultures (DSMZ).
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2.4. BMDC AND BMDM CULTURE

Bone marrow-derived macrophages (BMDMs) and dendritic cells (BMDCs) were
isolated from the murine tibia and femur of age and sex matched mice, as published
in detail by our group ( ). Cells were grown for 6-8 days in
humidified incubators at 37°C and 5% CO: in the presence of recombinant murine
(rm) M-CSF (BMDMs) or GM-CSF (BMDCs). For the NEK7 project, both BMDCs as
well as BMDCs were cultured for 6-8 days in RPMI-1640 (11.1mM glucose with
GlutaMAX) supplemented with 10% FCS and 100U/mL penicillin and 100mg/mL
streptomycin in the presence of M-CSF (BMDMs) or GM-CSF (BMDCs).

2.5. INFLAMMASOME ASSAY

After 6-8 days of differentiation, cells were harvested using 0.05% EDTA in HBSS
buffer. BMDCs and BMDMs were plated in 96-well plates at a density of
0.12-0.2 x 10° cells per well in medium containing growth factor. All stimulations
were performed in triplicates.

Before inflammasome stimulation, cells were primed with 20ng/mL E.coli K12
ultrapure LPS for 3 h. Typical inflammasome activator concentrations and times
were as follows: 5mM ATP 180 min, 100uM imiquimod (R837), 5uM nigericin 60 min,
400pg/mL MSU/alum 180 min, 1pg/mL poly(dA:dT) 180 min (transfected with
Lipofectamine2000 in OptiMEM, Invitrogen). MSU crystals were prepared as
previously described ( ). All inflammasome activators were
titrated before first usage and the lowest dose and the shortest time required to
cause significant IL-1 secretion.

Inhibitors were added after 3 h of priming, and 30 min before stimulation with
inflammasome activators. Inhibitor concentrations were as follows, unless indicated
otherwise: 200uM ammonium pyrolidinedithiocarbamate (APDC or PDTC), 40uM
ebselen, 25mM KCI, 5uM MCC950, 30uM necrostatin-1, 3000g/mol polyethylene
glycol (PEG), or 20uM zVAD-fmk. MCC950 was provided by Prof. Matthew A.

Cooper (University of Queensland) ( ). To minimize off-target effects
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of extracellular KCI, it was mixed by careful pipetting immediately after
administration. Inhibitors were also titrated, and the lowest effective dose was used.
When the GM-CSF effects was of interest, 20ng/mL GM-CSF was added directly to
the cell culture medium, either 1 h prior to LPS-priming or the night before the

experiment. The procedure was described in further detail by our group (

)

2.6. BIOCHEMICAL ANALYSIS UPON INFLAMMASOME STIMULATION

2.6.1 CYTOKINE QUANTIFICATION

For cytokine quantification of cell-free supernatants, enzyme-linked immunosorbent
assay (ELISA) kits for murine IL-1q, IL-1f3, IL-6, IL-10 and TNFa (Ready-Set-Go from
eBioscience) were used according to manufacturer’s protocol with half the volumes
used (50uL/well instead of 100uL/well). The supernatants were diluted 1:3 — 1:5 prior
to loading. ELISA data is depicted as mean = SEM of technical ftriplicates.
Absorbance at 450 nm was measured using a Tecan Sunrise instrument, and
concentrations were interpolated from the standard curve using the accompanying
Tecan Magellan software. The standard curve was prepared by serial dilution of
recombinant cytokine provided in the kit and was added to each plate when the

samples were loaded as well.

2.6.2 IMMUNOBLOTTING

For protein analysis of cell-free supernatant and cell lysates the samples were
collected in sodium dodecyl sulfate (SDS)- and dithiothreitol (DTT)-containing
sample buffer and the triplicates pooled. Proteins were separated according to
Laemli ( ) in a discontinuous SDS polyacrylamide gel (acrylamide
content 10% or 12%). The SDS Page was run in BioRad electrophoresis cells with
1x SDS running buffer (15 g/L Tris base, 72 g/L Glycine, 5 g/L SDS) for 1-2 h at 100-
120V.
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SDS-PAGE separated proteins were transferred to a nitorcellulose membrane (GE
Healthcare) using wet blotting ( ). The blot was run at 110V per
gel for 1.5 h, cooled with ice. The nitrocellulose membrane was then washed in PBS-
Tween (PBST) and protein loading visualised by Ponceau S stain. Upon incubation
with blocking buffer (PBST with 5% skim milk) for 1 h at room temperature with
gentle agitation, a primary antibody (in PBST with 2% skim milk and 0.05% sodium
azide) was added overnight at 4°C with gentle agitation (antibodies are listed in
2.1.1). This was followed by at least three washing steps in PBST each lasting 10
min. Afterwards the membrane was incubated with the secondary antibody
conjugated with horseradish peroxidase (HRP) (diluted in PBST with 2% skim milk)
1-1.5h at room temperature. After five times washing with PBST for a total time of
1-2 h, the membrane was covered with Enhanced chemiluminescence substrate
(Western Lightning Plus from PerkinElmer or ECL Ultra from Lumigen) and
chemiluminescence was captured with cooled charge-coupled device (CCD)
camera (ChemoCam from Intas). The procedure was described in further detail by

our group )-

2.6.3 CYTOTOXCITY ASSAY

Lytic cell death was quantified with the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega). Assays were conducted following manufacturer’s instructions,
with the exception that half the volume was used. Maximum cell death (100%) was
determined by lysing example cells with the lysis buffer provided in the kit. Cell-free
medium was used to determine the background, which was subtracted from all values

before calculating the percentage of cell death.

2.7. |IMMUNOFLUORESCENCE IMAGING

Cells of interest were seeded in 8-chamber culture slides for immunofluorescence
imaging at a density of 8 x 10° cells/chamber. Cells were treated like it is described
in 2.5, with an exemption for nigericin of which double the concentration was used
(10 uM).
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Subsequently, the cells were washed with 1x DPBS, fixed for 10 min in 4%
paraformaldehyde, and extracted for 5 min in DPBS supplemented with 0.1% Triton
X- 100. Inflammasome components were visualized by antibodies (listed in 2.1.1)
diluted 1:200 in blocking buffer (1x DPBS + 5% FBS + 0.1% Triton X-100). After
washing three times with 1x DPBS supplemented with 0.1% Triton X-100, the
staining was completed by incubation with an secondary antibody conjugated to a
fluorescent dye. Finally, slides were mounted in Vectashield containing DAPI (Vector
Laboratories). Images were taken with constant laser settings on a Leica SP8
confocal microscope equipped with a 63x/1.40 oil objective. To detect all specks in
a image frame, a z-stack of the region of interest was captured. Thus, the depicted

images are maximum projections of the respective z-stacks.

2.8. FLOWCYTOMETRIC ANALYSIS

BMDMs and BMDCs were treated and collected as described in 2.5. To determine
the total cell number, cells were counted with trypan blue and annotated. A
maximum of 2 x 10° cells was pipetted to a V-bottom 96-well plate and washed with
FACS buffer (1x PBS with 2%FCS). Cells were then treated with conjugated
antibodies listed in 2.1.1, which were diluted in FACS buffer following
manufacturer’s protocol and incubated for 1 h at room temperature and in the dark.
Afterwards, cells were washed twice with FACS buffer. Cells were used immediately
or resuspended in IC fixation buffer (eBioscience) and subsequently stored for a
maximum of 48 hours.

All samples were measured on a FACS Aria Il (BD Biosciences) and data analysis

was done using the FlowdJo (Threestar) software.
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Results

3.1. NLRP3 INFLAMMASOME ACTIVATION BY THE TYROSINE KINASE

INHIBITORS IMATINIB AND MASITINIB

Tyrosine kinase inhibitors (TKIls) are commonly used in the clinics and have been
proven highly successful therapeutics for various neoplastic disorders. While some
TKls have a narrow range of very specific molecular targets, others are capable of
inhibiting a set of kinases when applied systemically and thus harbour the potential
of complex side effects. Some TKIs were found to bind the flavoprotein and quinone
oxidoreductase NQO2 ( ), which is a known target

of imiquimod (R837), a small molecule acting as a potent inflammasome activator

( )-

3.1.1 IMATINIB AND MASITINIB INDUCE IL-18 SECRETION IN PRIMARY MURINE

MYELOID CELLS

To test, whether part of the adverse effects could potentially be attributed to

systemic inflammation and inflammasome activation, we treated LPS-primed bone
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marrow-derived dendritic cells (BMDCs) with imatinib, a well-established TKI, and
masitinib, with a related molecular structure to imatinib currently being tested in
clinical trials ( ). Both TKiIs induced robust IL-1 secretion in
BMDCs at concentrations comparable to levels of well-established inflammasome
activators like, ATP, nigericin, imiquimod (R837), MSU, alum, and poly(dA:dT) (Figure
1A). We determined an optimal working concentration of both TKils by titration and
observed peak production of IL-1f for a TKI concentration ranging between 5-100
UM (Figure 1A). Interestingly, IL-1p secretion is observed only after a threshold TKI
concentration of about 20-30 pM. Indeed, a similar all-or-none response has been
observed for other established inflammasome activators. Also, IL-13 secretion levels
induced by imatinib and masitinib treatment are largely comparable to those of
canonical NLRP3 activators. One hallmark of inflammasome activation is
represented by the cleavage and the subsequent secretion of the caspase-1 residual
p20 to the extracellular space ( ). We detected secretion of
cleaved caspase-1 p20 in supernatants of LPS-primed BMDCs treated with either
of the two selected TKIls, again to a comparable extend as with established
inflammasome activators (Figure 1B). When performing experiments with stimulation
kinetics we identified for 60uM TKI concentration an optimal IL-1 secretion after 3
and 4 hours of stimulation (Figure 1C, data from Giovanni Magnani).

Taken together, our data indicate that both imatinib and masitinib can induce
prominent IL-1[3 release after passing a threshold concentration of about 20-30 pM.
Also, the secretion of caspase-1 p20 to the supernatant strongly suggests that the
measured IL-13 secretion derives from the action of an active inflammasome in the
tested BMDCs.

