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1 Introduction

1.1 Immune System

The immune system is an essential defence mechanism that protects the body
from exogenous and endogenous threats. Exogenous threats include microbes
(bacteria, parasites, fungi, and viruses) and toxins, while endogenous threats can
be aberrant cells in the body, such as cancer cells. The human body has evolved
a complex defence mechanism consisting of an intricate network of organs,

tissues, cells, and proteins that work in close synergy (Murphy et al., 2017).

The immune system is grouped into two arms: the innate immune system and the
adaptive immune system. The innate immune system represents the body’s first
line of defence, providing an immediate response to intruding pathogens. This line
of defence is non-specific and is found in all living multicellular species, including
vertebrates, invertebrates, plants, and fungi. It is based on germline-encoded
receptors, called pattern-recognition receptors (PRRs), that recognise a variety of
conserved molecular patterns. Those molecules can be divided into two classes:
pathogen-associated molecular patterns (PAMPs), which are characteristic of
microbial pathogens, and damage-associated molecular patterns (DAMPs), which
are host cell components released by damaged or dead cells. In general, the innate
immune response can eliminate a large number of invading pathogens. However,
in order to ensure the effective elimination of pathogens, the innate immune
response in vertebrates activates the adaptive immune response (Abbas et al.,
2018).

Unlike the innate immune system, the adaptive immune system recognises specific
antigens and responds less rapidly to invading pathogens. The adaptive immune
response includes humoral and cell-mediated immune responses carried out by
white blood cells known as lymphocytes. B lymphocytes (B cells) are involved in
humoral immunity by producing antibodies that bind to foreign antigens in the body
and inactivate them. T lymphocytes (T cells) mediate cellular immune responses,
ranging from detecting and destroying infected cells to secreting cytokines, which

are chemical messengers that activate other immune cells. Importantly, the



adaptive immune response constantly adapts and develops an immunological
memory, enabling the host to quickly eliminate previously encountered threats.
This adaptability of acquired immunity results from somatic hypermutation, which
produces antibodies with unique specificities through genetic mutations in
antibody-coding genes and V(D)J recombination. This acquired immunity can
provide lifelong protection against specific pathogens, depending on the severity

and type of infection, but it cannot be inherited (Abbas et al., 2018).

The adaptive and innate immune responses are not mutually exclusive
mechanisms; instead, they complement each other. Defects in either defence
mechanism can lead to the host's susceptibility to infection and can trigger
inappropriate responses. Dysregulation of the innate immune response can lead
to autoinflammatory diseases, whereas aberrant changes in the adaptive immune

response can mediate autoimmunity (Murphy et al., 2017).

1.1.1 Innate Immune System

The innate immune response is an immediate and rapid response to pathogens
encountering the body. When microbes attempt to infect a host, they first encounter
physical barriers, such as the skin, which serve as the first line of defence in the
innate immune system. The outermost layer of the skin, the epidermis, protects the
body from microbes and environmental factors such as ultraviolet (UV) radiation
and chemicals (Lee et al., 2006). Additionally, the skin hinders pathogen
colonisation by maintaining low water content, an acidic pH, and antimicrobial lipids
deposited on its surface (Elias, 2007). Another physical barrier can be found on the
surfaces of organs, which are lined with a mucus membrane consisting of immune
cells and natural antibiotics to defend against pathogens. If a pathogen still
manages to breach the physical barriers, it will then be exposed to both the humoral

and cellular components of the innate immune system.

The humoral part of the innate immune response is mediated by a large variety of
peptides and proteins, which include humoral lectins, such as collectins and
ficolins, acute phase reactants, such as C-reactive protein (CRP), and antimicrobial

peptides (Mantovani and Garlanda, 2023). These molecules interact with antigens



or microbial moieties and play a role in activating components of the complement
system. The complement system consists of more than 30 proteins found in the
plasma and membranes of cells. Activation of the complement system involves
multiple steps of proteolysis and assembly, followed by cleavage of the third
complement component (C3), whose cleaved parts C3b and C3a trigger different
immune functions. On the one hand, binding of C3b to microbes or damaged cells
leads to opsonisation and increased susceptibility to phagocytosis. On the other
hand, C3b induces a cascade of polymerisation reactions leading to the assembly
of a membrane attack complex (MAC). The assembly of MAC create pores in the
membrane, which disrupt the cell membrane and cause the subsequent lysis of the
cells, kiling the pathogen. Additionally, small fragments of some complement
components (e.g. C3a) act as chemoattractants that induce inflammation and
recruit immune cells to the site of infection, subsequently leading to a cellular

immune response (Bottazzi et al., 2010; Janeway et al., 2001).

The cellular part of the innate immune response consists of various effector
immune cells, which respond rapidly to signals from invading pathogens or
damaged cells. Upon sensing pathogens, those cells produce and secrete
cytokines and chemokines. Cytokines were discovered in the 1960s and 1970s
and are potent signalling molecules of a size between 5 and 25 kDa (Dinarello,
2007). They play a pivotal role in intercellular communication and are crucial for
recruiting additional immune cells to the site of infection. Key inflammatory
cytokines involved in the initiation of recruitment are the tumour necrosis factor
(TNF), interleukin 1B (IL-1B) and interleukin 6 (IL-6). Neutrophils are the first cells
to be attracted to the site of infection, followed by monocytes and lymphocytes,
including T cells, natural killer cells, B cells, and mast cells. During inflammation,
recruited monocytes can differentiate into macrophages and dendritic cells, which

phagocytose pathogens and present antigens (Murphy and Weaver, 2017).

Cells of the innate immune system can ingest and eliminate pathogens or apoptotic
cells, thereby playing an essential role in maintaining tissue homeostasis. This
process is termed phagocytosis. The characterisation of cells responsible for
phagocytosis, known as phagocytes, was first described by llya Metchnikoff

(Schmalstieg and Goldman, 2008). Phagocytosis is initiated by recognising targets



via specific receptors expressed on the plasma membrane of phagocytes. This
recognition triggers signalling cascades that result in the remodelling of cell
membrane lipids and the actin cytoskeleton, allowing for the engulfment of particles
and the formation of a phagosome. Engulfment of the particles leads to the
formation of a phagosome. Phagosome maturation occurs within the cell and
involves fusion and fission events between the phagosome and early and late
endosomes. Ultimately, the phagolysosome — i.e. the mature phagosome - is
created by fusion with lysosomes. The phagolysosome is progressively acidified,
becomes highly oxidative, and is enriched with hydrolytic enzymes, eventually
leading to its content degradation (Rosales and Uribe-Querol, 2017). In addition to
its crucial role in the innate immune response, phagocytosis is also critical in
initiating the adaptive immune response through two different mechanisms. Firstly,
next to direct clearance of the pathogen, the recognition of phagocytic targets can
result in the production and release of pro-inflammatory cytokines. These
cytokines, such as TNF-a and IL-6, function as signalling molecules that attract
lymphoid cells, including B cells and T cells, to the site of infection and coordinate
the adaptive immune response. Secondly, during phagocytosis, professional
phagocytes can process antigens of digested pathogens and present them on their
cell surface to lymphocytes via their major histocompatibility complex (MHC) class

Il molecules (Flannagan et al., 2012).

1.1.2 Adaptive Immune System

The adaptive immune system, also known as the acquired immune system,
becomes active following an initial exposure to an antigen, typically after a certain
latency period. Unlike the innate immune system, the adaptive immune system is
dependent on a smaller number of cells: B and T cells. Both are derived from
hematopoietic stem cells in the bone marrow, with the B cells maturing within the
bone marrow itself and the T cells migrating to the thymus to mature. Both cell
types are activated by encountering antigens via their membrane-bound receptor
and undergo clonal expansion after their activation. In contrast to B cell receptors,
which can directly bind to antigens, T cell receptors can only recognise peptide

fragments of antigens that are presented on the surface of other cells via MHC



molecules. As such, cytotoxic T cells, which express the CD8 receptor, recognise
viral peptides presented via an MHC class | complex on infected cells and directly
eliminate these cells. Helper T cells, which express the CD4 receptor, detect
peptides presented via an MHC class |l complex on professional antigen-
presenting cells (APCs), such as dendritic cells, macrophages, and B cells. Upon
activation, helper T cells secrete cytokines to orchestrate a targeted and effective

immune response (Murphy et al., 2017).

1.2 Pattern recognition receptors

Innate immune responses are initiated by germline-encoded specialised receptors
known as pattern recognition receptors (PRRs). These receptors are
predominantly expressed on immune cells and recognise conserved molecular
patterns, known as PAMPs and DAMPs, to initiate immune responses. This
concept of sensing conserved molecular patterns resembles pattern-triggered
immunity (PTI) observed in plants (Akira et al., 2006). However, in an evolutionary
arms race, pathogens have evolved a variety of mechanisms, including virulence
factors, also called pathogen effectors, to evade or counteract the host’'s immune
response, such as the induction of PTI. These virulence factors are secreted by
pathogens during infection (Lopes Fischer et al., 2020). While PTI involves direct
recognition of conserved microbial patterns, the indirect detection of specific
pathogen effectors initiates an immune response that is known as effector-

triggered immunity (ETI) in the plant immune system (Bigeard et al., 2015).

In vertebrates, there are four major groups of PRRs, consisting of Toll-like receptors
(TLRs), C-type lectin receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) and NOD-like receptors (NLRs) (Amarante-Mendes et al., 2018).
PRRs are found either membrane-bound or cytosolic in cells. Expressed on cell
surfaces, they recognise extracellular pathogens, such as bacteria or fungi.
Present in membranes of intracellular cell compartments, such as endosomes,
they detect intracellular intruders like viruses. In the cytoplasm, they recognise
different molecules arising from intracellular pathogens. Except for certain NLRs,

PRR ligand recognition leads to the activation of transcription factors that ultimately



result in the upregulation of genes associated with cell autonomous or systemic
defence pathways. A prominent subset of upregulated factors encompasses the

so-called pro-inflammatory cytokines (Takeuchi and Akira, 2010).

1.2.1 Toll-like receptors (TLRs)

The initial member of the TLR family was identified in 1988 when the Toll gene,
which is essential for establishing dorsoventral polarity during embryogenesis, was
found in Drosophila melanogaster (Hashimoto et al., 1988). Subsequent research
revealed the significance of Toll in the response of insects to a fungal infection
(Lemaitre et al., 1996). TLRs are evolutionarily conserved across diverse
organisms, ranging from worms to mammals. Currently, there are 10 described
TLRs in humans (TLR1-10) and 12 in mice (TLR1-9, TLR11-13) located either on
the cell membrane or on endolysosomal membranes. One of the first members of
PRRs identified in humans was TLR4, initially named hToll owing to its similarity to
the Toll protein in Drosophila (Medzhitov et al., 1997). TLRs can sense a variety of
different PAMPs, including lipids (TLR1, TLR2, TLR6) and nucleic acids (TLR?7,
TLR8, TLR9). One example of nucleic acid sensing by TLRs is the recognition of
oligoribonucleotides by TLR8, which are made recognisable by the lysosomal
endoribonuclease RNase T2 (Greulich et al., 2019). Other ligands for TLRs are
flagellin (TLRS5), double-stranded RNA (dsRNA) (TLR3), and lipopolysaccharide
(LPS) from gram-negative bacteria (TLR4) (Akira et al., 2006). These PAMPs are
recognised by the extracellular leucine-rich repeat (LRR) domain of TLRs, which
varies among the sensors. Additionally, TLRs possess a transmembrane domain
and a cytoplasmic Toll/IL-1 receptor (TIR) domain. Sensing of a pathogen initiates
the binding of the cytoplasmic TIR domain to signal transduction adaptors. Most
TLRs utilise the adaptor myeloid differentiation primary response protein 88
(MyD88) adaptor, while TLR3 employs the TIR domain-containing adaptor-
inducing IFNB (TRIF) adaptor. Recruiting these adaptors initiates a signalling
cascade that activates several transcription factors, including the nuclear factor
kappa light-chain enhancer of activated B cells (NF-kB), the activator protein-1
(AP-1), and, in some cases, interferon regulatory factors (IRFs). Finally, TLR

signalling leads to a pro-inflammatory response in cells (Nie et al., 2018). TLRs are



expressed in professional immune and most non-hematopoietic cells, including
epithelial cells. However, TLRs have evolved primarily to recognise extracellular
microbial components, allowing some pathogens to evade TLR detection.
Consequently, additional pattern recognition receptors, especially cytosolic
sensors, including RLRs and NLRs, operate concurrently and are widely expressed
in most cell types (Cavlar et al., 2012).

1.2.2 RIG-I-like receptors (RLRs)

The RIG-I-like receptors (RLRs) are a family of cytoplasmic pattern recognition
receptors that are crucial sensors for viral infection by recognising intracellular non-
self RNA (Takeuchi and Akira, 2010). This family comprises of retinoic-acid
inducible gene (RIG-I, encoded by DDX58), melanoma differentiation-associated
gene 5 (MDA5, encoded by IFIH1), and laboratory of genetics and physiology 2
(LGP2). They consist of a central DEAD-box helicase/ATPase domain,
characterised by the conserved Asp-Glu-Ala-Asp (DEAD) motif, and a C-terminal
regulatory domain involved in viral RNA detection. RIG-I and MDA5 additionally
contain two N-terminal caspase recruitment domains (CARDs), essential for
initiating downstream signalling (Yoneyama and Fuijita, 2008). Knockout studies in
mice have shown that MDAS is vital for the detection of picornavirus infections,
such as encephalomyocarditis virus (EMCV), while RIG-I detects a wide range of
viral infections, including influenza A, Japanese encephalitis and paramyxovirus
infections (Gitlin et al., 2006; Kato et al., 2006). RIG-I recognises relatively short
double-stranded RNA (dsRNA) (< 1 kb) and has been shown to detect viral RNA
harbouring a 5’-triphosphate end, which can be found in negative ssRNA viruses
and in vitro-transcribed RNA (Hornung et al., 2006; Pichlmair et al., 2006).
Subsequent studies showed that RNA recognition by RIG-I requires base-pairing
of the 5’-triphosphate RNA to a complementary RNA strand (Schlee et al., 2009;
Schmidt et al., 2009) and that RIG-I also recognises 5’-diphosphate RNA (Goubau
et al., 2014). In eukaryotes, the detection of 5’-triphosphate RNA is prevented by
posttranscriptional RNA processing by either capping the 5’-triphosphate end or
nucleoside modification of RNA (Hornung et al., 2006). MDAS5 recognises dsRNA
that is longer than 2 kb and the synthetic RNA ligand Poly(l:C) (Kato et al., 2008).