3.1.2 IMATINIB AND MASITINIB ACTIVATE THE NLRP3 INFLAMMASOME

As imatinib and masitinib are inducing significant secretion of IL-1 and caspase-1
cleavage, we investigated what inflammasome sensor protein might be responsible
for this response. To this end, we tested LPS-primed BMDCs generated from either

wildtype or knockout mice of different inflammasome components. Comparable to

43



A Figure 1: The Tyrosine-kinase
107 inhibitors (TKlIs) imatinib and
masitinib induce strong caspase-1
cleavage and IL-1B secretion in
67 bone marrow derived dendritic
cells (BMDCs).
(A) BMDCs were primed 3 h with
2 20ng/ml LPS, and then stimulated
with imatinib and masitinib (5, 10, 20,
40, 60, 80, 100 pM) for 3h and NLRP3

IL-1B (ng/mL)

Ee§5E538%
‘—é’ < g €<= $ ‘ ‘ inflammasome activators, whose
5 - 3 Imatinib Masitinib concentrations are listed in the
> experimental procedures. IL-13 was
measured from supernatant of LPS-
B primed cells by ELISA. (B)
Immunoblot analysis of lysates and
A—— TSNS LBp17 cellfree  supernatants  from  (A).
g - - ——— = @@ @e Casp1pi5  (C) IL-1B secretion time course from
: 8 =4 - § §-. LPS-primed BMDCs treated with
3 oh b 60pM imatinib and masitinib. IL-1B
-—- . o - ss®men,, Caspip Was measured from supernatant of
8 LPS-primed cells by ELISA (done by
g sEEEEEmEEEe T Giovanni Magnani).
§ E §8 365 - Cytokine secretion data is depicted
2 é’a @ = ;‘5;, — as mean + SD of technical triplicates.
£ 2 matinio The results from each experiment in
this figure are representative of at
C least three independent experiments.
3.
I 2]
5
2 17
O'L . ¢ ¢ o o P U —
- N O ¥ O © - N O < O O

Imatinib Masitinib

control inflammasome activators nigericin and R837, IL-1p secretion was strongly
reduced in NLRP3 and ASC-deficient cells as compared to wildtype (Figure 2A).

The compound MCC950 is a potent and selective small molecule inhibitor of the
NLRP3 inflammasome capable of abolishing both IL-13 and pyroptotic cell death

( ). We therefore tested both imatinib and masitinib in combination
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with MCC950 pre-treatment and observed a significantly reduced secretion of IL-13
(Figure 2B). The IL-1B secretion induced by the TKIs and the reported NLRP3
activators, nigericin, R837, and monosodium urate crystals (MSU) was inhibited by
pre-treatment with MCC950. However, poly(dA:dT), an activator of the AIM2
inflammasome, still elicited IL-1 secretion unaffected by MCC950 (Figure 2B). This
observation supports the hypothesis that NLRP3 plays a major role in TKl-induced
IL-1 secretion.
Another hallmark of inflammasome activation is the generation of microscopically
detectable speck structures of multiprotein aggregates with a size of about 1 pm
( ). To assess speck formation, LPS-primed wildtype
BMDCs were either left untreated or were treated with nigericin, imatinib, or
masitinib. With exception of LPS only controls, all samples treated with the TKils or
nigericin, exhibited speck formation, visible by ASC-staining and confocal
microscopy (Figure 2C). Remarkably, masitinibo acted as a very potent
inflammasome stimulus, with ASC-specks formed after incubation times even
shorter than those of K* ionophore nigericin.
Recently, a serine/threonine kinase termed NEK7, known to be taking part in mitotic
processes, has been introduced as an upstream interaction partner of NLRP3. Two
groups independently showed that NEK7 is critically required for NLRP3
inflammasome activation. On one hand NEK7 transduces the potassium efflux signal
upstream of the NLRP3 inflammasome, on the other hand it senses mitochondrial
ROS production. Both events trigger NEK7 association with NLRP3 and drive
inflammasome assembly, independent of its kinase activity (

). To investigate if NEK7 also transduces the TKI-driven activation signal to
NLRP3, we stimulated Nek7”- BMDCs with imatinib and masitinib. We observed that
inflammasome activation by both TKIs partially depends on NEK7, as IL-1(3
secretion was diminished in Nek7”" BMDCs (Figure 2D). However, we observed
some residual IL-1B secretion from Nek7”~ BMDCs, when stimulated with imatinib
and masitinib in comparison to stimulatory conditions with ATP, MSU and
Imiquimod (R837) in which IL-1B was largely absent.
So far, both TKls demonstrated a NLRP3-dependent mode of action comparable to

that of small molecule inhibitor Imiquimod. We therefore tested if imatinib and
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masitinib triggered production of reactive oxygen species (ROS) to a similar extend
as the imidazoquinoline. Indeed, IL-13 secretion triggered by both compounds was
inhibited when cells were pre-incubated with the glutathione peroxidase mimetic
ebselen (Figure 2E). These results indicate that both TKIs induce intracellular ROS
production that eventually could lead to NLRP3 inflammasome activation and
subsequent IL-1( secretion.

K" efflux is recognized as one of the major upstream events of NLRP3 activation and
was proposed as an indispensable trigger for inflammasome assembly upon
stimulation with particulate compounds (

). However, the small molecule imiquimod was found to also activate NLRP3 in
the absence of K* efflux ( ). To test whether imatinib and masitinib
require K* efflux to trigger NLRP3 activation, we prevented K* efflux by treating LPS-
primed BMDCs with high doses of extracellular KCI prior to stimulation with TKls or
control stimuli. As previously reported, this treatment fully inhibited IL-1(3 secretion
upon stimulation with the bacterial pore-forming toxin and K* ionophore nigericin
( ). Both imatinib and masitinib activated the inflammasome K*
efflux-dependent, as increased extracellular concentrations of KCI reduce
significantly IL-1( secretion (Figure 2E). As observed during time-lapse microscopy,
masitinib, showed faster activation kinetics (Figure 1C and 2C) and was therefore
less inhibited by KCI and ebselen after long time exposures. This effect points to a
positive feedback loop of an axis which integrates events of membrane lysis, K*
efflux, and eventually inflammasome activation, driven by masitinib and imatinib
acting on BMDCs.

Taken together, these data demonstrate that imatinib and masitinib can trigger the
NLRP3 inflammasome in a NEK7-dependent manner, and induce intracellular ROS

production and K* efflux that eventually trigger inflammasome activation in BMDCs.
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Figure 2: Imatinib and masitinib activate the NLRP3 inflammasome. (A) LPS-primed BMDCs
from wildtype, NLRP3- and ASC-deficient mice were treated with 40puM imatinib and 20puM
masitinib for 3 h. (B) BMDCs were treated with MCC950 30 min prior stimulation with in methods
indicated concentrations of nigericin, imiquimod, MSU, poly(dA:dT), imatinib (60uM) or masitinib
(40pM). (C) Immunofluorescence staining of ASC (red) in fixed, LPS-primed BMDCs stimulated
with 10uM nigericin, 60uM imatinib or 40uM masitinib. Nuclei were counterstained with DAPI
(blue). Scale bar represents 10 pm. (D) LPS-Primed BMDCs from wildtype or NEK7-deficient
mice were stimulated with control compounds and with imatinib (40uM) or masitinib (20uM). (E)
LPS-primed BMDCs were treated with 25mM KCI or 40uM ebselen for 30 min and subsequently
stimulated with control compounds and with imatinib (60uM) or masitinib (40pM). (A-E) IL-1B
was quantified from cell-free supernatants. Cytokine secretion data is depicted
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Figure 2 continued: as mean = SD of technical triplicates. The results from each experiment in
this figure are representative of at least three independent experiments.

3.1.3 IMATINIB AND MASITINIB DO NOT REQUIRE INFLAMMASOME FUNCTION TO

TRIGGER CELL DEATH

Gasdermin-D (GSDMD) was recently proposed as the protein responsible for pore
formation during pyroptosis upon cleavage by caspase-1 or caspase-11 (

). Additionally, GSDMD regulates the release of IL-1B from living
hyperactivated macrophages, independent of its pyroptotic capacity (

). Caspase-11 recognizes intracellular LPS and cleaves GSDMD provoking
membrane pores. K* ions are surging through the leaky membrane and lead to the
activation of NLRP3 in a non-canonical way, by involving K" efflux first and
inflammasome activation after ( ). We therefore sought to test
whether imatinib and masitinib trigger lytic cell death in a caspase-1, caspase-11
and GSDMD-dependent manner. To this end, we stimulated LPS-primed BMDCs
from GSDMD-deficient or caspase-1/caspase-11 double knockout mice with TKls
and known NLRP3 inflammasome activators and measured both IL-13 secretion
and LDH release, monitoring the percentage of lytic cell death. In line with previous
reports, R837, ATP and MSU showed strongly reduced IL-1B secretion and cell
death in knockout cells (Figure 3A). In response to imatinib and masitinib, BMDCs
from both caspase-1/11 and GSDMD knockout mice displayed a similar LDH
release profile, showing prominent residual signal even with the highest TKI
concentration tested (Figure 3A). We detected also a high residual LDH signal of
Caspase1/117 and GSDMD™ cells treated with the crystal particle MSU, which was
not observed before but most likely can be attributed to the membrane
compromising nature of the crystalline agent. Nevertheless, it is well established that
NLRP3 activation by MSU and other crystal particles is inhibited by the phagocytosis
inhibitor cytochalasin D ( ). However, when we pre-incubated
BMDCs with cytochalasin D and subsequently stimulated with TKls, we did not
observe inhibition of IL-1P secretion or LDH release, contrary to the outcome in

MSU-treated cells. This indicates that neither imatinib nor masitinib is activating the
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inflammasome in a crystal particle-like manner (Figure 3B). These data also indicate
that both TKIs trigger an unconventional form of cell death that does not require
caspase-1, caspase-11 and GSDMD cleavage and is thus clearly distinguishable
from both canonical as well as non-canonical pyroptosis. IL-1B secretion was
likewise strongly reduced from GSDMD™ cells as well as caspase-1/11-deficient
cells upon TKls treatment. Yet, higher drug concentrations could cause IL-1f
secretion even in GSDMD™” BMDCs (Figure 3A). As those cells still have a functional
caspase-1 that cleaves pro-IL-1B, retention of mature IL-13 within the cell was
detectable (Figure 3C). Given the fact that we observed a strong residual LDH signal
in GSDMD™ BMDCs treated with TKls, we assume that the IL-1B secretion derived
from pores introduced by another form of TKI-induced lytic cell death independent
of pyroptosis. This hypothesis is strongly supported by western blotting for IL-13
and Caspase-1 from the same experiments (Figure 3C). Here we detected cleavage
of pro-IL-1B in TKl-treated GSDMD”" BMDCs. Caspase1/11” cells were unable to
cleave pro-IL-1B, hence they did not secrete the mature form p20 (Figure 3B). Also,
a faint IL-1 p20 signal was still detectable in GSDMD knockouts, matching with the
hypothesis outlined above.
IL-1a secretion followed the same trend over the range of TKI concentrations tested
as observed for IL-1p3, indicating that both cytokines are released due to a similar
cellular activation event (Figure 3A). This is in line with previous observations, that
IL-1a secretion is a concomitant phenomenon of inflammasome activation even
though its pro-form is cleaved by calpains and not by active caspase-1 (