Endogenous dsRNA sensing by MDA-5 is prevented by adenosine deaminase
acting on RNA 1 (ADAR1) through adenosine-to-inosine RNA editing (Liddicoat et
al., 2015). LGP2 lacks the signalling CARD domain and was initially described as
a negative regulator of MDA5-mediated and RIG-I-mediated virus recognition
(Rothenfusser et al., 2005; Saito et al., 2007; Yoneyama et al., 2005). However,
subsequent studies in mice lacking LGP2 showed that LGP2 is required for antiviral
responses mediated by RIG-I and MDAS5, and it is assumed that LGP2 plays a
supporting role in the assembly of MDAS5 on dsRNA (Pippig et al., 2009; Satoh et
al., 2010). Upon activation by RNA, RIG-I and MDA-5 recruit the signalling adaptor
protein mitochondrial antiviral-signalling protein (MAVS). MAVS binds through
homotypic CARD-CARD interactions and activates TANK-binding kinase 1 (TBK1)
and IkB kinase-¢ (IKKeg). Subsequently, these kinases phosphorylate and, thus,
recruit the two signalling mediators, the interferon regulatory factor 3 (IRF3) and 7
(IRF7). Phosphorylation of IRF3 and IRF7 and the activation of the NF-kB
signalling pathway leads to the expression of type-l interferons, initiating an

antiviral response (Rehwinkel and Gack, 2020).

1.2.3 C-type lectin receptors (CLRs)

Another group of PRRs expressed in most cell types are the C-type lectin receptors
(CLRs), which can be either soluble or membrane-bound. These receptors feature
one or more extracellular carbohydrate-recognition domains (CRDs), enabling
them to recognise carbohydrates present in microorganisms. This recognition
leads to internalisation and degradation of the pathogen, followed by antigen
presentation. Most of these CLRs function in a calcium-dependent manner to
induce innate and adaptive immune responses. (Geijtenbeek and Gringhuis, 2009)
Examples include dectin-1 and dectin-2, recognising fungal cell wall components
such as B-glucan (Robinson et al., 2009; Taylor et al., 2007) and MINCLE
(macrophage inducible Ca?*-dependent lectin receptor), which sense fungal
infections such as Candida albicans and Malassezia infection (Yamasaki et al.,
2009). Pathogen recognition by CLRs results in the production of cytokines, which
in some cases has been associated with T-cell differentiation (Geijtenbeek and
Gringhuis, 2009).



1.2.4 Cytosolic DNA sensors

Another important part of pattern recognition in cells is the cytosolic DNA
recognition by different sensors. Initially, dsDNA sensing was attributed to Toll-like
receptor 9 (TLR9), which recognises unmethylated CpG DNA (Hemmi et al., 2000).
However, double-stranded B-form dsDNA was subsequently shown to trigger an
antiviral response independently of Toll-like receptors (Ishii et al., 2006). Later, Z-
DNA binding protein 1 (ZBP1), also known as the DNA-dependent activator of IFN
regulatory factors (DAI), was implicated as the cytosolic DNA sensor triggering
antiviral interferon-3 (IFN-) production (Takaoka et al., 2007). Subsequent studies
have shown that DAI is redundant for innate immune responses (Ishii et al., 2008).
However, DAl has been implicated in mediating virus-induced necrosis (Upton et
al., 2012). Later, additional intracellular DNA sensors were discovered. These are
PYHIN proteins characterised by an N-terminal pyrin domain and C-terminal DNA-
binding HIN domain(s), named the PYHIN family of receptors (Hornung et al.,
2009; Schattgen and Fitzgerald, 2011). They are only found in mammals and
consist of five members in the human genome, including absent in melanoma 2
(AIM2) and interferon gamma-inducible protein 16 (IFI16) (Connolly and Bowie,
2014; Jin et al., 2012). AIM2 recognises cytosolic DNA and mediates caspase-1
inflammasome activation, leading to pyroptosis, mature interleukin IL-18 and IL-18
secretion (Burckstummer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et
al., 2009). IFI16 was shown to limit the transcription of diverse DNA viruses in the
nucleus (Hotter et al., 2019). In addition, IFI16 was suggested to result in IFN-3
induction by recruiting the adaptor stimulator of interferon genes (STING) after
DNA stimulation (Unterholzner et al., 2010). In 2013, the key cytosolic DNA sensor
that activates the STING signalling pathway was identified as the
nucleotidyltransferase cyclic GMP-AMP synthase (cGAS) (Sun et al., 2013; Wu et
al., 2013). Typically, cGAS is present in an inactive state in the cell, but upon
binding to DNA, it undergoes a conformational change and becomes active. This
activation results in the dimerisation of cGAS and the synthesis of the second
messenger cyclic GMP-AMP (cGAMP) from ATP and GTP (Ablasser et al., 2013;
Diner et al., 2013; Gao et al., 2013; Zhang et al., 2013). Upon binding of cGAMP,
STING is activated and translocates to the Golgi, where it activates the

serine/threonine kinase TBK1, which then phosphorylates itself, STING, and the



transcription factor IRF3. Lastly, phosphorylated IRF3 dimerises and translocates
into the nucleus. This results in the production of type | interferons, such as IFN-j3,
and eventually triggers the expression of interferon-stimulated genes (ISGs)
(Decout et al., 2021).

1.2.5 NOD-like receptors (NLRs)

The last and largest group of PRRs are the NOD-like receptors (NLRs), which play
key roles in the innate immune response, including the modulation of signalling
pathways, induction of various cell death processes, and mediation of adaptive
immune responses (Chou et al., 2023). NOD-like receptors are highly conserved
through evolution and were first identified in plants as nucleotide-binding sequence
LRR (NBS-LRR) proteins belonging to the plant disease resistance (R) proteins
(Baker et al., 1997). NBS-LRR proteins consist of a nucleotide-binding domain
(NBD), an LRR domain, and variable N- and C-terminal domains. They are a crucial
defence mechanism against various pathogens, such as bacteria, viruses, and
fungi (McHale et al., 2006). In 2000, a large family of 22 human NBD-LRRs was
identified based on the similarity of NBD and LRR domains to NBS-LRR proteins
(Harton et al., 2002; Harton and Ting, 2000). Their founding member class |l major
histocompatibility complex (MHC) transactivator (CIITA) was identified in 1993 as
a transactivator of MHC class Il gene expression in hereditary MHC class |l
deficiency (Steimle et al., 1993). NLR family proteins are defined by a common
nucleotide-binding and oligomerisation domain (NOD), also known as the NACHT
domain (domain present in NAIP, CIITA, HET-E and TP-1) defined by Koonin and
Aravind (Koonin and Aravind, 2000). The NACHT domain belongs to a subfamily
of the AAA+ ATPases (ATPases associated with various cellular activities) called
signal transduction ATPases with numerous domains (STAND) and consists of an
NBD, two helical domains (HD1 and HD2) and a winged helix domain (WHD)
(Hanson and Whiteheart, 2005). It contains Walker A and Walker B motifs, which
are important for ATP binding and ATP hydrolysis. The precise mechanism of ATP’s
involvement in NLR activation remains unclear. However, ATP binding typically
promotes the oligomerisation of NLRs, which is important for their activation (Danot

et al., 2009). Additionally, NLRs possess C-terminal leucine-rich repeats (LRRs)
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that recognise ligands. NLRs can be divided into different subfamilies based on
their different N-terminal effector domains, including the acidic transactivation
domain of CIITA (NLRA subfamily), the baculovirus inhibitor of apoptosis repeat
(BIR) domain (NLRB subfamily), the caspase recruitment domain (CARD) domain
(NLRC subfamily) and the pyrin (PYD) domain (NLRP subfamily). The human
neuronal apoptosis inhibitory protein (NAIP), an example of the NLRB subfamily,
was demonstrated to inhibit apoptosis (Listen et al., 1996). For the NLRC
subfamily, NOD1 and NOD2 encoded by the CARD4 and CARD15 genes
represent the earliest and best-characterised signalling NLRs. Both receptors
recognise processed peptidoglycan fragments from bacteria, thereby inducing NF-
KB activation (Bertin et al., 1999; Inohara et al., 1999; Ogura et al., 2001). NOD2
senses peptidoglycan through the minimal fragment muramyl dipeptide (MDP)
(Girardin et al., 2003), which requires N-acetylglucosamine kinase (NAGK) for its
immunostimulatory activity, as revealed by a forward genetic screen (Stafford et
al., 2022). The NLRP family consists of 14 known members in humans (NLRP1-
NLRP14) that are involved in inflammation (Tschopp et al., 2003). Among the
NLRs, certain sensors can assemble into high molecular weight complexes called
inflammasomes, which generally result in the release of the pro-inflammatory
cytokines IL-13 and IL-18.

1.3 Inflammasomes

IL-1B was one of the first cytokines to be discovered in the late 1970s as a factor
secreted by activated macrophages that had a potent effect on other immune cells
through its role in fever induction and regulation of immune responses (Broz and
Dixit, 2016; Dinarello et al., 1977; Gery and Handschumacher, 1974; March et al.,
1985). IL-1B is initially synthesised as a biologically inactive precursor (pro-IL-1p),
remaining inside the cell until it is processed into an active molecule. This
processing is carried out by the IL-1 converting enzyme (ICE) (Black et al., 1989;
Cerretti et al., 1992; Thornberry et al., 1992), which was later recognised as a
member of the caspase family of proteases and renamed caspase-1 (Alnemri et
al., 1996; Walker et al., 1994; Wilson et al., 1994). Subsequently, it was identified
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that the activation of caspase-1 is facilitated by interaction with an adaptor
molecule called apoptosis-associated speck-like protein containing a CARD (ASC)
(Srinivasula et al., 2002). While it was shown that three proteins belonging to the
initially named PYPAF (PYRIN-containing APAF-1-like protein) family are
interaction partners of ASC and induce NF-kB and caspase-1-dependent cytokine
processing when co-expressed (Grenier et al., 2002; Maniji et al., 2002; Wang et
al., 2002), Tschopp and colleagues showed in a cell-free system that the formation
of a high molecular weight complex induces the maturation of the pro-inflammatory
cytokine pro-IL-1B to IL-1B. This molecular platform was subsequently coined by

Martinon, Burns and Tschopp the term ‘inflammasome’ (Martinon et al., 2002).

1.3.1 Inflammasome signalling

Inflammasomes usually consist of a modular sensor protein, the adapter protein
ASC (also known as PYCARD), and the effector cysteine protease caspase-1. The
modular sensor proteins are present in the cells in an auto-inhibited state and are
activated by diverse triggers, including PAMPs and DAMPs (Figure 1). Upon
engagement, inflammasome sensors transform into an active open conformation,
in which most inflammasome sensors recruit the adaptor protein ASC. ASC acts
as a molecular glue between the sensor protein and pro-caspase-1 by forming
large filaments through homotypic interactions. Its N-terminal PYD domain binds
to the PYD domain of the sensor protein, and its C-terminal CARD domain interacts
with the CARD domain of pro-caspase-1 (Lu et al., 2014) (Figure 1). These
filaments establish a threshold-like signalling behaviour and serve as an activation
platform for caspase-1 by proximity-induced autoproteolysis (Boucher et al., 2018;
L. Zhang et al., 2015). Active caspase-1 then triggers the inflammatory response
via proteolytic cleavage of the biologically inactive precursors of two of its most
prominent substrates: the pro-inflammatory cytokines IL-1B and IL-18 (Broz and
Dixit, 2016) (Figure 1). In addition, activation of caspase-1 has been shown to
induce a form of programmed cell death known as pyroptosis. Pyroptosis is
characterised by the swelling of cells due to water influx, resulting in the rupture of
cell membranes and the release of cytoplasmic contents, such as DAMPs

(Bergsbaken et al., 2009; Jorgensen and Miao, 2015). However, how caspase-1
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induces pyroptosis remained unclear until the mid-2000s, when gasdermin-D
(GSDMD) was shown to be a substrate of inflammatory caspases, including
caspase-1 (Shietal., 2015). Cleavage of GSDMD results in an N-terminal fragment
(GSDMDNT) that inserts into the membrane, creating pores in the membrane,
thereby mediating water influx and the release of IL-18 and IL-18 (Mulvihill et al.,
2018) (Figure 1). Lately, the cell surface protein ninjurin-1 (NINJ1) has been linked
to inflammasome-driven pyroptosis by forming large pores into the plasma
membrane (Degen et al., 2023; Kayagaki et al., 2021; Wang and Shao, 2021).

Pyroptosis is generally initiated by the activation of inflammatory caspases,
including caspase-1, caspase-4 (caspase-11 in mice), and caspase-5. As
described, caspase-1 is activated within the canonical inflammasome pathway.
The related caspase-4 and caspase-5 are activated within the non-canonical
pathway, which is triggered by the sensing of intracellular LPS from gram-negative
bacteria independently of TLR4, following subsequent GSDMD cleavage
(Kayagaki et al., 2015; Shi et al., 2014). While inflammatory caspases and GSDMD
are key mediators of pyroptosis, pyroptosis can also be mediated by other
gasdermins and apoptotic proteases under specific conditions. As such, studies
revealed that the apoptotic initiator caspase-8 directly cleaves GSDMD to trigger
pyroptosis during Yersinia infection (Demarco et al., 2020; Orning et al., 2018;
Sarhan et al., 2018). Additionally, although other members of the gasdermin family
are not cleaved by caspase-1 and caspase-11, some gasdermins possess other
protease cleavage sites. In fact, the GSDMD homologue GSDME (also known as
DFNADS5) has been observed to be cleaved by the apoptotic caspase-3, proposing
a switch from apoptosis to pyroptosis mediated by GSDME (Rogers et al., 2017;
Wang et al., 2017).
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Figure 1: Inflammasome signalling pathway. (1) Inflammasome sensors are present in the cell in an
autoinhibited state. (2) Upon recognition of pathogen-/ or damage-associated molecular patterns (PAMPs/
DAMPs), inflammasome sensors get activated and transform into an open conformation (3). This activation
leads to the recruitment of the effector caspase pro-caspase-1 and the adaptor molecule ASC (4), resulting in
an inflammasome complex (5). Active caspase-1 cleaves the pro-inflammatory cytokines pro-IL-13 and pro-
IL-18, as well as gasdermin-D (GSDMD) (6), leading to pore formation by the N-terminal part of GSDMD
(GSDMDNT) (7). Pore formation facilitates the release of mature IL-1B and IL-18 into the surrounding
environment, accompanied by water influx into the cell, resulting in inflammation and pyroptosis (8).