). These data show that TKils are
causing a lytic form of cell death which significantly differs from pyroptosis and
suggest, that inflammasome activation may be rather a consequence than the

primary cause of cell death in TKI-treated BMDCs.
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Figure 3: Imatinib and masitinib trigger a lytic from of cell death that is GSDMD and
caspase-1 independent. (A) LPS-Primed BMDCs from wildtype, caspase-1/11- or GSDMD-
deficient mice were stimulated with control compounds and with imatinib (40, 60, 80 uM) or
masitinib (20, 40, 60 uM). IL-1P (top), IL-1a (middle) and lactic dehydrogenase (LDH) (bottom)
were quantified from cell-free supernatants. (B) (A) LPS-Primed BMDCs were treated with 3uyM
cytochalasin D for 30 min and subsequently stimulated with control compounds and with
imatinib (60uM) or masitinib (40uM). IL-1B (left) and LDH (right) were quantified from cell-free
supernatants. (C) Immunoblot analysis of lysates and cell-free supernatants from (A). Cytokine
secretion and LDH release data is depicted as mean + SD of technical triplicates.
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3.14 IMATINIB AND MASITINIB INDUCE A ZVAD-FMK RESISTANT AND

UNCONVENTIONAL FORM OF LYTIC CELL DEATH

To study the mechanisms behind TKIl-induced cell death and inflammasome
activation in more detail, we tested the pan-caspase inhibitor zZVAD-fmk. The
inhibitor was applied prior to inflammasome stimulation and effectively blocked IL-
13 secretion induced by all compounds tested (Figure 4A). The LDH release showed
that zVAD-fmk could not prevent cell death for neither TKls nor canonical
inflammasome stimuli. This is in line with published data showing that cells which
were inhibited with zZVAD-fmk are driven toward other forms of programmed cell
death thus overcoming the loss of a pyroptotic pathway (

). Recently, a link between necroptosis and inflammasome activation has
been proposed by several groups. It was shown that RIPK3 can activate NLRP3
through caspase-8 catalytic activity in a MLKL-independent manner (

). Also, MLKL-driven necroptosis leads to K* efflux and NLRP3 inflammasome
activation ( ). To test an involvement of
necroptosome-driven cell death upon TKI-stimulation, we tested BMDCs pre-
treated with necrostatin-1, a small molecule inhibitor of RIPK1, commonly used to
block necroptosis ( ). Necrostatin-1 was unable to block
IL-1PB release and cell death induced by treatment with imatinib, masitinib or other
inflammasome activators (Figure 4B). Moreover, cell death is not affected by the
presence of necrostatin-1 as LDH release levels are always comparable to wild-type
controls (Figure 4B and C). Together, these observations imply that imatinib and
masitinib are not activating NLRP3 through engagement of the necroptosome.

The highly regulated signalling pathway of necroptosis, revolutionized the view on
necrosis as an unprogrammed lytic cell death ( ). Different other
lytic cell death pathways were described, some of which are parthanatos and
ferroptosis. Both are highly regulated, but are independent of the activity of
caspases and cannot be rescued by pan-caspase inhibitors like zZVAD-fmk (

; ). Parthanatos is a poly-(ADP-ribose) polymerase-1
(PARP-1) mediated cell death pathway that is activated by DNA damage and leads
to an enhanced synthesis of the toxic poly-ADP-ribose (PAR). PAR directly binds the

apotosis-inducing factor (AlF), which is then translocated from the mitochondria to
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Figure 4: Imatinib and masitinib induce a non-conventional form of programmed cell death that
is caspases-independent. (A, B) LPS-Primed BMDCs were treated with (A) zZVAD-fmk 20uM or (B)
Necrostatin-1 30uM for 30 min and subsequently stimulated with control compounds and with
imatinib (40, 60 uM) or masitinib (20, 40 uM). IL-18 (upper) and LDH (lower) were quantified from cell-
free supernatants. (C) LPS-Primed BMDCs were treated with MCC950 5uM, DFOA 100uM, PJ-34
5uM for 30 min and subsequently stimulated with control compounds and with imatinib (40, 60 uM)
or masitinib (20, 40 uM). LDH was quantified from cell-free supernatants. (D) LDH release of LPS-
primed BMDCs, HEK293T, NIH-3T3 and Hela cells after stimulation with 60uM imatinib, 30uM
masitinib or 5uM nigericin. Cytokine secretion and LDH release data is depicted as mean + SD of
technical triplicates. The results from each experiment in this figure are representative of at least
three independent experiments.
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the nucleus, where it induces chromatin condensation and DNA fragmentation
( ). PJ-34 inhibits PARP-1 by direct interaction and has an strongly
suppressive effect on parthanatos ( ). Ferroptosis is, however,
induced by the accumulation of lipid peroxides in the cell. These are generated by
excessive intracellular iron and a lacking lipid repair mechanism, which is, under
physiological conditions, regulated by a cysteine/glutamate antiporter.
Deferoxamine (DFOA) acts as an iron chelator and can thus specifically inhibit
ferroptosis. ( )

To test, whether these two cell death pathways are activated by imatinib and
masitinib when caspases are blocked by zZVAD-fmk (Figure 4A), DFOA and PJ-34
were applied prior to inflammasome activation. Even though DFOA was effective in
lower concentrations of both TKis, the effect was completely lost for 20uM higher
concentrations (Figure 4C).

To reject the hypothesis that we were observing a general cytotoxicity event, we
tested imatinib and masitinib on HEK-293T cells, Hela cells, and 3T3 fibroblasts,
and analysed LDH release. Both TKls were relatively ineffective in causing cell death
in the tested cells lines (Figure 4D). Taken together, our data show that both imatinib
and masitinib are causing a form of zVAD-resistant lytic cell death and do neither
rely on necroptosome assembly nor on parthanatos or ferroptosis. It is intriguing to
speculate that both TKils tested here instead provoke another unconventional form

of cell death, yet to be characterized in full mechanistical details.

3.1.5 HIGH MOLECULAR WEIGHT PEG RESCUES IMATINIB- AND MASITINIB-DRIVEN

CELL DEATH

When challenging distinct forms of programmed cell death by specific inhibition or
by using cells for various knock-out mouse strains, we did not achieve complete
reduction in LDH release upon TKI stimulation. Polyethylene glycols (PEGs) were
shown to protect cells from death by preserving and maintaining membrane integrity
( ). Moreover, high molecular weight PEG
was reported to prevent cell swelling and inflammasome activation in a S.

typhimurium infection model ( ). Thus, we
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preincubated LPS-primed BMDCs with PEG 3000 before treatment with either
nigericin, ATP, MSU, or the two TKIs imatinib and masitinibo. PEG was highly
effective in inhibiting IL-1B secretion induced by both TKils, whereas control
activators engaged inflammasome assembly even in the presence of PEG (Figure
5A and B). While the pyroptotic decay induced by nigericin, ATP, and MSU remained
unaffected, the PEG polyether compound specifically protected BMDCs from a TKI-
induced cell death (Figure 5A). In contrast, PEG showed no effect on TNFa
production and secretion by BMDCs upon stimulation (Figure 5B).

To address the question if PEG is inhibiting ion fluctuations triggered by membrane
stabilization upon cell death activation, we transfected LPS with Lipofectamine2000.
In this way we could test whether NLRP3 can be activated by K efflux in a non-
canonical manner in the presence of PEG. We observed unaltered IL-1 secretion
upon LPS transfection in the presence of PEG (Figure 5C), indicating an specific
effect on TKI triggered cell death independent of ion flux.

Taken together, these data show that the tested TKIs are inducing a cell death
pathway which is distinguishable from pyroptosis induced by common NLRP3
stimuli. Also, we observed that PEG protects the cells from TKI-induced
inflammasome activation and subsequent cell death. This observation suggests that
NLRP3 inflammasome assembly upon TKI-treatment might be a consequence of an
unconventional mode of cell death mechanism and a cell type specific mode of

action restricted to inflammasome competent cells of the organism.
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Figure 5: High molecular weight
polyethylene glycol (PEG) rescues
imatinib and masitinib-induced lytic
cell death. (A) LPS-primed BMDCs
were treated with 5mM PEG-3000 for
30 min and subsequently stimulated
with control compounds and with
imatinib (60, 80uM) or masitinib (40,
60uM). IL-1B (upper) and LDH (lower)
were quantified from  cell-free
supernatants. (B) Primed BMDCs
were left untreated or treated 5mM
PEG-3000. TNF secretion was
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(C) LPS-Primed BMDCs were treated

with 5mM PEG-3000 for 30 min and
subsequently stimulated with imatinib
(50uM) or masitinib (30pM) for 3h or
were transfected with 2 ug LPS per
well on a 96-well plate and stimulated
16h. IL-1B was quantified from cell-
free supernatants. Cytokine secretion
and LDH release data is depicted as
mean + SD of technical triplicates. The
results from each experiment in this
figure are representative of at least
three  independent  experiments.
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3.2. NEK?7 DEPENDENCY IN NLRP3 INFLAMMASOME ACTIVATION

The NIMA-related kinase 7 (NEK7) is a serine-threonine kinase, which was previously
associated with the assembly of the spindle apparatus during mitosis. However,
recently, an unexpected role of NEK7 in NLRP3 inflammasome formation was
reported by three groups independently (

). NEK7 was shown to sense both K* efflux as well as mitochondrial
ROS and transmit these signals to NLRP3 directly, by binding to the LRR domain of
NLRP3. It is thus the key player upstream of NLRP3 that was searched for in the

past decade.

3.2.1 NLRP3 ACTIVATION IS INDEPENDENT OF NEK7 IN BMDCs

To test, whether we could observe NEK7 dependency in our inflammasome assays
as well, we treated LPS-primed wildtype, Nek7” or Caspase-1"~ BMDMs and
BMDCs with nigericin, a standard NLRP3 activator. Prior to nigericin stimulation we
added different NLRP3 inflammasome inhibitors or left the cells untreated. As
expected, we could only detect IL-1B secretion in wildtype BMDMs, while Nek7™”
and Caspase-17 BMDMs did not show any IL-1 secretion (Figure 6A). Surprisingly,
we observed prominent IL-1B in the supernatant culture medium of Nek7”- BMDCs
(Figure 6B), while Caspase-1""BMDCs did not show any IL-1B secretion. The IL-1[
signal in NEK7-deficient BMDCs was in fact lower than the one of wildtype cells,
however, still very robust. Like under wildtype conditions, the IL-1B secretion was
inhibited by the well-established NLRP3 inflammasome inhibitors, namely KClI,
MCC950, PDTC and ebselen (Figure 6B).