Upon ligand binding and activation of the sensor protein, some inflammasome
sensors assemble into a wheel-shaped structure (Figure 2). While wheel-shaped
structures were recently presented for the NLRP3 inflammasome using cryo-
electron microscopy (cryo-EM) (Hochheiser et al., 2022; Xiao et al., 2023), Hu et
al. and Zhang et al. provided the first direct visualisation of this process by
unravelling the structure of the NAIP-NLRC4 complex (Hu et al., 2015; L. Zhang
et al., 2015). Once activated by a bacterial ligand, such as PrgJ or flagellin, which
activate NAIP2 and NAIP5, respectively, a singular activated NAIP protein is
sufficient to initiate NLRC4 oligomerisation via binding to an NLRC4 protein. After
subsequent conformational changes, NLRC4 recruits in its open conformation

additional NLRC4 proteins, which oligomerise, forming a wheel-like disc (Figure 2).
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Figure 2: Inflammasome assembly of the NLRC4 inflammasome. Overview of NAIP-mediated NLRC4
oligomerisation into an NAIP-NLRC4-inflammasome complex. First, autoinhibited NLRC4 (PDB ID: 4KXF)
binds to one activated NAIP (here NAIP5 with its ligand flagellin, PDB ID: 5YUD), leading to a conformational
change of NLRC4 into an open conformation (PDB ID: 8FW2). In its open conformation, NLRC4 recruits
additional NLRC4 proteins, forming an NAIP-NLRC4-inflammasome complex by oligomerisation (PDB ID:
3JBL).

1.3.2 Inflammasome sensors

To date, various sensor proteins that form inflammasomes upon activation have
been identified. These proteins belong to the NLR family, with the exception of a
few members, such as CARDS8, AIM2, and PYRIN. While some inflammasome
sensors directly sense PAMPs and DAMPs, resembling pattern-triggered immunity
(PTI), others are activated indirectly by sensing changes in the cellular environment
that occur after pathogen invasion, resembling effector-triggered immunity (ETI).
Inflammasome sensors acting as classical PRRs include AIM2, NLRC4, NLRP1
and possibly NLRP6 and NLRP12. On the other hand, NLRP3 is typically activated
not through direct PAMP recognition but indirectly in response to a wide range of
stimuli that induce danger or stress signals in cells. Additional examples of
inflammasome sensors indirectly sensing the presence of pathogens include Pyrin,
NLRP1 and CARDS8. An overview of selected inflammasome sensors and their
distinct activators is shown in Figure 3, and each depicted inflammasome sensor

is described in more detail in the following paragraphs.
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Figure 3: Schematic overview of human inflammasome sensors and their ligands. Domain
representation of inflammasome sensors (middle panel) and their respective activators (top panel). While
some sensors act as classical PRRs that detect PAMPs directly (NLRC4, AIM2, NLRP1, and possibly the less
studied NLRP6 and NLRP12), inflammasome sensors can be activated indirectly via pathogenic effectors
(NLRP3, Pyrin, NLRP1, and CARDS).

NLRP3 inflammasome

NLRP3, known as NALP3 and cryopyrin, is the best-studied inflammasome sensor,
consisting of a PYD, NACHT domain, and leucine-rich repeats. NLRP3 recognises
various microbial and non-microbial activators ranging from pathogenic bacteria,
such as Staphylococcus aureus, to viral and fungal pathogens, such as Influenza
A virus and Candida albicans, respectively (Bauernfeind and Hornung, 2013).
Various NLRP3 stimuli have been shown to result in K* efflux from cells and the
dispersion of the trans-Golgi network (TGN), which in turn leads to the recruitment
and activation of NLRP3 (Chen and Chen, 2018). As such, NLRP3 senses pore-
forming toxins and bacterial ionophoric agents, such as nigericin, and endogenous
DAMPs, including extracellular ATP (Mariathasan et al., 2006), uric acid crystals
(Martinon et al., 2006), and environmental products, such as silica crystals
(Hornung et al., 2008). The assembly of the fully functional NLRP3 inflammasome
requires two steps: priming and activation. Priming is facilitated by TLRs, leading
to NF-kB activation and increased cellular expression of NLRP3, caspase-1 and
pro-IL-1B. In the activation step, NLRP3 senses a ligand and oligomerises,
providing a scaffold for ASC filament formation through the interaction of the two
PYD domains (Chou et al., 2023). Several groups identified the NIMA-related

kinase 7 (NEK?7) as an essential component of the NLRP3 inflammasome complex
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(He et al., 2016; Schmid-Burgk et al., 2016; Shi et al., 2016). Although NEK7 had
previously been reported to be indispensable for murine NLRP3 activation, it was
later shown that NEK?7 is redundant for human NLRP3 inflammasome formation by
the inhibitor of nuclear factor kappa-B kinase subunit beta (IKKB)-mediated

recruitment of NLRP3 to the frans-Golgi network (Schmacke et al., 2022).

NLRP6 inflammasome

NLRP6 comprises three domains, PYD, NACHT and LRR, and is mainly expressed
in the intestine, lung, and liver. NLRP6 senses microbial metabolites, such as
taurine (Levy et al., 2015), viral RNA (Wang et al., 2015), and bacterial lipoteichoic
acid. Lipoteichoic acid derived from Gram-positive bacteria, such as Listeria
monocytogenes, induces the formation of the NLRP6 inflammasome involving a
rather unusual cascade that involves caspase-1 and the non-canonical
inflammasome caspase-11 (Hara et al., 2018). Apart from its function in assembling
inflammasomes, NLRP6 also plays an inflammasome-independent role in
inhibiting inflammatory responses and signals, such as NF-kB signalling,

depending on physiological contexts (Zheng et al., 2021).

NLRP12 inflammasome

NLRP12 harbours an N-terminal PYD, a central NACHT and a C-terminal LRR
domain and plays a diverse role in innate immunity. NLRP12 has been suggested
to be an inflammasome sensor during Yersinia and Plasmodium infection by
activating caspase-1 and pro-inflammatory cytokine release (Ataide et al., 2014;
Vladimer et al., 2012). While the ligand for NLRP12 inflammasome activation
remains unidentified, inflammasome activation after Yersinia infection was shown
to be dependent on the virulence-associated type-lll secretion system (T3SS)
(Vladimer et al., 2012). Additionally, both infections showed a requirement for
NLRP3 for the host defence. A recent study suggested that NLRP12 is involved in
inflammation by forming a PANoptosome consisting of NLRP12, ASC, Caspase-8
and RIPK3. In this case, PANoptosis is triggered by heme, a DAMP released after
red blood cell damage during infection, in combination with PAMPs (Sundaram et
al., 2023). Besides its involvement in inflammasome formation, NLRP12 was
shown to act as a negative regulator of inflammation (Tuladhar and Kanneganti,
2020).
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NLRC4 inflammasome

NLRC4, in contrast to the described inflammasome sensors above, harbours an
N-terminal CARD domain instead of the PYD domain. Detection of ligands involves
direct upstream receptors called NLR family apoptosis inhibitory proteins (NAIPs)
that recognise diverse pathogenic processes in mammals. Upon binding to ligands,
NAIPs interact with NLRC4 and initiate NAIP/NLRC4 inflammasome complex
assembly with one NAIP and several NLRC4 proteins. In contrast to mice
expressing multiple NAIP paralogs, humans express only one functional NAIP
(Tenthorey et al.,, 2014). Human NAIP senses virulence-associated bacterial
proteins, such as flagellin and T3SS structural proteins. During Salmonella
infection, full-length NAIP senses cytosolic flagellin, leading to NAIP/NLRC4
inflammasome assembly and subsequent cell death and IL-13 secretion (Harton
et al., 2002). The NAIP/NLRC4 inflammasome also recognises the needle subunit
of the bacterial T3SS during Chromobacterium violaceum infection (Zhao and
Shao, 2015).

AIM2 inflammasome

AIM2 is a member of the PYHIN protein family, structurally defined by an N-terminal
PYD domain followed by one or two C-terminal hematopoietic interferon-inducible
nuclear (HIN) domain(s). AIM2 is the only human member with true orthology
among these species and harbours one HIN domain (Connolly and Bowie, 2014).
This domain is important for binding to dsDNA in a sequence-independent manner
(Jin et al.,, 2012). Unlike the other PYHIN proteins, AIM2 is predominantly
expressed in the cytosol and recognises microbial DNA from intracellular
pathogens. In addition, AIM2 can detect endogenous DNA in the cytosol following
cell damage (Bosss and Kirchhoff, 2020). In the absence of DNA, AIM2 exists in
an autoinhibited state through the interaction of its HIN and PYD domains. Upon
activation, multiple AIM2 molecules bind to dsDNA and expose their PYD domains,

which in turn interact with ASC to form an inflammasome (Jin et al., 2012).

Pyrin inflammasome

Pyrin is a distinct inflammasome-forming receptor that only shares the PYD domain

with other well-known inflammasome sensors described above. In addition to the
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pyrin domain, it harbours a zinc finger domain (B-box), a coiled-coil domain, and a
C-terminal B30.2 domain (Heilig and Broz, 2018). The pyrin inflammasome detects
the inactivation of Rho guanosine triphosphatase (Rho GTPase) induced by
bacterial toxins such as Clostridium difficile toxin B and Clostridium botulinum C3
toxin (Xu et al., 2014). This process shares similarities with the "guard" mechanism

observed in plants.

1.4 FIIND-containing inflammasome sensors

Unique among inflammasome sensors, NLRP1 and CARDS8 are the only FIIND-
containing inflammasome sensors. Although NLRP1 was the first inflammasome
identified in a landmark study by Martinon, Burns and Tschopp (Martinon et al.,
2002), its function in host defence and the molecular activation mechanisms
remained enigmatic for nearly two decades. This could be due to several factors,
including its significant deviation in structure compared to other inflammasome
sensors, its structural difference between humans and rodents, and its unusual
expression in epithelial cells. Interestingly, the related inflammasome sensor
CARDS8 was first identified in 2018, which shares structural similarities and some

common activation mechanisms (Johnson et al., 2018).

FIIND-containing inflammasome sensors contain an unusual C-terminal extension,
consisting of a unique function-to-find (FIIND) domain and a CARD domain
(Taabazuing et al.,, 2020). NLRP1 additionally contains the characteristic N-
terminal NLRP domains, including PYD, NACHT, and leucine-rich repeats, which
makes it the only NLR that contains both PYD and a CARD domain (Figure 4A).
Unlike NLRP1, CARDS8 lacks these structured N-terminal domains and only
consists of a FIIND and CARD domain (Figure 4A). A distinct feature of the FIIND
domain is that it undergoes post-translational processing called autoproteolysis
under steady-state conditions, resulting in a break in the NLRP1/CARD8
polypeptide chain. The resulting fragments ZU5 (found in ZO-1 (zona occludens 1)
and UNCS5 (uncoordinated protein 5)) and UPA (conserved in UNC5, PIDD and
Ankyrins) subdomains remain non-covalently associated with one another (Figure
4A) (Hollingsworth et al., 2021). Activation of NLRP1/CARDS8 ultimately results in
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the release of the C-terminal UPA-CARD fragment, enabling the formation of an
inflammasome seed of CARD helical filaments and triggering a signalling cascade
leading to inflammation and pyroptosis (Figure 4B). Compared to the NLRP1
inflammasome consisting of the adaptor ASC and caspase-1, the CARDS8
inflammasome assembles independently of ASC (Robert Hollingsworth et al.,
2021). A crystal structure of the auto-inhibited FIIND domain of rodent NLRP1
displayed the cleaved but still non-covalently associated ZU5 and UPA subdomains
(Huang et al., 2021). It also showed that the first B-strand of the NLRP1 UPA
subdomain inserts into the ZU5 fold, thereby establishing an auto-inhibited
conformation (PDB ID: 7CRV) (Figure 4C). The FIIND domain shares structural
similarity with UNC5b, a protein required during embryonic development, but
interestingly does not undergo autoproteolysis (D’Osualdo et al., 2011; Finger et
al.,, 2012). However, autoproteolytic processing has been reported in other
eukaryotic ZU5/UPA-containing proteins, such as the related p53-inducible protein
with a death domain (PIDD), which acts as a molecular switch in programmed cell
death (Wang et al., 2012, 2009).
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Figure 4: FIIND-containing inflammasome sensors. (A) Domain organisation of FIIND-containing
inflammasome sensors with highlighted C-terminal domains. (B) Schematic of the inflammasome assembly of
FIIND-containing inflammasome sensors. Released C-terminal UPA-CARD fragments form an inflammasome
seed, resulting in inflammasome activation, which triggers inflammation and pyroptosis. (C) Crystal structure
of the auto-inhibited FIIND domain of rodent NLRP1 in cartoon representation (PDB ID: 7CRV), displaying
autocleavage of ZU5 (F968) and UPA (S969) labelled in black stick representation.
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1.4.1 NLRP1

In 2007, the first study suggested that NLRP1 is activated by the bacterial cell wall
component muramyl dipeptide (MDP) in the monocytic cell line THP-1 (Faustin et
al., 2007), which loss-of-function data could not validate. Since it is known that
MDP primes the NLRP3 inflammasome in THP-1 cells, these data could be
attributed to NLRP3 rather than NLRP1 (Martinon et al., 2004). In the same year,
more indicative studies showed UV-irradiation-induced IL-13 secretion and NLRP1
expression in keratinocytes, the predominant cell type in the skin (Feldmeyer et al.,
2007; Watanabe et al., 2007). In subsequent studies, NLRP1 was established as
the key inflammasome sensor in human keratinocytes using CRISPR/Cas9,

essential for sensing UV-B irradiation (Fenini et al., 2018; Zhong et al., 2016).

Differences between species

Throughout the years, most insights into NLRP1 biology have been derived from
mouse models. However, the significant divergence between the biology of
humans and mice is already visible when looking at the gene loci of NLRP1. While
human NLRP1 is encoded by a single gene, up to seven NLRP1 paralogues have
been identified in mice by sequencing inbred mouse strains, with three to five of
these paralogues being encoded depending on the individual mouse strain (Lilue
etal., 2018). Additionally, the NLRP1 alleles exhibit a high degree of polymorphism,
most prominent in NLRP1b alleles (Sastalla et al., 2013). The majority of studies
conducted on murine NLRP1 biology have focused on the NLRP1B protein, which
is encoded by NLRP1b. NLRP1a has been shown to induce pyroptosis in
haematopoietic progenitor cells and is also involved in inflammasome activation
(Masters et al., 2012), whereas NLRP1c is missing the CARD domain and is
considered a pseudogene (Sastalla et al., 2013). In line with this, NLRP1 shows
the lowest conservation between humans and rodents of all known inflammasome-
forming NLRs, with 50 % for mouse NLRP1B and 53 % for rat NLRP1A (Figure
5B). Comparing the canonical full-length protein sequences of human and rodent

NLRP1 showed a higher relationship within rodents (Figure 5C).

Although mouse and human NLRP1 share structural similarities, including the
NACHT, LRR, FIIND, and CARD domains, mice and rats lack the N-terminal PYD
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domain (Figure 5A). In comparison to other NLR sensors using their PYD domain
for ligand sensing, the PYD domain of human NLRP1 is proposed to function in an
autoinhibitory manner (Chavarria-Smith et al., 2016; Zhong et al., 2016).
Additionally, while human NLRP1 relies on the adaptor ASC for inflammasome
activation, murine NLRP1B can either use ASC or directly activate caspase-1 (Broz
et al., 2010; Vasconcelos et al., 2019). A further distinction between human and
rodent NLRP1homologues is their expression and functionality in different tissues.
Human NLRP1 is predominantly expressed in epithelial barrier tissues, including
keratinocytes (Zhong et al., 2016), bronchial epithelial cells (Robinson et al., 2020),
and corneal epithelial cells (Griswold et al., 2022), whereas rodent NLRP1 is
expressed in cells of the myeloid lineage. Notably, the linker region is rapidly
evolving in both rodents and primates, indicating a strong evolutionary pressure on
NLRP1 (Chavarria-Smith et al., 2016). In contrast to NLRP1, no CARDS8

homologue exists in rodents (Bauernfried and Hornung, 2021).
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Figure 5: Comparison of human NLRP1 with rodent NLRP1. (A) Domain organisation of human NLRP1,
mouse NLRP1B, and rat NLRP1A. Auto-proteolysis is specified in red. (B) Percentage identity of human
NLRP1 compared to mouse NLRP1B and rat NLRP1A for the full-length protein sequence and the FIIND
domain analysed using BLASTp. (C) Protein distance tree displaying the evolutionary relationship.

1.4.2 CARDS

Prior to its identification as the NLRP1-related inflammasome sensor activated by
VbP, CARD8 was proposed to function in the inhibition of diverse proteins. As such,
CARDS8 was identified as a caspase-9 inhibiting factor upregulated in some cancer
types and was, therefore, initially named the tumour-upregulated CARD-containing
antagonist of caspase-9 (TUCAN) (Pathan et al., 2001). However, this could not
be confirmed in other studies (Bouchier-Hayes et al., 2001; Razmara et al., 2002).

CARD8 was later identified as an inflammasome-forming sensor, inducing
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inflammasome activation in bone marrow-derived cells and human myeloid cancer
cell lines (Ball et al., 2020; Johnson et al., 2020, 2018; Linder et al., 2020).

1.4.3 NLRP1 and CARDS8 activation

Understanding the modes of activation for NLRP1 and the closely related CARDS8
provides insights into their roles in innate immune regulation. While NLRP1 has
been extensively studied, significantly fewer studies have been conducted on
CARDS8. To date, the most proximal mode of NLRP1 inflammasome activation
across both mice and humans and human CARDS8 inflammasome activation is the
DPP8/9 inhibition (Okondo et al., 2018).

DPP8/9 inhibition: a common denominator for FIIND-containing

inflammasome sensors

In 2018, Okondo et al. surprisingly showed that the pharmacological inhibitor Val-
boroPro (VbP) activates the NLRP1B inflammasome (Okondo et al., 2018). VbP,
also known as PT-100 or Talabostat, was initially found to have potent antitumour
effects in mice (Adams et al.,, 2004) and was later demonstrated as a potent
inhibitor of dipeptidyl peptidases (DPPs), such as DPP8/9 (Bachovchin et al.,
2014). DPPs are a group of proteolytic enzymes that cleave off dipeptides from the
N-terminus of proteins and peptides. While initially puzzling, the notion of NLRP1
inflammasome activation through DPP inhibition gained clarity with an independent
study demonstrating a direct interaction between NLRP1 and DPP9, which was
found to restrain inflammasome activation (Zhong et al., 2018). This interaction
occurs via the FIIND domain of NLRP1, which is not only found in human and
mouse NLRP1 but is also presentin human CARDS. Indeed, when VbP was at first
proposed to induce caspase-1-dependent pyroptosis in monocytes and
macrophages by inhibiting DPP8/9 via an unknown mechanism, it was revealed to
be independent of ASC (Okondo et al., 2017). This indicated a PRR directly
interacting with caspase-1, which was later identified as the first ASC-independent
inflammasome-forming sensor CARDS8 (Ball et al., 2020; Johnson et al., 2020,
2018). Thus, DPP8/9 restrains NLRP1 and CARDS8 inflammasome activation by
binding to their FIIND domains under steady-state conditions.
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As DPP8/9 inhibitors were found to activate the NLRP1 and CARDS8
inflammasomes, recent structural studies of DPP9 complexes with NLRP1 or
CARDS8 shed more light on the activation mechanism (Hollingsworth et al., 2021;
Huang et al., 2021; Sharif et al., 2021). DPP9 forms a ternary complex with either
NLRP1 or CARDS, consisting of one DPP9 protein binding to one auto-processed
by still non-covalently bound full-length NLRP1 (NLRP1%) and one C-terminal
fragment (NLRP18) (Hollingsworth et al., 2021; Huang et al., 2021) (Figure 6A).
The complex assembly of DPP9 with NLRP1 or DPP9 with CARDS8 is mediated by
three interaction sites (Figure 6B), which are all located on the same side of DPP9
but differ in some of the involved residues between NLRP1 and CARDS8
(Hollingsworth et al., 2021; Sharif et al., 2021).

A NLRP1 ZzU5* A : B

CARDS8

(I) NLRP1/ CARD8 ZU5* with DPP9

() with DPP9

(1) NLRP1/ CARD8 UPA* with

Figure 6: Interaction of DPP9 with FIIND-containing inflammasome sensors. (A) Cryo-EM map of the
NLRP1-DPP9 complex (PDB ID: 6X6A) with transparent surface. (B) Model of the ternary NLRP1A-NLRP18
—DPP9 complex (top), the ternary CARD8*—-CARD8E —-DPP9 complex (middle) and the three interaction sites
of NLRP1/ CARD8 with DPP9 (bottom). (C) Insertion of the N-terminal part of NLRP1 UPAB into the DPP9
substrate tunnel (PDB ID: 6X6A).

The first interaction site, interface | (I), primarily involves the ZUS5 of full-length
NLRP14/ CARD8" interacting with the WD40 B-propeller domain of DPP9. Even
though UPAA of the same FIIND shows only weak binding to DPP9, it is crucial for
recruiting the C-terminal fragment of NLRP18/ CARD8E, forming interface Il (III).
This interface is mediated by the interaction of both UPA (UPA* and UPAB)
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subdomains. UPAB also binds to the a/B-hydrolase domain of DPP9, forming
interface Il (II). Additionally, the N-terminal part of UPAB is inserted as an extended
polypeptide chain into the DPP9 substrate tunnel (Figure 6C). Mutations affecting
either interface | or interface Il led to the auto-activation of NLRP1 and subsequent
inflammation and cell death, whereas mutations in interface Il abolished the
activity completely (Hollingsworth et al., 2021). In contrast to the NLRP1-DPP9
complex, where each monomer of the DPP9 dimer attaches to two NLRP1 copies
(Hollingsworth et al., 2021), in the CARD8-DPP9 complex, one DPP9 monomer
from the dimer binds to two CARDS copies, in which the remaining DPP9 monomer
does not interact with CARD (Sharif et al., 2021). This results in a 4:2 NLRP1:DPP9
stoichiometry for NLRP1 and a 2:2 CARDS8:DPP9 stoichiometry for CARDS.
Contrary to the ordered N-terminus of the UPAB of NLRP1, the UPAB of CARDS is
disordered and is not inserted into the DPP9 substrate tunnel (Sharif et al., 2021).
Interestingly, the complex formation of NLRP1/CARDS8 with DPP9 is independent
of DPP9’s enzymatic activity since the catalytically dead mutant of DPP9 is still
able to bind NLRP1 and CARDS8 (Andrew R. Griswold et al., 2019; Huang et al.,
2021).

Inhibition of NLRP1 and CARDS is critical for cells as it prevents auto-activation of
the NLRP1/CARD8 inflammasome (Zhong et al., 2018). As described above, one
freed C-terminal fragment of NLRP1/CARD8 is bound to DPP9 in addition to a full-
length protein of NLRP1/ CARDS8. VbP directly binds to the active site of DPP8 and
9, displacing the sequestered C-terminal fragment of NLRP1 and triggering
inflammasome activation (Hollingsworth et al., 2021). In the context of CARDS,
neither fragment of CARDS is replaced by VbP, but the binding of the C-terminal
part is inhibited (Sharif et al., 2021). Upon DPP8/9 inhibition by VbP, the C-terminal
UPA-CARD fragments are released, leading to NLRP1/CARDS8 inflammasome
activation (Figure 7). Additionally, other structurally unrelated small molecule
inhibitors that are selective for DPP8/9 inhibition trigger NLRP1/CARDS8
inflammasome activation, such as 1G244 and the compound 8j (Okondo et al.,
2018). Recently, the small molecule inhibitor CQ31 was shown to selectively cause
CARDS8 inflammasome activation by indirect inhibition of DPP8/9 (Rao et al., 2022).
CQ31 inhibits specific M24B aminopeptidases, leading to the accumulation of Xaa-

Pro-containing peptides that weakly bind to and inhibit DPP9 (Figure 7). This
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results in the activation of the CARDS8 inflammasome but not the NLRP1
inflammasome, likely due to NLRP1’s interaction with the active site of DPP9.
Notably, a recent study has shed some light on the downstream signalling of VbP-
induced CARDS8 inflammasome activation. It was shown that VbP-treated cells are
susceptible to 20S proteasomal degradation of the whole N-terminus of CARDS,
resulting in the release of a C-terminal fragment and subsequent inflammasome

activation (Hsiao et al., 2022).
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Figure 7: Human NLRP1 and CARD8 inflammasome activation by DPP8/9 inhibition. NLRP1 and CARD8
are activated by pharmacological inhibitors such as Val-boroPro (VbP), which inhibits the dipeptidyl
dipeptidases DPP8 and 9 (DPP8/9). In addition, M24B aminopeptidase inhibitors lead to the accumulation of
Xaa-Pro-containing peptides that weakly bind to DPP8/9 and inhibit CARDS8.

Notably, no physiological condition that would inhibit these DPPs has yet been
identified (Barry et al., 2023). However, it is conceivable that both NLRP1 and
CARDS8 could sense DPP8/9 inhibition as a result of the pathogenic activity of

invaders, thereby acting as sensors for cellular perturbation.

Of note, in addition to VbP-mediated NLRP1/CARDS8 inflammasome activation,
several studies showed that Toxoplasma gondii activates human and rodent
NLRP1 (Cirelli et al., 2014; Ewald et al., 2014; Gorfu et al., 2014), which has been
best studied for rat NLRP1. Notably, the sensitivity to T. gondii is highly variable

between different rat strains and has been shown to be similar to DPP9 sensitivity

26



(Cirelli et al., 2014; Gai et al., 2019). However, the exact mechanism by which
NLRP1 is activated by T. gondii in rodents is still unknown and requires further

studies.

NLRP1 activation by protease activity

During research on host-pathogen interactions, the virulence factor lethal toxin
(LT), which contains a functional protease lethal factor (LF) and protective antigen
(PA), was identified as the cause of severe pathologies in the host following
Bacillus anthracis infection. In 1993, mice injected with sterile LT exhibited a severe
inflammatory response, leading to systemic shock and death (Hanna et al., 1993).
This inflammatory response was attributed to macrophages producing high
amounts of IL-1 after B. anthracis infection (Hanna et al., 1993). Later, mouse
NLRP1B was identified as the susceptibility factor for macrophage cell death after
LT administration (Boyden and Dietrich, 2006; Moayeri et al., 2010). Interestingly,
only the NLRP1B variant of certain mouse strains responds to LT (Hellmich et al.,
2012; Newman et al., 2010). In 2012, it was shown that site-specific cleavage at
the N-terminus of NLRP1B between lysine K44 and leucine L45 by the lethal factor
(LF) protease induces inflammasome activation (Hellmich et al., 2012; Levinsohn
et al., 2012) (Figure 8A). However, the exact molecular mechanism by which the

lethal factor protease activates the NLRP1B inflammasome remained unclear.
Central model for NLRP1B activation by “functional degradation”

A study using a modified NLRP1B allele with an additional tobacco etch virus (TEV)
cleavage site showed that cleavage alone is sufficient for inflammasome activation
(Chavarria-Smith and Vance, 2013). Years later, two studies proposed a central
model for NLRP1B activation, which they termed “functional degradation” or “N-
end rule” pathway based on the degradation of NLRP1B (Chui et al., 2019;
Sandstrom et al., 2019; Xu et al.,, 2019). The proteolytical cleavage at the N-
terminus of NLRP1B creates a novel N-terminus (Figure 8). This neo-N-terminus
undergoes ubiquitination mediated by the ubiquitin ligase UBR2, which triggers the
progressive degradation of the ubiquitinated N-terminus. Due to the autoproteolytic

cleavage site of NLRP1B, only the N-terminal fragment is degraded, and the non-

27



covalently linked C-terminal fragment is released, leading to downstream
inflammasome activation (Figure 8B). This model is further supported by a study
showing that the E3 ligase IpaH7.8 of Shigella flexneri directly ubiquitylates
NLRP1B, targeting it for proteasomal degradation (Sandstrom et al., 2019). The
detection of the presence of specific pathogen effectors in cells, such as toxins or
proteases, indicates a form of "trip-wire" immunity or mammalian effector-triggered

immunity (ETI) for NLRP1, which is similar to plants (Dangl and Jones, 2001).
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Figure 8: NLRP1B inflammasome activation by “functional degradation”. (A) Mouse NLRP1 is activated
by proteasomal cleavage of the N-terminus by B. anthracis lethal factor (LF). (B) The neo-N-terminus
undergoes ubiquitination mediated by the ubiquitin ligase UBR2, which targets NLRP1B for proteasomal
degradation. Due to the auto-proteolytic cleavage site of NLRP1B, the non-covalently attached C-terminal part
is released. This leads to inflammasome activation by inflammasome seed formation and subsequent
pyroptosis.