When investigating this observation on protein level, we observed very similar
behavior in both cell types. Wildtype BMDMs showed cleaved Caspase-1 and
mature IL-1B in the supernatant, while Nek7” and Caspase-1"- BMDMs did not show
any IL-1B or Caspase-1 processing (Figure 6C). This was clearly different in BMDCs,

where Nek7” cells showed high levels of cleaved Caspase-1 and mature IL-1B in
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Figure 6: Nek7 independent NLRP3 activation by Nigericin in BMDCs. A, B) Wildtype, NEK7-
and Caspase-1-deficient (A) BMDMs or (B) BMDCs were LPS-primed and treated with 30mM
KClI, 2uM MCC950, 200uM PDTC or 20uM ebselen for 30 min and subsequently stimulated with
nigericin. IL-13 was quantified from cell-free supernatants. Cytokine secretion data is depicted
as mean = SD of technical triplicates. (B) Immunoblot analysis of lysates and cell-free
supernatants from (A). (C) Immunoblot analysis of lysates and cell-free supernatants from (D).
(E) Immunofluorescence staining of ASC (magenta) in fixed, LPS-primed wildtype or NEK7-

deficient BMDCs stimulated with 10puM nigericin. Nuclei were counterstained with DAPI (blue).
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Figure 6 continued: Scale bar represents 10 um. The results from each experiment in this figure
are representative of at least three independent experiments

the supernatant which were comparable to results obtained with wildtype BMDCs
(Figure 6D).
As NEK7 was reported to be crucial for ASC speck formation in BMDMs (

), we analysed ASC speck formation in LPS-primed BMDCs upon
nigericin stimulation. Also here we observed frequent ASC speck formation in NEK7-
deficient BMDCs that was not different from those forming in wildtype cells (Figure
6E).

Taken together, our data confirm the reports that NEK7 is playing a crucial role for
NLRP3 inflammasome formation in BMDMSs. Interestingly, BMDCs show a strong
NEK?7 independency for NLRP3 activation and ASC speck formation, arising the
question what the difference is between these two cell types that normally behave

in a very similar way in regard to NLRP3 activation.

3.2.2 GM-CSF LEADS TO A STRONGER RESPONSIVENESS OF BMDMs 10 NLRP3

INFLAMMASOME ACTIVATORS

As nigericin is inducing strong IL-13 secretion in NEK7-deficient BMDCs, we
investigated if we could observe the same effect after stimulation with different
NLRP3 activators or if it is nigericin specific. Thus, we treated LPS-primed wildtype,
Nek7” and Caspase-17" BMDCs with gramicidin, ATP, R837 and the TKIs Imatinib,
Masitinib and Pazopanib. Pazopanib is a TKI that is used in the clinic for renal cell
carcinomas and soft tissue sarcomas (

). Our group showed that Pazopanib, unlike Imatinib and Masitinib, is inducing
NLRP3 activation by mitochondrial ROS but not K" efflux (

). Consequently, Pazopanib may have close similarity to the

mechanism of NLRP3 activation of R837.
Interestingly, also other NLRP3 activators were able to induce robust IL-1(3 in NEK7-
deficient BMDCs (Figure 7A). As expected, Caspase-17- BMDCs did not show any

IL-1PB signal after activation independent of the stimulus used (Figure7A).
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To address the differences between BMDM and BMDC cultures, we tested first the
different cell culture media first. While BMDMs are grown in Gibco DMEM medium
with 40ng/mL of M-CSF, BMDCs are kept in Gibco RPMI media with HEPES, B-
Mercaptoethanol and 20ng/mL GM-CSF. Therefore, we changed the medium of
wildtype, Nek7” and Caspase-1”~ BMDMs and BMDCS either for overnight
incubation or right before LPS-priming and nigericin stimulation with the other cell
culture medium respectively (Figure 7B). We observed a strong increase in IL-13
secretion in wildtype BMDMs after medium change, especially when leaving the
BMDMs overnight in DC medium. Surprisingly, we could also detect high IL-1B in
the supernatant of Nek7-deficient BMDMSs. As expected, the control Caspase-1"

BMDMs were not able to process IL-1p Caspase-1 independent even after medium

change (Figure 7B). BMDCs were negatively affected by the M® medium, even when

the medium was changed right before LPS-priming (Figure 7B).
Even though the groups, observing Nek7 dependency for NLRP3 activation, used
DMEM medium with M-CSF as a growth factor, other groups culture BMDMs in
RPMI medium with M-CSF (

).
To test, whether the growth factor GM-CSF or the medium is responsible for the
boosting effect, we tested the kinetic effect of GM-CSF on BMDMs grown in RPMI
medium (Figure 7C) as well as the responsiveness of BMDMs, cultured in different
medium backgrounds (Figure 7D).
First, GM-CSF was either added to the medium of BMDMs already containing
M-CSF or the growth factor was changed to GM-CSF for different time periods-
overnight, 6h, 3h and 1h before LPS-priming. The IL-1B signal was strongly
increased when GM-CSF was added prior NLRP3 activation, independent of the
presence of M-CSF in the medium (Figure 7C). An overnight incubation induced the
highest IL-13 secretion, while no difference between 6h or 1h before LPS-priming
was observed (Figure 7C). For all following experiments only two time points were
used, overnight and 1h before priming.
Second, we tested different media conditions, with or without GM-CSF incubation,
for their influence on IL-1[ secretion. Therefore, BMDM were cultured in 4 different

media conditions: DMEM with two different M-CSF concentrations or RPMI with or
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without HEPES plus 80ng/mL M-CSF. Surprisingly, we could also detect differences
in IL-1B secretion after standard nigericin activation in the four culture medium
conditions without GM-CSF (Figure 7D). IL-1B secretion was highest in RPMI
medium without HEPES. GM-CSF led to the same enhancing effect in all four culture
medium conditions, and was thus acting independent of the medium (Figure 7D).
As a stronger NLRP3 inflammasome responsiveness of BMDMs was observed in
RPMI medium and because we wanted to minimize the differences of BMDM and
BMDC cultures to be able to isolate the effect of the growth factor itself, we decided
to culture the BMDMs in RPMI medium with 80ng/mL M-CSF for the remaining
experiments. Under these aligned culture conditions, we tested the effect of
GM-CSF on LPS-primed BMDMs treated with different NLRP3 activators or
poly(dA:dT), a well-established AIM2 inflammasome activator. An enhancing effect
of GM-CSF on IL-1[ secretion was even visible when added 1h before priming, it
was far stronger when GM-CSF was added to the medium overnight (Figure 7E).
Furthermore, the increase in IL-1B secretion induced by GM-CSF was activator
independent, and thus also observed for the AIM2 inflammasome (Figure 7E). The
effect was missing for BMDCs grown in RPMI medium supplemented with GM-CSF.
To exclude that GM-CSF is inducing stronger IL-13 secretion in an unspecific way,
we tested the standard NLRPS3 inhibitors on nigericin stimulated BMDMs treated
with GM-CSF. The strong IL-1B signal was completely diminished in the presence
of each inhibitor, which was not the case when IL-13 secretion was induced by the
AIM2 inflammasome (Figure 7F).

Finally, these data show that GM-CSF as well as RPMI medium itself induce higher
IL-1B secretion by BMDMSs, which is diminished by standard NLRP3 inhibitors.
Because the response to nigericin is stronger when cells are preactivated with GM-
CSF, even right before priming, Nek7 independent IL-1[ secretion can be observed
in BMDMs. The enhancing effect of GM-CSF is, however, not NLRP3 inflammasome

specific, but is also influencing AIM2 inflammasome signalling.
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Figure 7: GM-CSF induces a stronger inflammasome response in BMDMs. (A) LPS-primed
wildtype, NEK7- or Caspase-1 deficient BMDCs were treated with two different concentrations
of nigericin or gramicidin (5uM and 10uM), control compounds in standard concentrations and
the TKls imatinib 50uM, masitinib 50uM or pazopanib 20uM. (B) LPS-primed wildtype, Nek7"-
or Caspase-17 BMDMs and BMDCs were stimulated with 10uM nigericin after an medium
change either the night before or right before priming. (C) LPS-primed BMDMs were treated with
nigericin 5uM after M-CSF, GM-CSF or both were supplemented to the standard Macrophage
medium without growth factor (DMEM + 10% FCS +1% P/S). The growth factor
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Figure 7 continued: was added overnight, 6 h, 3 h or 1 h before priming. (D) BMDMs were
cultured in four different medium conditions, before they were LPS-primed and stimulated with
Nigericin 5uM. Either a night before or 1 h before priming GM-CSF was added to the medium.
(E) BMDMs or BMDCs were cultured in RPMI + 10% FCS +1% P/S supplemented with either
M-CSF or GM-CSF. 1 h before LPS-priming (1h BP) or overnight (ON) additionally GM-CSF was
added and the cells were stimulated with nigericin 5uM, ATP 5mM, MSU 50mg/mL or
poly(dA:dT) 1mg/mL. (F) LPS-primed BMDMs were treated with KCI 25mM, MCC950 5uM or
ebselen 40uM for 30 min and subsequently stimulated with nigericin 5uM or poly(dA:dT) 1mg/mL
after GM-CSF was added 1 h before priming or overnight.

IL-1B was quantified from cell-free supernatants. Cytokine secretion data is depicted as mean
+ SD of technical triplicates. The results from each experiment in this figure are representative
of at least three independent experiments.

3.2.3 GM-CSF INDUCES NEK7 INDEPENDENT NLRP3 ACTIVATION IN BMDMSs

To analyse the isolated effect of GM-CSF on NLRP3 activation, we tested if GM-
CSF alone is responsible for the NEK7 independency that was induced by the
complete medium switch shown in Figure 7B. Furthermore, we were wondering if
GM-CSF is acting as a priming signal, inducing a stronger inflammasome response
in general. To answer these questions, we treated wildtype, Nek7”", NIrp3” and
Caspase-17" BMDMs, which were cultured in RPMI medium supplemented with M-
CSF, with GM-CSF instead of LPS or additionally to LPS, before stimulating them
with nigericin. Interestingly, we did not observe any IL-1B without LPS-priming after
GM-CSF preactivation (Figure 8A). However, Nek7” BMDMs showed IL-1B
secretion even in the absence of GM-CSF, indicating a role of RPMI as a culture
medium. GM-CSF additionally boosted IL-1B secretion in wildtype and Nek7”
BMDMs, when added prior to LPS-priming and nigericin stimulation, showing clearly
a NLRPS3 activation pathway that is NEK7 independent (Figure 8A).

The GM-CSF effect was similar in AIM2 inflammasome activated BMDMs. Here,
wildtype, Nek7”, NIrp3” BMDMs showed comparable IL-1B secretion after
poly(dA:dT) activation, demonstrating the complete independence of AIM2
activation on NLRP3 and NEK7 (Figure 8B). As a control, caspase-17- BMDMs were
never capable to secrete mature IL-13 (Figure 8A and B).

With the knowledge that GM-CSF cannot prime BMDMSs, but is needed for their

strong responsiveness, we were questioning if the presence of GM-CSF at any time
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is sufficient to induce stronger IL-1B secretion and if it acts independent of LPS-
priming. Therefore, we added GM-CSF to wildtype BMDMs at different time points
before or during LPS-priming, but before nigericin stimulation. We observed that
GM-CSF has only an enhancing effect on IL-13 secretion when added prior to LPS-
priming and stayed ineffective when added after. This was also the case for TNFa
secretion of wildtype BMDMs (Figure 8C). However, while TNFa secretion was
dependent on the GM-CSF incubation period prior to LPS-priming, IL-1B was
secreted in an all- or nothing response to GM-CSF.