Protease activity activates both NLRP1 and CARDS8

In 2020, it was shown that viral 3C proteases directly cleave NLRP1 between
glutamine Q130 and glycine G131 sites located in the disordered region of NLRP1

during enterovirus infection (Robinson et al., 2020) (Figure 9). This triggers a
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pathway called "functional degradation", as previously described for mouse
NLRP1B inflammasome activation. Later, diverse viral proteases of the
Picornaviridae family, which includes enterovirus, were shown to activate the
NLRP1 inflammasome (Tsu et al.,, 2021). Additionally, closely related 3CL
proteases of coronavirus were linked to NLRP1 activation in lung epithelial cells by
cleavage of NLRP1 between glutamine Q333 and glycine G334 sites (Planés et
al., 2022) (Figure 9). This study further suggests that the 3CL protease suppresses
inflammasome activation by inactivation of GSDMD (Planés et al., 2022).
Noteworthy, human CARDS8 can also be activated by protease activity. As such, a
study showed CARDS8 inflammasome activation induced by human
immunodeficiency virus (HIV-1) protease activity in the presence of non-nucleoside
reverse transcriptase inhibitors (NNRTIs) (Figure 9) (Wang et al., 2021). NNRTIs
are antiretroviral drugs used to treat HIV-1 infection by blocking the HIV-1 reverse
transcriptase. These drugs promote the dimerisation of the GAG-Pol polyprotein,
which leads to premature activation of HIV-1 protease. This, in turn, triggers
CARDB8-mediated caspase-1 activation (Wang et al., 2021). Recently, VbP was
shown to be able to overcome the need for NNRTIs in CARDS8 inflammasome
activation during HIV-1 infection and is able to increase the clearance of residual
HIV-1 in CD4* T cells (Clark et al., 2023). Additionally, CARD8 was indicated to
recognise protease activity in acute HIV-1 infection. They show direct site-specific
cleavage of CARDS8 between the two phenylalanines at positions 59 and 60 (F59,
F60) (Figure 9). They also suggested that CARD8-specific recognition of HIV-1
infection leads to inflammasome activation (Kulsuptrakul et al., 2023). A very recent
study suggests that CARDS8 dictates the HIV-1 and simian immunodeficiency virus
(SIV-1) disease progression and pathogenesis (Wang et al., 2024). Furthermore,
other viral proteases were shown to activate the CARDS8 infammasome, such as
the coronavirus 3C-like protease (3CL), which can cleave CARDS8 after glutamine
at positions 37 and 61 (Q37 and Q61) (Figure 9) (Tsu et al., 2023). Interestingly,
they show that a human polymorphism, an S39P substitution in CARDS, reduces
the recognition of coronavirus 3CL protease. However, this polymorphism confers
a specificity switch for sensing enteroviral 3C proteases (Tsu et al., 2023). Lastly,
protease cleavage of CARDS8 after glycine at position G38 (G38) through the
Coxsackie virus B3 (2A and 3C proteases) was shown to induce CARDS8

inflammasome formation in endothelial cells (Figure 9) (Nadkarni et al., 2022).
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The activation of NLRP1 and CARDS8 by viral proteases suggests that both NLRP1
and CARDS function as a molecular “trap”, initiating an immune response upon

sensing danger signals (Barry et al., 2023).
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Figure 9: Human NLRP1 and CARD8 inflammasome activation by protease cleavage. Human NLRP1
and CARDS are activated by different viral proteases, such as enteroviral protease (3CP™) and coronaviral
protease (3CLP™). In addition, CARDS is activated by the coxsackievirus B proteases (2AP™® and 3CP™) and
HIV-1 protease (HIV-1P©). All proteases cleave within the unstructured N-terminal part of CARD8 and the
disordered region or the NACHT domain of NLRP1. The HIV-1 virus was shown to require non-nucleoside

reverse transcriptase inhibitors (NNRTIs) or VbP as an additional trigger to activate HIV-1 protease.

NLRP1 activation by ribotoxic stress

Early on, UV-B irradiation was identified as an activator of human NLRP1, although
the exact activation mechanism remained unclear (Feldmeyer et al., 2007; Fenini
et al., 2018) (Figure 10A). In 2022, UV-B irradiation was linked to the ribosomal
stress response through the induction of RNA damage (Jenster et al., 2022;
Robinson et al., 2022). RNA damage results in ribosome stalling and/or ribosome

collisions, which are sensed by specific stress-activated kinases, such as p38,
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JNK, and ZAKa (Vind et al., 2020; Wu et al., 2020). Subsequently, ZAKa and, to a
lesser extent, p38 hyper-phosphorylate serine residues in the disordered region of
NLRP1, located between the PYD and NACHT domain (Robinson et al., 2022).
The same study further demonstrated NLRP1 inflammasome activation by known
ribotoxic stress inducers, such as the antibiotic products anisomycin, hygromycin,
and doxyvinenol (Figure 10A). In addition, several bacterial toxins targeting human
ribosome elongation factors, namely eukaryotic elongation factors 1 and 2
(EEF1/2), have been reported to activate the NLRP1 inflammasome by inducing
ribotoxic stress sensed by ZAKa (Figure 10A). These include the bacterial
exotoxins Diphtheria toxin (DT) from Corynebacterium diphtheriae, Exotoxin A
(ExoA) from Pseudomonas aeruginosa, and Cholix toxin from Vibrio cholera
targeting EEF2 (Pinilla et al., 2023; Robinson et al., 2023), as well as Sidl from
Legionella pneumophila targeting EEF1 (Robinson et al., 2023). As mouse NLRP1
lacks the disordered region undergoing phosphorylation that is present in human
NLRP1, mouse NLRP1 is not activated by ribotoxic stress (Robinson et al., 2022).

NLRP1 activation by nucleic acid sensing

NLRP1 was proposed as a nucleic acid sensor of dsRNA and synthetic analogues
mimicking dsRNA and dsDNA. Bauernfried et al. showed that long dsRNA binds
directly to human NLRP1 predominantly through its leucine-rich repeat domain
(Figure 10B) (Bauernfried et al., 2021). This interaction activates the ATPase
NACHT domain of NLRP1, yet its relevance for the activation process remains to
be determined. However, based on the previously identified activation
mechanisms, one can infer that it induces a conformational change and triggers
the release of the biologically active C-terminal fragment by N-terminal
degradation. Bauernfried et al. used the Semliki Forrest Virus (SFV), which is a
positive-sense single-stranded RNA alphavirus, as a viral infection model,
producing dsRNA during viral replication. Notably, dsRNA does not activate mouse
NLRP1 and the closely related human CARDS8 (Bauernfried et al., 2021).
Additionally, this study demonstrated dsRNA binding to NLRP1 following
transfection of the synthetic dsRNA analogue Poly(l:C) (Figure 10B). In 2022, other

alphaviruses have been shown to activate NLRP1 through the activation of the p38
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pathway (Figure 10B). They suggest that viral activation of NLRP1 is dependent
on the mitogen-activated protein kinase p38 and partially dependent on ZAKa
(Jenster et al., 2022). As such, additional studies are required to elucidate the
precise mechanism of dsRNA-mediated NLRP1 activation. In addition to dsRNA
sensing, the synthetic dsDNA analogue Poly(dA:dT) was proposed to activate
NLRP1 activation independent of NLRP1 ATPase activity (Zhou et al., 2023). In
this study, Poly(dA:dT) sensing was shown to be independent of the cytosolic
dsDNA sensor AIM2 and the cGAS-STING pathway. Since Poly(dA:dT) was found
to not bind directly to NLRP1 and no dsRNA intermediates could be found in the
cells, the authors speculated that it triggers another response, such as global

cellular stress, which is subsequently sensed by NLRP1 (Zhou et al., 2023).
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Figure 10: Human NLRP1 inflammasome activation by ribotoxic stress and nucleic acid sensing. (A)
Various triggers mediate the activation of human NLRP1 through the induction of ribotoxic stress. These
include antibiotics produced by bacteria and fungi, as well as several bacterial toxins, which induce ribosome
stalling in cells. UV-B irradiation induces RNA damage, leading to ribosome stalling, which in turn activates
ZAKa. ZAKa hyper-phosphorylates serine residues in the disordered region of NLRP1 between the PYD and
NACHT domains. (B) Nucleic acids, such as dsRNA generated by Semliki-Forrest-Virus (SFV), and synthetic
ligands, such as Poly(I:C) mimicking dsRNA, activate the NLRP1 inflammasome by binding to NLRP1.
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Requlation of NLRP1 by reductive stress

A recent structural study on NLRP1 showed that oxidised thioredoxin-1 (TRX-1)
directly binds to the NACHT domain of NLRP1 (Zhang et al., 2023). Cellular assays
demonstrated that oxidised TRX-1 serves as a suppressor of NLRP1 in an ATP-
dependent process, acting as a regulatory checkpoint for NLRP1 inflammasome
activation. Abrogation of the TRX-1-NLRP1 interaction has been suggested to
result from cellular perturbations, such as reductive stress, by accelerating
proteasomal degradation of the N-terminal fragment of NLRP1 (Ball et al., 2022;
Wang et al., 2023; Zhang et al.,, 2023). In addition, complementary studies
indicated that protein folding stress also leads to accelerated N-terminal NLRP1
degradation, resulting in NLRP1 inflammasome activation (Orth-He et al., 2023).
Importantly, even though accelerated N-terminal degradation takes place, this
mostly does not cause inflammasome activation on its own since the freed C-

terminal fragments are sequestered by DPP8/9.

Understanding the molecular basis of NLRP1/CARD8 inflammasome activation
provides insights into its role in innate immune regulation, which is important for

understanding the underlying mechanisms of NLRP1/CARD8-induced pathology.

1.4.4 NLRP1 and CARDS in diseases

NLRP inflammasomes, such as NLRP1 and CARDS, are frequently implicated in
the pathogenesis of chronic inflammation and the associated chronic diseases. As
such, polymorphisms in NLRP1 are genetically linked to susceptibility to various
autoimmune disorders, such as generalised vitiligo (Jin et al., 2007b, 2007a),
Addison's disease and type 1 diabetes (Magitta et al., 2009; Zurawek et al., 2010),
rheumatoid arthritis (Sui et al., 2012), and systemic sclerosis (Dieudé et al., 2011).
Various gain-of-function mutations in human NLRP1 described in patients have
been associated with several autoinflammatory diseases, skin inflammation and
skin cancer, as shown in Figure 11. Zhong et al. identified three germline missense
mutations of NLRP1 (A54T, A66V and M77T) located in its PYD, which resulted in

multiple self-healing palmoplantar carcinoma (MSPC) phenotypes in these
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patients. They also found an in-frame deletion (F787-R843 deletion) in NLRP1,
resulting in the loss of part of the linker between the NACHT and LRR domains
with loss of the first LRR domain, causing familial keratosis lichenoides chronica
(FKLC). All mutations described in this study led to increased inflammasome
activation with elevated IL-1(3 secretion in the patients (Zhong et al., 2016). In the
same domain of NLRP1, another patient with an NLRP1 variant (A59P) has been
described, showing dyskeratosis of the cornea and mucous membranes and
elevated levels of IL-1B8 and IL-18 (Herlin et al., 2020). Autoinflammation with
arthritis and dyskeratosis (AIADK) with increased caspase-1 and IL-18 levels was
found in three patients and linked to two different mutations in NLRP1, one in the
NACHT-LRR interface (R726W) and one in the FIIND domain (P1214R)
(Grandemange et al., 2017). Additionally, a homozygous NLRP1 variant also in the
NACHT-LRR interface (T755N) was associated with juvenile-onset recurrent
respiratory papillomatosis (JRRP) in two brothers (Drutman et al., 2019). Another
study described siblings with an NLPR1 variant in the LRR domain (L813P) that
caused different degrees of severity in the siblings, ranging from multiple
keratoacanthomas for the milder phenotype to a severe phenotype of FKLC with
manifestations of psoriasis and atopic dermatosis (Li et al., 2023). A study
investigating the impact of rare genetic variations in multiple sclerosis cases
provided the first link between NLRP1 and neurodegenerative disease, as a
missense mutation in the NACHT domain of NLRP1 (G578S) caused multiple
sclerosis and malignant melanoma in two siblings (Maver et al., 2017). Another
mutation in the FIIND domain of NLRP1 (M1184V) has been associated with an
increased risk for autoimmune diseases like asthma (Moecking et al., 2021). In
later studies, the M1184V variant of NLRP1 was shown to stabilise the FIIND
domain, leading to increased autoproteolysis and enhanced binding of DPP9 to
NLRP1 (Moecking et al., 2022). An NLRP1 missense variant in the linker region of
NLRP1 between the PYD and NACHT domain (L155H) was proposed to increase

the risk of developing preeclampsia (Pontillo et al., 2015).

In addition to gain-of-function mutations causing severe phenotypes in patients,
some loss-of-function mutations in DPP9, a key inhibitor of NLRP1, have been
found to cause autoimmune diseases by unleashing NLRP1 inflammasome

activation (Figure 11) (Harapas et al., 2022; Wolf et al., 2023). Harapas et al.
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describe three unrelated families with immune-related defects such as
pancytopenia, increased susceptibility to infection and poor growth, and skin
manifestations. These conditions are associated with biallelic rare variants in the
DPP9 gene that result in knockout or hypomorphic alleles, resulting in an inability
to inhibit NLRP1. Only one mutation of their patients is located in the a/B-hydrolase
domain (one patient with a homozygous mutation resulting in a premature stop
codon Q851*), whereas three of the mutations are located in the B-propeller
domain of DPP9 (two related patients with homozygous stop-gained mutation
R111*, and one patient with an early stop-gained mutation S214* in addition to a
missense mutation G167S) (Figure 11). Their findings outline a previously
unrecognised Mendelian disorder resulting from germline DPP9 deficiency.
Experiments with patient cells and two animal models, mouse and zebrafish,
showed that the pathology is predominantly driven by abnormal activation of the
NLRP1 inflammasome (Harapas et al., 2022).
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Figure 11: Mutations triggering NLRP1 inflammasome activation. (A) Domain representation of human
NLRP1. Gain-of-function mutations (marked in green) of NLRP1 highlight its role in disease. Loss-of-function
mutations in DPP9 (marked in red) trigger constitutive NLRP1 activity. (B) Domain representation of human
DPP9. Loss-of-function mutations (marked in red) of DPP9 lead to constitutive NLRP1 and CARDS8
inflammasome activation.

In contrast to NLRP1, there are fewer studies on CARD8. CARDS8 has been linked
to increased inflammation in a variety of diseases in several studies. In 2014, it

was shown that cryopyrin-associated periodic syndromes (CAPS)-associated
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NLRP3 mutants are unable to bind to CARDS, thereby blocking CARD8-dependent
inhibition of NLRP3 (lto et al., 2014). Another study reported a CARDS8 frameshift
variant that is unable to bind to NLRP3 and causes a form of CAPS in patients
(Cheung et al., 2017). Mao et al. described a valine-to-isoleucine substitution at
position 44 (V44l) in three related patients, causing CD-like intestinal inflammation
(Mao et al., 2018). They found that this CARDS8 variant leads to increased IL-1(3
production in addition to elevated NLRP3 inflammasome activation. Although
CARDB8 has been proposed to suppress NLRP3 activity, more studies are needed
to unravel the CARD8-mediated regulation of NLRP3. Additionally, the CARD8
rs2043211 polymorphism causing a premature stop codon was associated with
Crohn’s disease (CD) (McGovern et al., 2006b; Schoultz et al., 2009) but could not
be validated in a meta-analysis of several reports (Z.-T. Zhang et al., 2015).
Moreover, CARD8 was associated with inflammatory bowel disease (McGovern et
al., 2006a).

Collectively, these diverse autoimmune and inflammatory disorders caused by
NLRP1 and CARD8 emphasise the significance of tight control of inflammasome

SEeNsors.

1.5 Dipeptidyl peptidases 8 and 9 (DPP8/9)

DPP8 and 9 are dipeptidyl peptidases (DPPs) belonging to the enzymatically active
members of the S9b family, which includes the fibroblast activation protein (FAP)
and the extensively studied proteins DPP4, and DPP8/9 themselves (Ross et al.,
2018). Members of the S9b family are known to function as dimers, with the rare
ability to remove N-terminal Xaa-Pro dipeptides (Geiss-Friedlander et al., 2009;
Lee et al., 2006). Each monomer contains a WD40 B-propeller domain and an a/f3-
hydrolase domain. The C-terminal a/f hydrolase domain harbours the catalytic
triad for DPP9, comprising Ser730, His840 and Asp808 (Ross et al., 2018). This
triad is structurally located between both domains. The S9b family members DPP4
and FAP are extracellular proteases circulating in body fluids and expressed on the
plasma membrane of cells. DPP4 is the best-characterized member and is involved

in glucose homeostasis by controlling the activity of incretin hormones, essential

36



regulators of blood glucose levels and insulin secretion (Green et al., 2006). Thus,
DPP4 has emerged as an appealing drug target for which small molecule ligands
have been identified that successfully treat type Il diabetes mellitus (Lambeir et al.,
2008).

In 2000, research on DPP4 homologues led to the discovery of a novel post-proline
dipeptidyl aminopeptidase called DPP8, sharing 27 % amino acid identity and 51 %
similarity with DPP4 (Abbott et al., 2000). Furthermore, this study identified a gene
that is closely related to DPPS8, which has been named DPP9. In 2002, DPP9 was
then first cloned and recombinantly expressed (Abbott et al., 2000; Olsen and
Wagtmann, 2002). Unlike DPP4, DPP8 and DPP9 are intracellular proteins present
in the cytosol and nucleus of cells (Abbott et al., 2000; Ajami et al., 2004; Justa-
Schuch et al., 2014). DPP8 and DPP9 exhibit a high degree of similarity, with 60%
overall amino acid identity and greater than 90% identity in their active sites (Bjelke
et al., 2006). Due to their structural and functional similarities to DPP4, DPP8 and
DPP9 were first primarily used as a counter-screen for DPP4 selective inhibitors.
Both are ubiquitously expressed in vertebrate tissues, with DPP9 being more
abundant in cells and highly expressed in lymphocytes and epithelial cells
(Chowdhury et al., 2013). Nevertheless, although DPP8 and DPP9 share cellular
localisation and enzymatic specificity, indicating partial redundancy, there is

growing evidence that they may also serve distinct physiological roles.

1.5.1 Physiological roles of DPP8/9

Throughout the years, the identification of DPP8/9 substrates has accumulated
evidence that DPP8/9 may be involved in several physiological processes. As
dipeptidyl peptidases generate dipeptides, which are of small size, the identification
of endogenous substrates using classical proteomic approaches is challenging.
However, N-terminal labelling of the cleaved peptide allowed protease substrate
profiling and enabled the identification of the first natural substrate of DPP9, the
RU134-42 antigenic peptide (VPYGSFKHV) (Geiss-Friedlander et al., 2009).
Elevated presentation of this antigen by silencing of DPP9 indicated that DPP9
may be involved in peptide turnover and antigen presentation (Geiss-Friedlander

et al., 2009). Subsequent screening for endogenous substrates of DPP8/9 using
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similar methods with N-terminal labelling led to the identification of additional
endogenous substrates (Geiss-Friedlander et al., 2009; Kleifeld et al., 2010; Wilson
etal., 2013). The known substrates of DPP9 include the tyrosine kinase Syk (Justa-
Schuch et al., 2016), the adenylate kinase 2 (AK2) (Finger et al., 2020), and the
breast cancer type 2 susceptibility protein (BRCA2) (Bolgi et al., 2022). The
cleavage of these substrates by DPP9 activity suggests that DPP9 is involved in
B-cell signalling, mitochondrial homeostasis, and DNA repair. While B-cell
signalling via Syk and DNA repair via BRCAZ2 showed specificity for DPP9 activity,
the involvement in mitochondrial homeostasis via AK2 was indicated for both DPP8
and DPP9. Independently of its enzymatic activity, DPP9 has been shown to bind
to protein ligands using the B-propeller domain, such as SUMO-1 (Pillaetal., 2012)
and filamin A (Justa-Schuch et al., 2016). Nevertheless, further research is
required to unravel the involvement of DPP8/9 and its enzymatic activity in different

physiological processes.

Previous research has demonstrated that the inhibition of DPP9 results in the
suppression of T-cell proliferation as well as neonatal lethality in mice. This effect
was postulated to be a crucial immunomodulatory function of DPP9 (Gall et al.,
2013; Kim et al., 2017; Lankas et al., 2005; Reinhold et al., 2009). However,
subsequent findings demonstrated that DPP9 inhibition results in inflammasome
activation and subsequent pyroptotic cell death, which indicates that the
immunomodulatory role of DPP9 can be attributed to its key role in regulating

inflammasome activation.
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Figure 12: The roles of DPP8/9 in health and disease. DPP8 and DPP9 are linked to essential aspects of
cellular biology by their enzymatic activity, which involves the cleaving of substrates. DPP8/9 play a pivotal
role in the regulation of inflammasome activation. Dysregulation of DPP9 is associated with pathophysiological
conditions, such as different types of cancer. Potential roles of DPP8/9 are indicated with green (DPP9) and
blue (DPP8) arrows.

1.5.2 Pathophysiological roles of DPP9

DPP9 is of increasing interest in immunology and cancer biology, given that its

dysregulation is associated with pathophysiological conditions (Ross et al., 2018).

Several cancer-related studies have demonstrated that dysregulation of DPP9 is
involved in the proliferation, migration, invasion, and apoptosis of tumour cells. A
correlation between high levels of DPP9 and poor prognosis for patients has been
indicated for several types of cancer, such as non-small cell lung cancer (NSCLC)
(Tang et al., 2017), colorectal cancer (CRC) (Saso et al., 2020), and clear cell renal
cell carcinoma (ccRCC) (Chang et al., 2023). Conversely, studies in other types of
cancer, such as oral squamous cell carcinoma (OSCC) (Q. Wu et al., 2020) and
breast cancer (Bolgi et al., 2022), highlight a correlation between low levels of
DPP9 and poor prognosis in these patients. Overall, these findings suggest that
DPP9 plays diverse roles in different types of cancer, but the precise role of DPP9

is not fully understood yet.
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More recently, elevated DPP9 levels were associated with the severity of disease
progression in COVID-19 patients (Pairo-Castineira et al., 2021; Sharif-zak et al.,
2022). While the precise involvement of DPP9 in the pathogenesis of COVID-19
remains unclear, DPP9 may be a promising indicator for assessing the risk in
COVID-19 patients.

Finally, DPP9 is also associated with immune-associated defects and diseases via
its pivotal role as a negative regulator of the NLRP1 and CARDS8 inflammasome
(Harapas et al., 2022; Wolf et al., 2023).
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2 Aims of this work

Inflammasomes are intracellular multimeric signalling complexes helping the host’s
immune system to distinguish between self and non-self. Activation of
inflammasome sensors leads to inflammasome assembly, resulting in cell death
and pro-inflammatory cytokine release (Broz and Dixit, 2016). Thus, inflammasome
activation must be tightly controlled to avoid excessive inflammation. Mutations in
genes encoding inflammasome sensors are associated with various hereditary
autoinflammatory syndromes (Lamkanfi and Dixit, 2012). Recently, the Min Ae Lee
Kirsch group found a patient exhibiting severe infancy-onset hyperinflammation
with strongly elevated serum levels of the pro-inflammatory cytokines IL-18 and IL-
18, indicating inflammasome activation (Wolf et al., 2023). Genetic analysis of this
patient unveiled a de novo mutation from arginine to proline at position 252
(R252P) in dipeptidyl peptidase 9 (DPP9), a direct interaction partner of NLRP1
and CARDS8. Recently, DPP9 has been described to cause autoinflammation in
patients partly due to inflammasome activation by biallelic loss-of-function

mutations (Harapas et al., 2022).

This study aimed to investigate the molecular basis of this patient's phenotype. To
this end, the potential role of the R252P mutation on DPP9’s stability was assessed
by modelling R252P in a previously determined structure of DPP9. To investigate
the impact of the DPP9 mutant on the stability of the protein, overexpression of
either wild-type or mutant DPP9 in HEK293T cells was conducted. Using functional
assays in HEK293T cells, the impact of this mutation on NLRP1 and CARDS8
inflammasome activation was then determined. We additionally exploited different
human cell lines, including immortalised N/TERT-1 keratinocytes and the
monocytic cell line THP-1, to study the impact of this DPP9 mutant on
inflammasome signalling. Moreover, we also addressed the role of DPP8 and
DPP9 for inflammasome activation using a loss-of-function approach in N/TERT-1

keratinocytes.
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3 Material and Methods

3.1 Material

Consumables (both sterile and non-sterile) were purchased from Corning,

Eppendorf, Greiner, Sarstedt, Thermo Fisher Scientific or TPP.

3.1.1 Antibodies

The following antibodies were used in this study.

Table 1: Antibodies.

Antibody Source Catalogue
number
Primary antibodies
Mouse anti-human NLRP1 Biolegend #679802
Mouse anti-human DPP9 R&D Systems #MAB5419-SP
Human anti-human IL-13 AG Hornung N/A
Anti-B-actin antibody (C4): sc-47778 HRP- Santa Cruz #sc-47778 HRP
coupled Biotechnology
Mouse anti-HA (6E2) HRP-coupled Cell Signalling #2999S
Technology
Secondary antibodies
Anti-human 1gG, HRP-coupled Sigma-Aldrich #A0293-1ML
Anti-rabbit IgG, HRP-coupled Cell Signalling #7074S
Technology
Anti-mouse IgG, HRP-coupled Cell Signalling #7076S
Technology
3.1.2 Cell lines

The following cell lines were used in this study.

Table 2: Cell lines.

Cell line Source Specification
HEK293T ATCC® Created by transformation of human embryonic
CRL-3216 kidney cells
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HEK293T-RFP | AG Hornung Created by lentiviral transduction of RFP to
HEK293T and selected for low specking cells

THP-1 ATCC® Monocytic leukaemia cell line

TIB-202

N/TERT-1 J. Rheinwald Obtained by immortalisation of human primary
keratinocytes by transduction with a TERT transgene
and spontaneous loss of p16INK4a expression

N/TERT-1 AG Hornung Pool KO created by CRISPR/CAS9 gene editing

NLRP1 KO (Bauernfried et al., 2021)

N/TERT-1 This study Pool KO created by CRISPR/CAS9 gene editing

DPP9 KO

N/TERT-1 This study Pool KO created by CRISPR/CAS9 gene editing

DPP8 KO

N/TERT-1 This study Pool KO created by CRISPR/CAS9 gene editing

DPP8/9 dKO

3.1.3 Chemicals

The following chemicals were used in this study.

Table 3: Chemicals.

Chemical Source Catalogue
number
Dulbecco’s phosphate-buffered saline Thermo Fisher Scientific #14190169
(DPBS)
DMEM Medium (high glucose) Thermo Fisher Scientific #41965062
RPMI 1640 Medium Thermo Fisher Scientific #21875-034
DMEM Medium (high glucose, no Thermo Fisher Scientific #21068028
glutamine, no calcium)
Ham’s F12 Medium Thermo Fisher Scientific #11765054
Penicillin-Streptomycin (10,000 U/ml) Thermo Fisher Scientific #15140163
Foetal Calf Serum (FCS) Thermo Fisher Scientific #10270106
Hepes solution, 1 M, pH 7.0-7.6, sterile- | Sigma-Aldrich #H0887-
filtered, BioReagent 100ML
Sodium pyruvate Thermo Fisher Scientific #11360088
Non-essential amino acids Thermo Fisher Scientific #11140050
GlutaMAX Thermo Fisher Scientific #35050061
EpiLife™ defined growth supplement Thermo Fisher Scientific #S0125
bovine pituitary extract (BPE) Thermo Fisher Scientific #13028014
Calcium chloride Sigma-Aldrich #C7902
epidermal growth factor (EGF) Max-Planck-Institute of N/A
Biochemistry, Munich
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EDTA Thermo Fisher Scientific #15575020
0.05 % Trypsin-EDTA Thermo Fisher Scientific #25300054
Recombinant Cas9 protein from S. Max-Planck-Institute of N/A
pyogenes Biochemistry, Munich
Nuclease-free Duplex Buffer IDT #11-05-01-12
tracrRNA IDT #1072533
phorbol 12-myristate 13-acetate (PMA) Enzo Life Sciences #BML-PE160
Pam3CSK4 InvivoGen tirl-pms
Val-boroPro APEXxBIO #B3941
Anisomycin Biomol #Cay11308-10
Poly(I:C) HMW Invivogen #tlrl-pic
Propidium iodide (PI) MP Biomedicals #0219545810
PEI Max Polysciences #24765-1
Blasticidin Thermo Fisher Scientific #A1113903
Gibson Master Mix Max-Planck-Institute of N/A
Biochemistry, Munich

FastDigest Green Buffer (10x) Thermo Fisher Scientific #B72
Phusion™ High-Fidelity Buffer (10x) Thermo Fisher Scientific #F518-L
Phusion™ High-Fidelity DNA Polymerase | Thermo Fisher Scientific #F-530XL
Agarose Biozyme #840004
Serva DNA stain Serva #39803
6x DNA loading dye Thermo Fisher Scientific #B72
Thermo Scientific GeneRuler 1 kb DNA Thermo Fisher Scientific #SMO0313
Ladder
Thermo Scientific GeneRuler 100 bp Thermo Fisher Scientific #SM0244
DNA Ladder
Thermo Scientific PageRuler Prestained | Thermo Fisher Scientific #26616
10-180 kDa Protein Ladder
Immobilon Forte Western HRP substrate | Sigma-Aldrich #WBLUF0500

3.1.4 Commercial Kits

The following commercial kits were used in this study.

Table 4: Commercial Kits.
Commercial Kit Source Catalogue

number

Human IL-1B ELISA Set Il BD Biosciences #557953
CyQUANT™ LDH Cytotoxicity Assay Invitrogen #C20301
Qiagen Maxiprep Kit Invitrogen #K210017
QIAquick Gel Extraction Kit Qiagen #28706
P3 Primary Cell Nucleofection Kit Lonza #V4XP-3032
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3.1.5 Media and Buffers

Media and buffers were prepared using the following ingredients.

Table 5: Media and Buffers.