To investigate the effect of GM-CSF on the NLRP3 signalling proteins, we analysed
unprimed (Figure 8D) and LPS-primed (Figure 8E) BMDMs via western blot. As
different NLRP3 splicing variants were found in human tissue', we compared also
wildtype to NIrp3” BMDMs and BMDCs, to test whether GM-CSF is influencing
NLRP3 splicing or if the splicing variants could be cell specific.

We did not find any bigger differences between NLRP3 of BMDMs and BMDCs,
(Figure 8D and E). However, we observed alterations in NLRP3 expression upon
GM-CSF treatment in unprimed BMDMs (Figure 8D), indicating an enhancing effect
of GM-CSF on transcriptional NLRP3 priming. Pro-Caspase-1 cleavage was
increased in unprimed BMDMs upon nigericin treatment following GM-CSF
administration (Figure 8D). Pro-IL-1B transcription was only induced by LPS-
priming, being stronger in BMDMs treated with GM-CSF prior to LPS-priming
(Figure 8E).

Taken together, this data demonstrate that GM-CSF is inducing a Nek7 independent
IL-1p secretion. We can conclude that GM-CSF is not priming the cell but rather

influences transcriptional priming of NLRP3 without effecting pro-IL-1B expression.

! See https://www.proteinatlas.org/ENSG0000016271 1-NLRP3/tissue
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Figure 8: GM-CSF induces a Nek7 independency in BMDMSs by licensing pro-Caspase-1.
(A, B) Wildtype, NEK7-, NLRP3- or Caspase-1 deficient BMDMs were either left unprimed or
LPS-primed after GM-CSF was added to the medium overnight (ON) or 1 h before priming
(1h BP). The cells were then either stimulated with (A) nigericin 5uM or (B) poly(dA:dT) 1mg/mL.
(C) LPS-primed BMDMs were treated with GM-CSF overnight, 5 h, 3 h, 1 h before priming or 1h
and 2h after priming then stimulated with nigericin (left) or left unstimulated (middle and right).
IL-1B, TNFa and IL-6 were quantified from cell-free supernatants. Cytokine secretion data is
depicted as mean + SD of technical triplicates. (D, E) Immunoblot analysis of lysates and
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Figure 8 continued: cell-free supernatants from unprimed cells (D) and primed cells (E) of (A).
The results from each experiment in this figure are representative of at least three independent
experiments.

3.2.4 GM-CSF IS NOT EFFECTING THE CELL IDENTITY OF BMDMs

To reject the hypothesis that GM-CSF could induce a cell identity shift, whereby
cultured BMDMs would become more DC-like and would therefore show a stronger
inflammasome response, we performed FACS analysis of BMDMs treated with GM-
CSF. M-CSF cultured BMDMs are known to differentiate in a rather homogenous
fashion ( ). GM-CSF is, however, known to induce a very
heterogeneous cell population, consisting of dendritic cells and macrophages (

). Thus, macrophages can be found to some extend in the adherent
fraction of a differentiation culture, while dendritic cells stay loosely adherent.
We analysed different DC and Mph marker of loosely adherent (Figure 9A) and
adherent M-CSF cultured BMDMs (Figure 9B) and their changes in
CD11c""MHCII"®" population upon GM-CSF treatment.
Indeed, GM-CSF incubation overnight induced a bigger CD11c""MHCII"o"
population in loosely adherent cohorts of BMDMs (Figure 9A). However, no
difference was observed when GM-CSF was added to the BMDMs culture 1h before
LPS-priming (Figure 9A and B). CD11b and F4/80, two established macrophage
surface marker, were also only downregulated in the loosely adherent
CD11b""MHCII"" population when GM-CSF was present overnight (Figure 9A).
Dendritic surface marker like CD11c or CD135 are unchanged. This was also true
for the CD11c""MHCII"" population as a control. In adherent CD11b""MHCI|""
populations, GM-CSF had no effect, even when added overnight (Figure 9B).
Because GM-CSF can by definition induce M1 macrophage polarity (

), we tested in the adherent and loosely adherent

BMDM culture besides IL-13 and TNFa, the two M1 macrophage cytokines, also
IL-10, which is secreted by M2 macrophages ( ). We either
activated the NLRP3 inflammasome of loosely adherent or adherent wildtype
BMDMs or left them unprimed or primed while supplementing GM-CSF before.
Here, we could see, that while TNFa and IL-1[3 secretion is induced by GM-CSF,
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IL-10 is decreasing in the presence of GM-CSF (Figure 9C). Especially so, when the
BMDMs were stimulated with inflammasome activators like nigericin or ATP (Figure
9C). Only a minor difference was observed between loosely adherent and adherent
BMDMs IL-10 secretion, the later even secreting slightly more IL-10. IL-18 and TNFa
secretion was comparable between these two cohorts (Figure 9C).

Finally, we can conclude that GM-CSF is not effecting the cell identity when added
1h before LPS-priming neither in loosely adherent nor in adherent BMDMSs. After 1h
of GM-CSF treatment an enhancement in IL-1p secretion and NLRP3 expression
were observed. A small shift towards a DC population was only found in loosely
adherent BMDMs and adherent CD11c""MHCII"®" BMDMs when GM-CSF was
added overnight. The adherent CD11b"®"MHCII""" BMDMs were not effected by
overnight GM-CSF supplementation. GM-CSF had however a inhibiting effect on

IL-10 secretion, which is normally induced in M2 macrophages.

3.2.5 GM-CSF EFFECTS IL-18 SECRETION WITHOUT ENHANCING ASC SPECK

FREQUENCIES OR PYROPTOSIS

As NEK7 is known for its pivotal role in microtubule organization during spindle
apparatus formation ( ), it was not surprising to see data
showing that NEK7 is involved in the decision making process whether a cell would
go into mitosis or pyroptosis ( ). GM-CSF has also been associated to
cell proliferation and survival by PI3K signalling ( ). To see
how GM-CSF and especially NEK7-deficiency is influencing cell proliferation and
ASC speck formation in BMDMs, we stimulated caspase-17-and Nek7”~ LPS-primed
cells with nigericin and stained for DAPI, tubulin, ASC and Ki-67, a cellular
proliferation marker that marks the chromosome surface during mitosis.

Caspase-1-deficient BMDMs showed, like expected, ASC speck formation upon
nigericin treatment (Figure 10). As the cells lack caspase-1, GSDMD is not being
processed and pyroptosis is not induced. Ki-67 positive nuclei could be detected in
these ASC positive cells (Figure 10), indicating that speck formation and mitosis are
not exclusive events within one cell. NE7-deficient BMDMs also developed ASC

specks upon nigericin treatment (Figure 10), even though in a much lower frequency.
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Figure 10: BMDMs form ASC specks independent of GM-CSF. Immunofluorescence staining
of ASC (magenta), Tubulin (green) and KI-67 (yellow) in fixed, LPS-primed Caspase-1- or NEK7-
deficient BMDMs stimulated with 10pM nigericin. Before LPS-priming cells were treated with
GM-CSF for 1h (1hBP) or left untreated. Nuclei were counterstained with DAPI (blue). Scale bar
in the bigger picture represents 50um, while the scale bar in the smaller picture represents 10um.
The pictures are representative of two independent experiments.

Furthermore, Nek7”- BMDMs displayed the typical pyroptotic phenotype showing
a highly condensed nucleus. However, the Ki-67 signal was very weak in Nek7™”
(Figure 10), which may be explained by the reported NEK?7 role in mitosis (REF).
GM-CSF seemed to have no big influence on the behaviour of the investigated cells,
this is why we evaluated the microscopy pictures by count. Therefore, at least 400
cells were counted. Our assumption proved true, the percentage of speck positive
cells did not increase upon GM-CSF-treatment for 1h before priming, and only very
weakly when GM-CSF was added overnight (Figure 11A). This provides further
evidence of the GM-CSF effect on inflammasome signalling itself and the missing
one on cell identity. Furthermore, GM-CSF did not induce increased cell proliferation
in this experimental setting (Figure 11A). Interestingly, NEK7-deficient ASC-positive
BMDMs showed very rarely a KlI-67 signal. This observation should be further
investigated.

As we did not see any effect of GM-CSF on ASC speck formation, we analysed LDH
release of wildtype, Nek7”~ and Caspase-17"" BMDMs of the same experiment. It is
of note, that nigericin treated wildtype as well as NEK7-deficient BMDMs that were
stimulated with nigericin, were not effected by GM-CSF supplementation (Figure
11B). Thus, LDH release did not increase upon GM-CSF treatment 1h before
priming, and only very weakly upon overnight administration (Figure 11B). This is in
line with the microscopy analysis (Figure 10) and strengthens the hypothesis of
specific inflammasome signalling interference by GM-CSF. Moreover, it becomes
clear that GM-CSF is not influencing pyroptosis.

Taken together, this findings show that Nek7”- BMDM have the ability to form ASC
specks, even though it was published differently. Moreover, GM-CSF can further

increase IL-1B secretion by effecting inflammasome cytokine signalling without
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interfering with the pyroptotic part of the signalling cascade. Furthermore, mitosis is

not supressing NLRP3 activation.
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Figure 11: GM-CSF is neither influencing ASC speck frequency, cell proliferetation nor
pyroptosis. (A, B) Wildtype, NEK7- or NLRP3-deficient LPS-primed BMDMs were treated with
GM-CSF 1h before priming (1h BP) or overnight (ON) and stimulated with nigericin (A) 10uM or
(B) 5uM. (A) Count of the immunofluorescence staining from figure 10. At least 300 nuclei in four
images were counted. Data is depicted as mean + SD of technical quadruplets. (B) LDH was
quantified from cell-free supernatants. LDH release data is depicted as mean + SD of technical
triplicates. The results from each experiment in this figure are representative of at least three
independent experiments.
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DISCUSSION

4.1. IMATINIB AND MASITINIB TWO NLRP3 ACTIVATING SMALL MOLECULES

Several clinically relevant TKls are robust and fast acting inflammasome stimuli
( ). Focusing on the structurally related TKls imatinib and
masitinib, we observed triggering of a non-conventional cell death in myeloid cells
that eventually led to the secretion of inflammatory mediators and NLRP3
inflammasome activation. The cytokines released during this process may affect
leukemic cell survival and differentiation during TKI-treatment and might contribute
to both immunomodulatory effects and adverse reactions.

As both imatinib and masitinib do not cause pyroptosis exclusively, they could be
of special interest for analysis of programmed lytic cell deaths and their interplay in

research studies.

411 IMATINIB AND MASITINIB INDUCE IL-18 SECRETION BY NLRP3 ACTIVATION

Imatinib and masitinib induced strong IL-13 secretion and caspase-1 activation in

wildtype BMDCs upon incubation times comparable to those of common NLRP3
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stimulators (Figure 1). Inflammasome knockout mice, including Nirp3™”, showed
strongly diminished IL-1B secretion (Figure 2). Moreover, the specific NLRP3
inflammasome inhibitor MCC950 ( ), whose exact targeting
mechanism is still unknown, inhibited IL-1B secretion upon stimulation by both TKls
(Figure 2). This observation suggests that NLRP3 acts as a sensor responsible for
inflammasome activation upon imatinib and masitinib treatment. Another hallmark
of inflammasome activation is the ASC speck formation, in which ASC polymerizes
in a filamentous manner enhancing the surface for downstream signalling by
caspase-1 recruitment ( ). ASC specks were as well
observed upon TKI treatment, confirming the possibility of conventional activation
of NLRP3 (Figure 2).

The small molecule imiquimod is inducing NLRP3 stimulation by mitochondrial ROS
following Complex | inhibition and is acting in a K* efflux independent manner (

). As imatinib like imiquimod binds the flavoprotein NQO2 (

),we tested the NLRP3 upstream signalling upon TKI treatment. NQO2 binding,
which we first believed to be a possible ROS sensing NLRP3 activator and thus the
missing link between ROS and NLRP3, did not correlate with inflammasome
activation ( )- This is supporting
previous findings demonstrating that NQO2 is not involved in the NLRP3 activating
ROS production ( ). The TKI effect on NLRP3 can however be
inhibited by the ROS inhibitor ebselen (Figure 2) like it is the case for imiquimod
( ), indicating ROS production upon TKI treatment. Besides ROS
production, conventional NLRP3 activators cause K* efflux and/or lysosomal
leakage (

). Here we observe that elevated extracellular K* levels, which inhibit K* efflux
and thus NLRP3 activation by many common stimuli like the K* ionophore nigericin
( ), prevented inflammasome activation by imatinib and to a lower
extant also by masitinib (Figure 2 and data not shown). This weaker inhibition of
masitinib by standard NLRP3 inflammasome inhibitors could be explained by faster
activating kinetics of masitinib, which were observed especially during microscopic

analysis of ASC specks.
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In addition, imatinib and masitinib both depend on NEK?7 for full inflammasome
activation (Figure2), which is a recently identified direct interaction partner of NLRP3
acting downstream of K* efflux ( ). As nigericin induced IL-1( secretion
was not completely diminished in NEK7-deficient BMDCs, we decided to investigate
this phenomenon in further experiments, which are presented in the second part of
this thesis.

Taken together, these findings prove that imatinib and masitinib trigger NLRP3
inflammasome activation leading to IL-1[3 secretion, that is comparable to those

induced by common NLRP3 stimulator.

41.2 IMATINIB AND MASITINIB DO NOT LEAD TO CYTOKINE SECRETION BY PYROPTOSIS

A downstream consequence of inflammasome activation, beside IL-13 processing,
is the caspase-1 dependent cleavage of GSDMD. GSDMD forms pyroptotic pores
along the cytosolic membrane through which IL-1B and other alarmins exit the cells
( )-
Interestingly, even though TKI-induced cytokine secretion of IL-13 and IL-1a, which
is processed by calpains and not caspase-1 ( ), was as expected
dependent on GSDMD, LDH release was not inhibited by GSDMD-deficiency (Figure
3). Therefore, a secondary lytic cell death must be activated in GSDMD knockout
BMDCs, that also leads to the secretion of mature cytokines downstream of
caspase-1 or calpains which are still active in GSDMD-deficient cells (Figure 3). This
could be explained by caspase-1 cleavage of another gasdermin family member or
by a non-conventional cytokine secretion that is independent of GSDMD pores. The
later phenomenon was described before as a secondary form of pyroptosis which
is dependent on apoptotic caspases (especially caspase-8) and differs from
apoptosis ( ).
Despite several reports showing that imatinib and masitinib can induce a
conventional form of apoptosis in different types of cells (

), we were unable to confirm these observations
in our experimental setting using BMDCs ( )-
As the tested TKis induced also strong K* efflux but were not entirely dependent on

ASC ( ), @ mechanism resembling the so-called non-
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canonical inflammasome ( ) seemed to be a possible upstream
stressor leading to NLRP3 inflammasome formation. Thereby, K* efflux following
membrane destabilization induced by Caspase-11 cleaved GSDMD, activated
NLRP3 ( ). However, when testing this
hypothesis, we could not completely inhibit cell death in caspase-1/11 double
knock-out cells and assumed that TKls can induce besides pyroptosis also other
forms of lytic cell death (Figure 3).

Surprisingly, LDH levels of Caspase1/117 and GSDMD” BMDCs treated with the
crystal particle MSU were still elevated (Figure 3). MSU is most likely activating cell
death by membrane destabilization that is attributed to crystalline agents (

).To exclude that TKIs are forming crystals, we treated the cells additionally with
cytochalasin D, a phagocytosis inhibitor that is reported to inhibit NLRP3 activation
by MSU and other crystal particles ( ). Cytochalasin D treatment
did not influence the cytokine secretion upon TKI stimulation, while MSU induced
IL-1B8 and cell death were strongly diminished, indicating that phagocytosis of
crystalline particles is not the mode of action here (Figure 3). A recent study, showed
that redundant cathepsins are inducing a caspase-1 independent cell death upon
MSU stimulation of macrophages. This cell death can be inhibited by K777, a broad
cathepsin inhibitor ( ). As K777 did not inhibit cell death by
imatinib and masitinib (data not shown), we can conclude that both TKls are not
activating NLRP3 in a crystal particle manner. Interesting is, however, that NLRP3
activation by MSU seems to be only induced by secondary effects caused by the
cathepsin-dependent cell death ( )-

Taken together, these results indicate that imatinib and masitinib in BMDCs could
also engage a form of cell death which is not dependent on the inflammasome itself

but can activate it in turn.

41.3 IMATINIB AND MASITINIB ARE ACTIVATING AN UNCONVENTIONAL CELL DEATH

Because we observed a GSDMD-independent lytic cell death, a central question of
this work was which cell death mechanism is triggered by TKIs such as imatinib and
masitinib. Other forms of programmed cell death require the action of different

caspases and may be either immunologically silent like apoptosis or highly
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inflammatory like pyroptosis ( ). We therefore tested zVAD-fmk,
necrostatin-1 and other cell death inhibitors but were unable to completely abolish
cell death and inflammasome activation induced by the TKls at once (Figure 5 and
Magnani, PhD Thesis, 2017).

The pan-caspase inhibitor zZVAD-fmk can consequently block many caspase-
dependent cell death pathways. We did indeed see a drop in cytokine secretion
upon zVAD-fmk treatment, which did not, however, stop the cell from dying in a lytic
form (Figure 4). This is in line with published reports showing a shift toward other
forms of programmed cell death thus overcoming the loss of a pyroptotic pathway
upon zVAD-fmk treatment ( ). It also
further supports our hypothesis that imatinib and masitinib are inducing another lytic
cell death, that is then again leading to NLRP3 activation only as a consequence.
As necroptosis can be activated in a caspase independent way by RIP kinase
dependent MLKL processing (

), we were wondering if the necroptosome
is activated by imatinib and masitinib. The downstream necroptosome signalling
recruits MLKL, which is like GSDMD building pores in the cell membrane, leading to
membrane destabilization and K* efflux. As a frequently observed mechanism
upstream of NLRP3, the MLKL pore induced K* efflux is effecting an interplay
between necroptosis and pyroptosis ( ). Nevertheless, the
specific inhibition of RIPK1 by necrostatin-1 ( ) did not have
any effect on neither cytokine secretion nor cell viability, leaving our question
unanswered (Figure 4). This is why we also tested inhibitors of other two regulated
necrotic cell death pathways: parthanatos and ferroptosis (reviewed in

). PJ-34 inhibits PARP1 directly, which is mediating parthanatos by the
accumulation of toxic PAR upon DNA damage (

). Deferoxamine (DFOA) is an ion chelator that is inhibiting
ferroptosis stimulating lipid peroxides, which are generated by increased
intracellular iron concentrations ( ). DFOA had comparable effects
to MCC950 treatment when lower imatinib and masitinib concentrations were
administered (Figure 4). As ROS is inducing lipid peroxide development (

), and lipid peroxides are inhibited by DFOA, DFOA could indirectly limit the
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effects ROS. The above discussed inhibition of imatinib and partially also masitinib
induced IL-1B secretion by ebselen (Figure 2), emphasizing once again the ROS-
inducing character of the two tested TKis. Interestingly, the inhibitory effect of DFOA
was completely lost for 20uM higher TKI concentrations (Figure 4), indicating either
different cell death cross-talks, an unconventional mode of cell death involvement
or simply necrosis. We could however exclude a necrotic cell death induction by
both TKis, as they were ineffective in NIH-3T3, HeLa and showed low lytic cell death
rates in HEK-293T cells.

So far, our observation could not pinpoint to one distinct cell death pathway induced
upon imatinib and masitinib treatment.

However, indicated by the strong increase in K* efflux ( ),
we concluded that cell death was occurring most likely through membrane
destabilization. By using osmoprotective agents we observed that BMDCs can be
protected from TKI-induced lytic cell death when pretreated with PEG (Figure 5).
Polyether treatment has previously been used to protect cells from Salmonella spp.-
induced pyroptotic cell death ( ). Remarkably, cellular
responses to classic NLRP3 activators like nigericin and ATP, or the non-canonical
inflammasome activator intracellular LPS, were not affected by PEG treatment
(Figure 5). However, it still remains unclear what factor is inhibited by PEG that would
lead to imatinib and masitinib-induced cell death.

In summary, both imatinib and masitinib seem to trigger a mixed cell death form in
BMDCs which depend on substantial cell membrane destabilization. This
destabilization is in turn sensed by NLRP3 and eventually triggers inflammasome
assembly. From our data, we can conclude that imatinib and masitinib cause neither
apoptosis, pyroptosis nor necroptosis alone. However, the tested TKls might
activate a combination of these or a yet unknown specific form of regulated necrosis.
At the same time, we can exclude TKI-mediated non-specific membrane damage
and non-regulated necrosis since toxicity experiments conducted on other cell lines
exhibited no substantial LDH release (Figure 4). Therefore, it appears more likely that
those drugs cause a new regulated form of lytic cell death. Our findings are in line
with previous reports where imatinib induced a caspase-independent necrotic form
of cell death on BCR-ABL-positive CML cells ( ). As the
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panorama of programmed necrosis is constantly gaining definition and expanding
numbers of programmed cell death modalities become defined, further research
urges to define the molecular switches responsible for mixed forms of cell death and

to identify regulators common to each of these pathways ( ).