Media/ Buffer

Ingrediencies

LB Medium

5 g Yeast extract

10 g Tryptone

10 g NaCl

Fill up to 1 L with H,O
Autoclave before usage

LB Agar

5 g Yeast extract

10 g Tryptone

10 g NaCl

5 g Agar

Fill up to 1 L with H,O
Autoclave before usage

Mini-Prep Puffer P1

50 mM Tris pH 8.0
10 MM EDTA
100 ug/mL RNase A

Mini-Prep Puffer P2

200 mM NaOH
1% SDS

Mini-Prep Puffer N3

4.2 M Guanidinium hydrochloride
0.9 M Potassium acetate pH 4.8

Mini-Prep Puffer PE

10 mM Tris pH 7.5
80 % Ethanol

TAE Puffer

40 mM Tris pH 8.0
20 mM acetic acid
1 mM EDTA

Direct lysis buffer

0.2 mg/mL Proteinase K
1 mM EDTA

1 mM CaCl2

3 mM MgCI2

1 % Triton X-100

10 mM Tris pH 7.5

10x PBS 1.37 M NaCl

27 mM KCl

100 mM NazHPO,

18 mM KH,PO, pH 7.4
PBS-T 1x PBS

0.5 % Tween-20

6x Lammli sample buffer

450 mM Tris-HCI pH 6.8
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600 mM DTT

60 % Glycerine

12 % SDS

0.03 % Bromophenol

10x Tris-Glycine running
buffer (Westernblot)

290 g Tris
1440 g Glycine
Fill up to 10 L with H2O

Transfer buffer (Westernblot)

200 mL 10x Tris-Glycine Puffer
400 mL Ethanol (EtOH)
1400 mL H>O

3.1.6 Equipment

The following laboratory equipment was used in this study.

Table 6: Laboratory Equipment and Machines.

Laboratory Equipment Source Catalogue
number

96-well Ibidi glass-bottom black plate Ibidi #89626

Novex™ WedgeWell™ 12% Tris- Thermo Fisher Scientific #XP00125BOX

Glycine Mini Gels, 15-well

EconoSpin Silica Membrane Mini Spin Epoch Life Science #1910-250

Column

Nitrocellulose membrane, 0.45 ym GE Life Sciences #10600002

Machines

SYNENTEC CellaVista Imager SYNENTHEC, Elmshorn, N/A
Germany

Olympus 203/0.50 Objective Olympus, Hamburg, N/A
Germany

Leica DMi8 inverted microscope Leica N/A

HC PL FLUOTAR L 20%/0.40 DRY Leica N/A

objective lens

HC PL FLUOTAR 10x%/0.32 DRY Leica N/A

objective lens

ORCA-Flash4.0 LT+ Digital CMOS Hamamatsu N/A

camera

4 D Nucleofector Lonza N/A
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3.1.7 Primer

The following primers were designed using SNAPGENE and dissolved in water. All
Gibson cloning primers contain an overhang, which is highlighted in bold. For site-

directed mutagenesis, the nucleotides are lowercase letters.

Table 7: Primer.

Name Sequence (5’ to 3’)
DPP9 fwd_pFUGW GGTCGACTCTAGTTCGAGCAGCTAGCATGCGGAAGGTTAA
GAAACTGCGCC

Forward primer for Gibson Assembly Cloning of HF-p2/3

DPP9 rev_pFUGW GCAACCCCAACCCCGGATCCTCAGAGGTATTCCTGTAGAAA
GTG
Reverse primer for Gibson Assembly Cloning of HF-p2/3/6/7

pFUGW_HA-eGFP- ATACGACGTACCAGATTACGCTGGCGGCGGCAGCGTGAGC
blast PCR1_fwd AAGGGCGAGGAGC

Forward primer for Gibson Assembly Cloning for the PCR1 of
adding an HA-Tag of HF-p1

pFUGW_HA-eGFP- GTCGACTCTAGTTCGAGCAGCTAGCATGTACCCATACGACG
blast PCR2_fwd TACCAGATTACGCTGG

Forward primer for Gibson Assembly Cloning for the PCR2 of
adding an HA-Tag of HF-p1

pFUGW_HA-eGFP- AAGGCGCAACCCCAACCCCGGATCCTTACTTGTACAGCTC
blast_rev GTCCAT
Reverse primer for Gibson Assembly Cloning of HF-p1/10/11

shortDPP9_fwd GCAGGTCGACTCTAGTTCGAGCAGCTAGCATGGCCACCAC
CGGGACCCCAACG
Forward primer for Gibson Assembly Cloning of HF-p4/5

short_DPP9rev GCAACCCCAACCCCGGATCCTCAGAGGTATTCCTGTAGAAA
GTGCA
Reverse primer for Gibson Assembly Cloning of HF-p4/5/8/9

forHA_shortDPP9 TACCCATACGACGTACCAGATTACGCTGGCGGCGGCAGCG
CCACCACCGGGACCCCAACG

Forward primer for Gibson Assembly Cloning for the PCR1 of
adding an HA-Tag of HF-p8/9

forHAinpFUGW_short | CAGGTCGACTCTAGTTCGAGCAGCTAGCATGTACCCATACG
DPP9 fwd ACGTACCAGATT

Forward primer for Gibson Assembly Cloning for the PCR2 of
adding an HA-Tag of HF-p8/9

HA_DPP9 CAGGTCGACTCTAGTTCGAGCAGCTAGCATGTACCCATACG
fwd_pFUGW ACGT
Forward primer for Gibson Assembly Cloning of HF-p6/7

DM036_GFP_fwd_mi | AGGAATACCTCGGCGGCGGCGGCAGCGTGAGCAA
ddle Forward primer for Gibson Assembly Cloning of fragment 2 of
HF-p8/9/10/11
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DMO036_DPP9_rev_mi
ddle1

GCTGCCGCCGCCGCCGAGGTATTCCTGTAGAAAGTGCAGC
Reverse primer for Gibson Assembly Cloning of fragment 1 of
HF-p8/9/10/11

R281P_fwd AGAGTTCGACCCcCTTCACTGG
Forward primer for site-directed mutagenesis using Gibson
Assembly Cloning of fragment 2 of HF-p3/5/7/9
R281P_rev CCAGTGAAGgGGTCGAACTC

Reverse primer for site-directed mutagenesis using Gibson
Assembly Cloning of fragment 1 of HF-p3/5/7/9

Sequencing Primer

DPP9_R281P_SeqPri | CCTCCTACGACTTCCACAGC
mer Sequencing primer for DPP9 mutant
DPP9 Forward CCCGGATGGACCCCAAAAT

Sequencing primer for DPP9

pFUGW rev_seq

TGAAGAATGTGCGAGACCCAGG
Sequencing primer for pFUGW BamHI cutside

hUBC_fwd_seq TGAAGCTCCGGTTTTGAAC
Sequencing primer for pFUGW Nhel cutside

DPP8 KO_fwd GCTAAAAAGCATTTTTTTCTTGCCCTCCC
Forward primer for DPP8 KO PCR

DPP8 KO _rev ACAACAAAATCGAATTCTTCAAATTATAGGCTTTTCTTTAATG
A
Reverse primer for DPP8 KO PCR

3.1.8 Plasmids

The following plasmids were generated using Gibson Assembly Cloning.

Table 8: Plasmids.

Name Identifier Source
pFUGW_HA-eGFP_blast HF-p1 This study
pFUGW_IDPP9_blast HF-p2 This study
pFUGW_IDPP9-R281P_blast HF-p3 This study
pFUGW_sDPP9_blast HF-p4 This study
pFUGW_sDPP9-R252P blast HF-p5 This study
pFUGW_HA-IDPP9_blast HF-p6 This study
pFUGW_HA-IDPP9-R281P_blast HF-p7 This study
pFUGW_HA-sDPP9_blast HF-p8 This study
pFUGW_HA-sDPP9-R252P_blast HF-p9 This study
pFUGW_IDPP9-eGFP_blast HF-p10 This study
pFUGW _sDPP9-eGFP_blast HF-p11 This study
pFUGW_hsCARDS8 N/A AG Hornung
pFUGW_hsNLRP1 N/A AG Hornung
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pcDNA3.1_pro-IL13 N/A AG Hornung
pcDNA3.1_ASC-mCherry N/A AG Hornung
pcDNA3.1_GSDMD N/A AG Hornung
pcDNA3.1_Caspase-1 N/A AG Hornung
pMDLg/pRRE N/A AG Hornung
pRSV-rev N/A AG Hornung
pCMV-VSV-G N/A AG Hornung

3.1.9 Enzymes

The following enzymes were used in restriction assays in FastDigest Green Buffer
(10x).

Table 9: Enzymes.

Enzyme Source Product

number
Nhel Thermo Fisher Scientific FDO0974
BamHlI Thermo Fisher Scientific FD0054

3.1.10 Single-guide RNA (sgRNA)

The sgRNAs were designed using the SYNTHEGO sgRNA design web tool,

purchased from IDT, and dissolved in IDT Nuclease-free Duplex Buffer.

Table 10: Single-guide RNAs.

Target | Name Target site including the PAM site (5’ to 3’)
gene
DPP8 | DPP8_gRNA1 (SBA) GCAATGGAAACAGAACAGCTGGG
DPP8 gRNA2 (SBA) TAATAGATTCTGTCTGAATGAGG
DPP9 | DPP9_gRNA left CTGGGGACAGCCAGGGGCTcaagyg
DPP9_gRNA right TCCAGGAGGAAAAGCACGCCCGGG
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3.1.11 Software and Algorithms

Table 11: Software.

Software Source

Affinity Designer v1.9.0 Affinity

Graphpad Prism 9 Graphpad

Snapgene v4.3.11 Snapgene

Pymol v2.5.5 Pymol (Schrodinger and DelLano, 2020)
ChimeraX v1.6.1 UCSF ChimeraX (Pettersen et al., 2021)
JPred 4 Web tool (Drozdetskiy et al., 2015)

MPI Bioinformatics Toolkit Web tool (Zimmermann et al., 2018)
MolView v2.4 Web tool (Copyright © Herman Bergwerf)

3.2 Molecular Biology Methods

3.2.1 Generation of chemically competent E. coli

The production of chemically competent E. coli (DH5a or Top10) was performed as

described by Rachel Green and Elizabeth J. Rogers (Green and Rogers, 2013).

3.2.2 Polymerase Chain Reaction (PCR)

PCRs were performed according to the manufacturer's instructions to generate

inserts for cloning.

Table 12: Standard PCR reaction.

Component 50 pL reaction
Template DNA 10 ng

5 x Phusion™ HF Buffer 10 uL

10 mM dNTPs 1L
Forward Primer (10 uM) 2.5 uL
Reverse Primer (10 uM) 2.5 L

H20 Fill up to 49.5 pL
Phusion™ High-Fidelity DNA Polymerase (2 U/uL) 0.5 L
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Table 13: Standard PCR program.

Cycle step Temperature Time Cycle
Initial Denaturation 98 °C 30 sec 1
Denaturation 98 °C 10 sec

Annealing 60 °C 20 sec 30 x
Extension 72°C 20 sec/ kb

Final extension 72°C 7 min 1

3.2.3 Agarose gel electrophoresis

For agarose gel electrophoresis, a 1.5 % agarose weight/volume (w/v) solution was
prepared and melted in 1 x TAE, supplemented with 0.001 % volume/volume (v/v)
of DNA stain. Samples were mixed with 4 x loading dye before loading. The gel
was run at 120 V for 30-60 min.

3.2.4 Agarose gel extraction

For the purification of PCR products and digested vectors, the desired fragments
were cut out of the gel using a scalpel. They were then purified using the QIAquick

Gel Extraction Kit and eluted in water.

3.2.5 Cloning

For cloning, firstly, the vector was cut with restriction enzymes. 10 ug of plasmid
DNA were digested for 3 hours at 37 °C. Afterwards, the restriction enzymes were

heat-inactivated at 80 °C for 5 min.

Table 14: Standard reaction for a digest.

Component 50 pL reaction
Plasmid DNA (vector) 10 ug

10 x FastDigest Green Buffer 10 L
Enzyme 1 1L
Enzyme 2 1vL

H20 Fill up to 50 uL
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After gel electrophoresis and gel extraction, Gibson assembly cloning was
performed by incubating cut vector (50 ng) and PCR products (in a ratio of 1:3) in
Gibson assembly mix for 1 hour at 50 °C. Afterwards, 4 uL of the Gibson reaction
was used for E. coli transformation. For Gibson assembly with more than one
fragment, the 1:3 ratio was calculated for the complete insert length and then split

for each fragment.

Table 15: Standard Gibson Assembly reaction.

Component 10 L reaction

2 x Gibson Master Mix 5uL
Plasmid DNA backbone (vector) 50 ng
DNAinsert (PCR) 150 ng total
H20 Fill up to 10 yL

3.2.6 E. coli transformation

For transformation, chemically competent E. coli (DH5a or Top10) were thawed on
ice. Then, 4 ul Gibson reaction mix was added and incubated on ice for 30 min. A
heat shock at42 °C for 30 - 45 seconds was performed. After 2 min incubation time
on ice, 500 pl LB medium was added, and the bacteria were shaken for 30 - 60
min at 37 °C and 300 rpm. The bacteria were then plated on selection plates with

100 pg/ml ampicillin.

3.2.7 Plasmid isolation E. coli

For plasmid isolation from E. coli, buffers P1, P2, N3 (buffer components listed in
Chapter 3.1.5) and Mini Spin columns were used for a mini prep according to the
protocol of the QlAprep Spin Miniprep Kit. For Maxi preps, the Qiagen kit was used

according to the manufacturer's instructions.
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3.3 Cell culture methods

3.3.1 Culturing of Cells

Human embryonic kidney (HEK293T) cells were cultured in DMEM***. Dulbecco's
Modified Eagle Medium (DMEM) (high glucose) was supplemented with 10 %

foetal calf serum (FCS), 1 mM sodium pyruvate and 1 % penicillin-streptomycin.

THP-1 cells were cultured in RPMI***. Roswell Park Memorial Institute (RPMI)
1640 was supplemented with 10 % FCS, 1 mM sodium pyruvate and 1 % penicillin-

streptomycin.

N/TERT-1 cells were cultured in N/TERT medium. A 1:2 mixture of Ham's F12) and
DMEM (high glucose, no glutamine, no calcium) was supplemented with 1 % non-
essential amino acids, 10 mM HEPES, 2 mM GlutaMAX, 0.1 mM CaCl2, 0.5 %
EpiLife defined growth supplement, 25 ug/ml bovine pituitary extract (BPE),

20 ng/ml epidermal growth factor (EGF), and 1 % penicillin-streptomycin.

All cell lines were incubated at 37 °C with 5 % CO2 and frozen in FCS with 10 %
DMSO.