4.1.4  ARE TKIS USEFUL TOOLS FOR ANALYSIS OF THE FINE MECHANISMS OF NLRP3
ACTIVATION?

Several TKls were tested to assess their ability to induce inflammasome activation

and lytic cell death ( ). Depending on their action, TKis

can be potentially used as tools to study the fine mechanistic aspects of

inflammasome regulation. There are TKIs which are not lethal to cells, others induce

cell death and inflammasome activation independent of NLRP3 (

). The ones of interest for NLRP3 research purposes are however those
that activate NLRP3 and cause either exclusively pyroptosis or another form of lytic
cell death, like imatinib and masitinib. Specific NLRP3 and pyroptosis activators
should be investigated in further detail in upcoming studies.

One of these is pazopanib, a TKI that is used in the clinics for renal cell carcinomas
and soft tissue sarcomas. Pazopanib is very specific in its NLRP3 activation, relying
also on NEK7 (Figure 7) and GSDMD (data not shown). Interestingly, it is like
imiquimod acting downstream of mitochondrial ROS, but its signalling is not
influenced by K* efflux (data not shown). The exact mechanism of pazopanib
induced NLRP3 inflammasome formation is not understood yet and could hint to the
missing link between ROS production and NLRP3.

In conclusion, future research will focus on TKls and their exact mechanisms of
NLRP3 activation. Here, it is likely that a combination of the reported on- and off-
target effects of a respective TKI can trigger cellular stress responses that eventually
lead to NLRP3 activation ( ). These interactions may represent
the cause of several side effects. Therefore, as TKls are currently used to treat
several types of cancers, it will be crucial to understand if the inflammasome
activation has any contribution in their mode of action or in the immunomodulatory

effects elicited by these drugs.
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41.5 CouLD TKI INDUCED CELL DEATH AND CYTOKINE SECRETION BE OF RELEVANCE
FOR MEDICAL TREATMENT OF CML?

Our present work reports how imatinib and masitinib can trigger an unconventional
mode of lytic cell death in dendritic cells and activate the NLRP3 inflammasome
eventually leading to IL-1[3 secretion. This is an event which might easily be present
in vivo as well if we consider the levels of imatinib and other TKls in patients
undergoing this drug therapy. Detectable blood levels of imatinib were reported in
both human patients and murine cancer models by several independent works,
showing the same concentration ranges and high variability in different blood
plasma (

). The peak imatinib concentration in the bloodstream was observed between
1 and 3 hours after administration ( ). Depending on the given
dosage (400 or 600 mg), the peak concentration was ranging between 1-4 pg/mi
and 6-12 pg/ml, respectively. Assuming a mean concentration of 2 ug/ml for a 400
mg and 8 pg/ml for a 600 mg dosage, blood levels could range between 4uM and
16uM for imatinib mesylate. These concentrations are slightly below the threshold
of inflammasome activation we observed but might lead to inflammasome induction
in the course of a longer treatment regimen ( ). To prove this
hypothesis, it would be interesting to measure blood levels of IL-1p directly from
patients administered imatinib.
In a recent report, CML patients treated with nilotinib (a second generation BCR-AblI
inhibitor) rather than those receiving imatinib indeed displayed detectable IL-13
levels in their bloodstream ( ). While nilotinib did not elicit
significant IL-1B in BMDCs (data not shown), the observed effect could potentially
be attributed to a secondary immune response or to the altered behaviour of CML
cells during the course of treatment. Further analysis is required to correlate imatinib
and IL-1B, as well as other inflammatory cytokine levels and their impact on leukemia
development and progression.
Cytokines and particularly IL-1 family cytokines have an extraordinary
immunomodulatory potential and can play pivotal roles in cancer progression and

therapy ( )- In our work we showed how
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human PBMCs can secrete IL-1B in vitro when stimulated with imatinib and
masitinib ( )-

There were some reports showing high hematic levels of IL-1B in CML patients,
especially those with more advanced cancer stages (

). In a recent study, it was proposed that IL-1 secretion is increased in CML
bone marrow and that CML leukemic stem cells (LSCs) have a higher expression of
IL-1 receptor (IL-1R1). Blockade of IL-1 signalling could modulate the inflammatory
milieu and help during the elimination of CML LSCs ( ). Another
study strongly supported the hypothesis that IL-1 is crucial in modulating CML
progression by showing how imatinib-resistant CML cells secrete high IL-1]3 levels,
thus affecting stromal cell production of CXCL11, which in turn promoted migration
of CML cells into the stromal tissues ( )-

Yet, IL-1B is a crucial regulator of AML progression and development. In a recent
study, AML tumor onset was accelerated when leukemic precursor cells lost
expression of crucial necroptosis and inflammasome components. Therefore, the
lack of RIPK3 and an impaired IL-1B secretion can also foster tumor growth
( ). There are many publications on the role of IL-1B in
hematologic malignancies that were recently reviewed in detail (

).

In general, leukemic patients display enhanced IL-1B signalling which has very
freuquently a negative impact on tumor growth and treatment. Many of the
immunomodulatory functions of imatinib may be caused as consequence of the off-
targets interaction that were identified in chemical proteomics screenings
(

). As the role of the inflammasome in immunomodulation is still unclear,
further investigation and additional in vivo data is required. A future goal will be to
test inflammasome knockouts in CML, GIST or other cancers models upon
treatment with imatinib and other TKIs, which could further elucidate the role of the

inflammasome, lytic cell death and IL-1( in cancer progression and therapy.
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4.2. NEK7-INDEPENDENT NLRP3 ACTIVATION

NEKY7 is a serine/threonine kinase known for its pivotal role in mitosis as it is involved
in the phosphorylation cascade of the Kinesin family member 11 KIF11, regulating
spindle apparatus formation ( ).
A role in neuronal dendrite morphogenesis was also attributed to NEK7, whereby it
effects the cytoskeletal microtubules in a KIF11-dependent manner as well (
)-

Unexpectedly, three independent studies recently showed that NLRP3 formation
strongly depends on NEK7 in BMDMs (

). Thereby, NEK7 was shown to act downstream of NLRP3
inflammasome triggering K* efflux and mitochondrial ROS. It transduces these
signals by directly binding to the LRR domain, inducing NLRP3 oligomerization (

).
Surprisingly, throughout our investigations on TKI-induced NLRP3 activation, we
observed IL-1B secretion in NEK-deficient BMDCs stimulated with common
canonical inflammasome activators like nigericin and ATP (Figure 2). When we
looked into this phenomenon in further detail, we could confirm our first observation,
showing NEK7-independent NLRP3 activation exclusively in BMDC cultures.
Furthermore, we were able to induce this independency also in BMDMs by GM-CSF
treatment shortly before LPS-priming. This raises once more the question what the
exact role of GM-CSF is, both in cell culture as well as in its physiological
environment. In the context of innate immune signalling in vitro, we postulate that
GM-CSF is enhancing NLRP3 expression in unprimed macrophages, which leads to

the subsequent increase in IL-1[3 secretion.

4.21 NEK7 INDEPENDENCY IN BMDCs

NEK7-deficient BMDMs were shown to be NLRP3 inflammasome incompetent (
). In line with these
publications, we were able to detect IL-1p secretion and caspase-1 cleavage upon

nigericin treatment only in the supernatant of wildtype BMDMs but not in those of
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Nek7”~ BMDMs, confirming the NEK7 dependency for NLRP3 inflammasome
formation in BMDM cultures.

Astonishingly, BMDCs showed in the same experimental setting, a strong signal for
both inflammasome activation parameters. As this finding is contrary to the
literature, we analysed this observation in further detail. We found that IL-1(3
secretion in NEK7-deficient BMDCs has similar features to NLRP3 downstream
signalling in wildtype BMDCs (Figure 6). In this regard, we detected lower IL-13
concentration in the supernatant of Nek7”~ BMDCs. IL-1B secretion did follow
caspase-1 cleavage, that was strongly diminished by the specific NLRP3 inhibitor
MCC950, and was also dependent on common inflammasome upstream signalling
mechanisms like K* efflux and ROS production (Figure 6B and D). Furthermore, the
lack of NEK7 did not influence ASC speck formation in DC culture cells, further
supporting the strong evidence that BMDCs do not need NEK7 for NLRP3
oligomerization and signalling. This is not only the case for nigericin induced NLRP3
activation, but also for other common canonical inflammasome activators like
gramicidin or ATP (Figure 2D and 7A). It was reported that NEK7 senses K* efflux
induced by nigericin and transmits the signal to NLRP3 in a so far unknown
mechanism ( ). Interestingly, the small molecules imiquimod and
pazopanib, which are specific NLRP3 and pyroptosis activators, are thereby strictly
NEK7 dependent also in BMDCs. Both imiquimod and pazopanib induce K* efflux
independent NLRPS3 activation that relies on ROS production (

) and differ in this manner from nigericin or gramicidin,
which are K* ionophores. Nevertheless, ebselen and PDTC, two ROS inhibitors,
diminished the amount of secreted IL-1B upon nigericin treatment in Nek7”- BMDCs
(Figure 6), showing ROS is still sensed in these cells. Respiratory chain inhibitors are
strongly debated in their potential to induce NLRP3 activation by mitochondrial ROS
development, as some groups observed IL-1B secretion upon complex | inhibition
by rotenone treatment and others did not (

). Future experiments with NEK7-deficient BMDCs
should include rotenone or piericidin A, another complex | inhibitor. In conclusion,
in BMDCs NEK?7 is dispensable for NLRP3 inflammasome activation upon treatment

with K* efflux inducing agents like nigericin or gramicidin.
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The difference between BMDMs and BMDCs should, in the framework of NLRP3
inflammasome activation, not only be reviewed in detail but also investigated
scientifically. Attention should be payed to variations in upstream NLRP3 activation
mechanisms like K* efflux or ROS production as well as priming signalling. So far,
only superficially, direct comparison was made between these two cell type cultures
with differences being only reported for NFkB signalling kinetics upon LPS
stimulation in the context of inflammasome activation ( ).

As NLRP3 interaction with NEK7 was only investigated in BMDMs and an
association with NEK6, a NEK-7 related paralogue, and NEK9, another NEK family
member, was excluded within the same ( ), it could be of interest to
repeat this experiment in a BMDC setting.

Furthermore, with the knowledge of the involvement of NEK7 in microtubule
organization and the reported microtubule-dependent NLRP3 activation (

), the reported missing cytoskeletal role in inflammasome
formation ( ), should be reevaluated in BMDCs. Especially because it
was reported that the microtubule-driven spatial arrangement of mitochondria
promotes NLRP3 activation ( ). Maybe this observation can
explain the NEK7-dependency in BMDCs upon R837 and pazopanib-induced
NLRPS3 stimulation.

4.2.2 GM-CSF INDUCES NEK7 INDEPENDENCY IN BMDMSs

We tried to approach the most obvious difference between BMDCs and BMDMs,
which is their culture medium. It was very interesting to see, that the BMDM
reactivity to nigericin was highly increased when the medium was exchanged to
BMDC culturing conditions one night before the experiment (Figure 7B).
Surprisingly, this medium change also induced NEK7-independent IL-1[3 secretion
in BMDMs. We assumed that this observation must be an effect induced by the
colony stimulating factor GM-CSF and confirmed this hypothesis in subsequent
experiments. Nevertheless, RPMI already led to a favorable culture condition of
BMDMs, as bone marrow-derived cells grown in RPMI, supplemented with M-CSF
for macrophage differentiation, showed a higher and to some extent also NEK7-

independent NLRP3 activation, which could also be observed by ASC speck
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formation (Figure 8A, 10B and C). Even though the role of NEK7 in NLRP3
inflammasome formation was in all three cases reported in BMDMs cultured in
DMEM conditions ( ), we
decided to minimize the differences in BMDM and BMDC cultures and focus on the
effect of GM-CSF alone by using the same culture condition with RPMI as a
standard medium background for all bone marrow-derived cells. Moreover, different
inflammasome research groups are using RPMI as a standard culturing condition
for BMDM cultures and observe normal behaviour (
).

Compared to DMEM, RPMI displays highly increased concentrations of PO,*
(DMEM: 0.91mM, RPMI: 5.63mM, human serum: 0.97-1.45mM, mouse serum: 1.26-
1.52mM) and lower Ca* (DMEM: 1.8mM, RPMI: 0.42mM, human serum: 1.11-
1.32mM, mouse serum: 0.97-1.09mM) and Glucose (DMEM: 25mM, RPMI: 11.1mM,
human serum: 3.9-7.8mM, mouse serum: 3.4-7mM) ( ).
These differences could also play a role in cell responsiveness, even though the K*
concentration is comparable in both media (DMEM and RPMI: 5.4mM, human
serum: 3.5-5.6mM, mouse serum: 4.3-5.8mM) ( ). Recently,
the small adaptations of media conditions to different cell types and their
physiological environment is debated and should be kept in mind for future

experimental approaches ( ).

GM-CSF enhances IL-1B secretion

The role of GM-CSF in in vitro cell differentiation and in physiological immune
responses was recently reevaluated as its signalling is only poorly understood and
increasing evidence show its importance in chronic inflammatory disease
development and cancer therapy ( ). A
reason for this lack in characterization could be the missing impact of GM-CSF-
deficiency on myeloid development in vivo. Meanwhile, the strong
immunomodulatory role of GM-CSF is however well accepted. GM-CSF is secreted
by IL-23R activated Th17 cells, which are known mediators of autoimmunity and
tissue inflammation ( ). Furthermore, the

initiation of tissue inflammation by self-reactive Th17 cells is strictly dependent on
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their GM-CSF production. GM-CSF secretion can be induced in vitro by IL-2 or IL-
23 in combination with IL-1 ( ), which is in
turn secreted by myeloid cells upon NLR activation. Interestingly, it has been
reported that myeloid cells react to GM-CSF with increased expression of
inflammasome components like IL-13, ASC or NLRP3 ( )- Thus,
GM-CSF is a key player in the communication between pathogenic T cells and the
myeloid compartment, inducing mutual immune responses in both cell types. It
remains however unclear which myeloid cell type exactly is responding to GM-CSF.
In line with this is our observation of a boosted IL-1B response upon GM-CSF
treatment even for as short periods as 1h before LPS-priming and nigericin
treatment. The enhancing effect is also measured for other common NLRP3
activators as well as for the AIM2 inflammasome stimulator poly(dA:dT) (Figure 7E).
Thus, GM-CSF is not only influencing NLRP3 but also the AIM2 inflammasome. It is
doing so in a specific manner, as the IL-1 signal can be inhibited with standard

NLRP3 inflammasome inhibitors (Figure 7F).

GM-CSF is enhancing NLRP3 expression but not pro-IL-1B synthesis

We could show that GM-CSF is no stronger priming agent than LPS, as BMDMs
treated with GM-CSF without LPS-priming did not show any IL-1[ secretion neither
upon NLRPS3 activation nor upon AIM2 stimulation (Figure 8A and B). However, GM-
CSF is only inducing stronger cytokine secretion before LPS-priming, if added after
the boosting effect is lost as in the absence of GM-CSF (Figure 8C). This could mean
that LPS gives a predominant signal which determines the amount of IL-13 being
secreted through a yet unknown factor. Indeed, a NLRP3 desensitization was
reported upon prolonged LPS-priming, tightly controlling inflammasome activity and
inappropriately high cytokine secretion (Groslambert & Py, 2018a). Interestingly,
while IL-1B was secreted in an all- or nothing response shortly after
supplementation, both TNFa and IL-6 secretion was dependent on the GM-CSF
incubation period, only being higher when GM-CSF was applied overnight (Figure
8C).
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Upon TLR4 activation LPS-priming leads to MyD88 and TRIF recruitment, NFkB
signalling and transcriptional upregulation of NLRP3 and pro-IL-1B. It has been
shown, that GM-CSF can increase NFkB signalling in this context, thus enhancing
the expression of inflammasome components (

)- Nevertheless, LPS can also act in a more rapid and transient way and
induce non-transcriptional priming of NLRP3 independent of protein synthesis,
signalling through MyD88 and IRAK-1 ( ). As GM-CSF is acting in a
rapid manner before LPS-priming, it could interfere with non-transcriptional priming
of NLRP3. This hypothesis can be tested by the use of inhibitors of transcriptional
protein synthesis, e.g. cyclohexamide, before GM-CSF and LPS treatment. We tried
to approach this question by western blot analysis of unprimed and LPS-primed
BMDMs treated with GM-CSF prior to inflammasome stimulation. While ASC and
pro-IL-1B expression was not induced by GM-CSF, NLRP3 protein concentration
was enhanced in GM-CSF-treated, unprimed BMDMs (Figure 8D). Probably this is
the reason why nigericin alone - without any additional priming signal - is enough to
activate caspase-1 cleavage and secretion (Figure 8D). Pro-IL-1[3 expression is also
increased upon GM-CSF incubation, however only when LPS-priming occurs
hereafter (Figure 8E). The first and initiating priming signal is referred to as
“licensing” when it induces non-transcriptional modifications of NLRP3 and as
“priming” when NLRP3 and pro-IL1B transcription is activated (

). Our observations however show that
GM-CSF is causing NLRP3 protein synthesis without pro-IL-1B expression. In
general, further analysis of TLR4 as well a GM-CSF receptor signalling is needed to

investigate the crosstalk between these two pathways.

GM-CSF is not inducing a population identity shift but stronger M1
macrophage polarization

Because GM-CSF is used for cell differentiation in vitro and GM-CSF-derived
macrophages are known to respond stronger to NLRP3 activation (

), we wanted to exclude a population identity shift in the BMDM culture. Indeed,
macrophage surface marker of both adherent and loosely adherent BMDMs were
not influenced by GM-CSF when added for 1h (Figure 9A and B). Even the overnight
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GM-CSF treatment increased the number of CD11c* cells only slightly and thus
weakly diminished macrophage marker expression in loosely adherent cells (Figure
9A). NLRP3 expression and IL-1B secretion can be detected in supernatants of
BMDMs which were supplemented with GM-CSF 1h before LPS-priming, providing
strong evidence that GM-CSF is influencing NLRP3 activation itself.

However, macrophage polarization was affected by GM-CSF according to changes
in their cytokine secretion profile (Figure 9C). IL-10 is a cytokine secreted by M2
macrophages, which have an anti-inflammatory role, while pro-inflammatory M1
macrophages respond with TNFa, IL-6 and IL-1 cytokines (

). As IL-10 secretion decreases with GM-CSF treatment and M1
macrophage cytokines increase, we can conclude that GM-CSF is inducing a rather
pro-inflammatory state (Figure 9C). This is in line with published data, showing that
GM-CSF is inducing a M1-like transcriptome in cultured BMDM ( ).
IL-4 is having an opposite effect, leading to M2 macrophage polarization and an
anti-inflammatory phenotype ( ). Interestingly, IL-
4 was shown to inhibit non-transcriptional NLRP3 licensing, which is postulated to
induce microtubule-associated trafficking of NLRP3 to stressed mitochondria and
then ROS sensing ( ). Keeping in mind, that NEK7 has an important
role in microtubule formation, analysis of the cytoskeleton upon GM-CSF could be
of interest for a better understanding of NLRP3 activation processes. In first
microscopy experiments, we did not detect any correlation between ASC specks
and microtubule changes upon GM-CSF treatment (Figure 10). This is in line with
our previous study, where we were unable to detect colocalization of NLRP3 with
mitochondria upon R837 treatment ( )

In summary, we can conclude that GM-CSF is influencing the pro-inflammatory
state of the cell. Consequently, it has also a boosting effect on NLRP3 signalling. It
is noteworthy that GM-CSF is not influencing pyroptosis, not even in NEK7-deficient
BMDMs (Figure 11B), showing once more that cytokine maturation and pyroptosis
are two distinct events only linked by the activity of caspase-1. Consequently,
caspase-1 activity is likely to be unaffected by GM-CSF. As the speck morphology
and number were also not dependent on GM-CSF (Figure 10 and 11A), the
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enhanced cytokine secretion may be result of the GM-CSF-induced NLRP3

expression. The exact mechanism still needs to be investigated.

4.3. CONCLUSION

NLRPS is an intracellular PRR that reacts to a huge variety of PAMPs and DAMPs.
What the common NLRP3 triggering mechanism is, remains unknown and the
complexity of its activation is tremendous. NEK7, a kinase known for years for its
pivotal role in cell proliferation, is suddenly and convincingly reported to be a crucial
activator of NLRP3. By direct binding to the NLR itself, NEK7 triggers NLRP3
oligomerization and inflammasome formation. This interaction is not only of scientific
interest as described in this thesis, but it also has clinical relevance with first reports
demonstrating a clinical significance of the NEK7-NLRP3 inflammasome signalling
in patients with lupus erythematosus ( ).

Inducing small molecules to the field of inflammasome research, offers us the
opportunity to analyse and shape NLRP3 upstream signalling in further detail. TKIs
are small molecules that induce robust NLRP3 inflammasome-dependent cytokine
secretion. As they are commonly used for therapy of haematological malignancies,
research on pro-inflammatory immune modulation by TKIs could reveal whether this
effect is beneficial or disadvantageous for cancer treatment.

Furthermore, it is clear that inflammasome activation could also differ between
myeloid cells like macrophages and dendritic cells, introducing another variable in
NLRP3 signalling. It would be interesting to investigate this variance in further detalil,
especially in BMDM and BMDC cultures. Here, GM-CSF cytokine signalling could
influence culture BMDMs in a physiological manner.

The diverse effects of the small molecular TKls imatinib and masitinib and the
cytokine GM-CSF on NLRP3 upstream signalling, once more reveal the complexity

of NLRP3 inflammasome activation.
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