3.3.2 Seeding and Stimulation of Cells

Hek293T cells were washed with 1 x DPBS once and then incubated for 5 min at
37 °C with 0.05 % Trypsin-EDTA. Detached cells were harvested in DMEM***,
counted with a Bio-Rad cell counter, and seeded as indicated in the different
assays in the cell biology methods Chapter 3.4). THP-1 cells were counted in
suspension and differentiated into macrophages overnight in 10 cm dishes at
1 x 108 cells per mL with 100 ng/mL of phorbol-12-myristate-13-acetate (PMA).
The following day, cells were washed twice with DPBS, detached with DPBS
+ 2 mM EDTA, and seeded at 8 x 10* cells per well (96-well tissue culture plate in
100 yL  of RPMI***). THP-1 cells were primed the next day with
2 ug/mL pam3CSK4 for 4 hours and stimulated with VbP for 24 hours.
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N/TERT-1 cells were washed with 1 x DPBS once and then incubated for 10 min
at 37 °C with 0.05 % Trypsin-EDTA. Detached cells were harvested in DMEM+++,
spun down, resuspended in an appropriate amount of N/TERT-1 media, and
counted. Cells were seeded at 5 x 10* cells per well (96-well tissue culture plate in
100 pL of N/TERT-1 media) for stimulation assays or seeded at 2 x 10* cells per
well (96-well tissue culture plate in 100 yL of N/TERT-1 media) for live-cell
microscopy. The following day, N/TERT-1 cells were stimulated with VbP,
Anisomycin, and Poly(l:C) for 24 hours.

3.4 Cell Biology Methods

3.4.1 Transfection of plasmids

For transfection of plasmids, HEK293T cells were seeded at 1.5 - 2 x 10* cells per
well in a 96-well tissue culture plate in 100 uL of DMEM*** and 1 x 108 cells per
well in a 6-well tissue culture plate in 2 mL of DMEM***. The cells were transfected
with different plasmids listed in Chapter 3.1.7 using Geneduice (0.5 pyL/ per 200 ng
of DNA) the following day and incubated for 24 h.

3.4.2 ASC Speck Assay

HEK293T cells that stably express ASC coupled to a red fluorescent protein (RFP)
were seeded at 1.5 x 10* cells per well in a 96-well Ibidi glass-bottom black plate
in 100 yL of DMEM*™*. The cells were transfected on the next day with plasmids
coding for human NLRP1 alone or together with the short or long isoform of wild-
type DPP9 (sDPP9 wt/ IDPP9 wt) or mutant DPP9 (sDPP9_R252P, IDPP9_R281P)
at indicated concentrations using 0.75 uL of GenedJuice per well according to the
manufacturer’s protocol. The cells were imaged 24 hours later using the
SYNENTEC CellaVista Cell Imager using an Olympus 203/0.50 Objective. For the
quantification of the ASC specks, the total area was examined from brightfield

images for the normalisation between wells, and the number of ASC specks was
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counted from fluorescent images using an optimised processing function of ‘Count

Fluo Dots’.

3.4.3 Overexpression Assay

HEK293T cells were transfected with plasmids coding for the short or long isoform
of wild-type DPP9 (sDPP9 wt/ IDPP9 wt) or mutant DPP9 (sDPP9_R252P,
IDPP9_R281P) according to the manufacturer’s protocol. To keep the DNA
concentration for each well constant, a plasmid encoding for HA-eGFP was co-
transfected. The following day, the wells were washed once with 1 x DPBS, then

lysed in 50 yL 1 x Lammli and transferred in fresh PCR tubes for immunoblotting.

3.4.4 Inflammasome Activation Assay

HEK293T cells were transfected on the next day with plasmids coding for
inflammasome components with the following concentrations: 2 ng ASC, 5 ng
GSDMD, 20 ng caspase-1, and 25 ng pro-IL-13. Additionally, plasmids coding for
human NLRP1/ human CARDS alone or together with the short or long isoform of
wild-type DPP9 (sDPP9 wt/ IDPP9 wt) or mutant DPP9 (sDPP9_R252P,
IDPP9_R281P) at indicated concentrations were co-transfected using 0.75 uL of
Geneduice per well according to the manufacturer’s protocol. DNA concentrations
were kept constant by co-transfecting HA-eGFP. 24 hours later, the supernatant
was replaced with fresh medium containing 4 uM VbP and incubated for 4 hours.
30 min before the 4-hour stimulation ended, designated wells for the maximal lysis
were treated with 10 x Lysis Buffer (Cytotoxicity Kit), and afterwards, the

supernatant was harvested into a fresh supernatant plate.

3.4.5 Lentiviral transduction

HEK293T cells were seeded at 1.2 x 108 cells per well in a 6-well plate (tissue
culture plate) in 2 mL of DMEM***. The cells were transfected on the next day with
0.75 ug transfer plasmid of HA-tagged constructs in the pFUGW_Blasticidin
backbone together with the lentiviral packaging plasmids pMDLg/pRRE (1.125 ug),
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pRSV-rev (0.375 pg), and pCMV-VSV-G (0.75 ug) using PEI Max according to the
manufacturer’s protocol. The lentiviral supernatant was harvested after 48 hours
and filtered through a 0.45 ym pore filter. THP-1 cells were transduced at a density
of 1 x 108 cells per mL in a 6-well plate (tissue culture plate) in a 1:2 mixture of viral
supernatant and fresh RPMI*** media. N/TERT-1 cells were seeded at 1 x 106 cells
per T-25 flask (tissue culture flask) and transduced the following day in a 1:2
mixture of viral supernatant and fresh N/TERT-1 media. 48 hours later, the cells
were selected using respective media with 5 pug/ mL of blasticidin. THP-1 cells were
kept at a density of 0.5 x 108 cells per mL for the following three days, and N/TERT-
1 cells were seeded at 1.5 x 10° cells per T-25 flask (tissue culture flask) for the

first split in selection media.

3.5 Biochemical methods

3.5.1 Immunoblotting

For immunoblotting, the lysed cells in 1 x Lammli Buffer were boiled for 5 min at
95 °C and then loaded next to the PageRuler™ Prestained Protein Ladder onto a
denaturating TRIS-Glycine SDS-PAGE running at 80 V for 10 min, followed by 1 h
at 120 V, and finally blotted onto 0.45 um nitrocellulose membranes. After blocking
in 3 % milk, the membranes were incubated at 4 °C overnight in the primary
antibody, which was diluted 1:1000 in 3 % milk with 0.002 % sodium azide. The
next day, the membranes were washed three times with PBS-T and incubated at
room temperature (RT) for one hour in the respective secondary antibody, which
was diluted 1:10000 in 3 % milk. Afterwards, the membranes were washed three
times with PBS-T and detected using the Immobilon Forte Western HRP substrate
for detection. All the antibodies used are listed in the table in Chapter 3.1.1.

3.5.2 Cytotoxicity assay

For the measurement of cytotoxicity, the lactate dehydrogenase (LDH) release of

cells was measured according to the manufacturer’s protocol. For the results, the
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only medium control was subtracted for the background, and then the values were

normalised to a lysis control done in the same experiment.

3.5.3 Enzyme-linked immunosorbent assay (ELISA)

The human IL-13 ELISA was performed according to the manufacturer’s protocol.

3.5.4 Fluorescence microscopy

For the detection of the fluorescently labelled DPP9 isoforms, HEK293T cells were
seeded at 4 x 10° cells per well in a 12-well plate (tissue culture plate) in 1 mL of
DMEM***. The following day, 200 ng of plasmids encoding for GFP-tagged short
and long isoforms of DPP9 were transfected using GenedJuice. After 24 h,
MitoBrilliant646 (1:1000) and Hoechst (1:1000) were added and incubated for
30 min. Afterwards, cells were imaged using a Leica DMi8 inverted microscope
equipped with an HC PL FLUOTAR L 20x/0.40 DRY objective lens and ORCA-
Flash4.0 LT+ Digital CMOS camera (Hamamatsu). Merged images were

generated using Fiji/lmageJ.

3.5.5 Live-cell microscopy

For the live-cell microscopy, N/TERT-1 keratinocytes were seeded at 2 x 10* cells
per well in a 96-well glass-bottom black plate (Ibidi) in 100 yL of DMEM***. After
24 h, propidium iodide (PI, 1:1000) was added, and the cells were imaged 24 h
every 30 min using the Leica DMi8 inverted microscope equipped with an HC PL
FLUOTAR 10x/0.32 DRY objective lens and ORCA-Flash4.0 LT+ Digital CMOS
camera (Hamamatsu). For the quantification of Pl-positive cells and the total
number of cells, batch processing of Fiji/lmageJ was used on the images. The

codes used are printed in the appendix.
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3.6 CRISPR/ Cas9 mediated knockout generation

3.6.1 Nucleofection of cells

For the knockouts generation, CRISPR/ Cas9 ribonucleoproteins (RNPs) were
assembled by hybridising two different sgRNA (each one 100 pmol) and tracrRNA
(200 pmol) for 5 min at 95 °C and following incubation at room temperature (RT)
for 30 min. Afterwards, the sgRNA:tracrRNA duplex was mixed with 80 pmol of
recombinant Cas9 protein and incubated for 15 min at RT. N/TERT-1 cells were
trypsinised, harvested in DMEM***, and washed with DPBS. For nucleofection,
1.5 x 108 cells were resuspended in 20 uL of P3 Primary Cell Nucleofector Solution
with Supplement 1 (supplement to P3 solution ratio: 1 to 5.5). Afterwards, the
prepared RNPs were mixed with the cell suspension and electroporated with the
DS-138 program in the X Unit of a 4 D Nucleofector. The nucleofected cells were
transferred into a T-25 cell culture flask with pre-warmed media. The pool knockout

was verified by immunoblotting or Sanger sequencing.

3.6.2 Knockout identification by Sanger sequencing

For Sanger sequencing, 1 x 108 cells were lysed in 1 x Direct Lysis Buffer.
Afterwards, sanger sequencing was performed according to the provider's protocol

at Eurofins Genomics using the forward primer of the PCR for sequencing.

3.7 Quantification and Statistical Analysis

Statistical significance was examined using a two-way ANOVA with Dunnett’s
correction for multiple testing, a one-way ANOVA with Sidak’s correction for
multiple testing, or a paired t-test using GraphPad Prism 9: ****p < 0.0001; *** p <
0.001, *™ p =0.01, * p =0.05, ns = not significant. For multiple comparisons in one
graph, the major tick indicates the reference bar. Data are presented as mean =+
SEM as indicated.
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4 Results

4.1 Identification of a de novo mutation in DPP9

A patient exhibiting severe pancytopenia and infancy-onset hyperinflammation was
referred to the Min Ae Lee-Kirsch group (Wolf et al., 2023). To find the underlying
cause of the severe symptoms, whole exome sequencing was performed on the
DNA of the patient and his parents. Sequencing unveiled a heterozygous de novo
mutation in DPP9 in the patient, a single base change from G to C at position 755,
altering the amino acid residue from arginine (Arg, R) to proline (Pro, P) (Figure
13A). This mutation in DPP9 is a non-synonymous single-nucleotide polymorphism
(nsSNP), a subtype of SNVs, which is not present in the parents (Figure 13,
A and B). To investigate the conservation of this arginine residue (R252), a multiple
species alignment was done. This showed a high degree of conservation of R252

in a highly conserved protein region between the different species (Figure 13C).

A B C R252
¥
R O Homo sapiens (Human)  z: FVIQEEFDRFTGCWWCPT s
Father Rattus norvegicus (Rat) w2 FVIQEEFDRFTGCWWCPT 28
- 2 WT/WT WT/WT Bos taurus (Bovine) 22 FVIQEEFDRFTGYWWCPT 23
Mother Felis calus (Cat) 2 FVIQEEFDRFTGYWWCPA 235
Ovis aries (Sheep) w: FVIQEEFDRFTGYWWCPT =20
Mus musculus (Mouse) 22 FVIQEEFDRFTGCWWCPT 280
Patient [ VAL WT/R252P

ACCRCTT

o

c756G>C, R262P

Pan paniscus (Bonobo)
Gallus gallus (Chicken)
Sus scrofa (Pig)
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Figure 13: The de novo R252P patient mutation is localised in a conserved region of DPP9. (A)
Electropherograms of the family display a heterozygous mutation (c.755G>C, R252P) in the patient that is
absent in the parents (Wolf et al., 2023). (B) Pedigree showing DPP9 genotype of individuals of the patient’s
family. (C) Multiple species alignment shows the high conservation of R252 (marked in red) in the DPP9 protein
sequence. The adjacent sequence to R252 is highly conserved except for the amino acids marked in green.

To assess the probability of the mutation having functional effects or damaging the
protein, a prediction tool for the possible impact of non-synonymous SNPs on the
protein was utilised. Polymorphism Phenotyping v2 (PolyPhen-2) prediction
employs sequence, phylogenetic, and structural information to judge the impact of

an amino acid change (Adzhubei et al., 2010). PolyPhen-2 categorised the R252P
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mutation as “probably damaging”, indicating an effect on the protein function

(Figure 31, Appendix).

4.2 R252 of DPP9 enhances protein stability

Arginine is a positively charged amino acid essential in forming secondary
structures (Gupta and Uversky, 2024). To assess the structural significance of
R252, a crystal structure of DPP9 (PDB ID: 6EOQ) was utilised. DPP9 forms
functional homodimers (Ross et al., 2018), with R252 (shown in bright orange)
located within the WD40 B-propeller domain and the core of the DPP9 protein
(Figure 14, A and B). R252 is structurally neighbouring the catalytically active S730
residue of the DPP9 active site (shown in red), located in the a/B-hydrolase domain
(Figure 14C).

A 18 600 603 863 B
N —{ WD40 B-Propeller }——

?
S730

c MY/

Figure 14: R252 is located in the core of the DPP9 protein. (A) Domain organisation of DPP9, depicting
the location of R252 (bright orange) and the catalytically active S730 (red). (B) DPP9 homodimer (PDB ID:
6EOQ) is in cartoon representation with a transparent surface with R252 (bright orange) and S730 (red) in
spheres representation. (C) Close-up view on R252 (bright orange) and S730 (red) labelled in stick
representation.

A closer look at the local environment of R252 in an electrostatic potential map of
DPP9 revealed that R252 is embedded in a hydrophobic pocket formed by the
protein segment spanning residues A242 to W258 adjacent to the R252 residue
(Figure 15, A and B). Nestled in this pocket, R252 is surrounded by a hydrophobic
environment created by predominantly hydrophobic amino acid residues marked
in white, including A242, 1246, F250, F253 and W257 (Figure 15B), with the

exception of the glutamic acid residue at position 278 (E278). Arginine generally
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builds electrostatic interactions and forms salt bridges and hydrogen bonds with
negatively charged residues. The side chain of R252 establishes polar contacts
with structurally close amino acid residues, depicted in a close-up view (Figure
15D). These interactions include a salt bridge with the side chain of E278. In
addition, R252 forms hydrogen bonds with three amino acid backbones,
specifically the carbonyl oxygen of W254 and the amino acids 1352 and A353
(Figure 15D). Thus, R252 plays an essential role in constructing structural features
by forming polar contacts and occupying a surface pocket in the core of the protein.
This indicates a pivotal role in stabilising the secondary structure and three-

dimensional architecture of DPP9.

A

R252

Figure 15: R252 is important for the stability of DPP9 protein. (A) Electrostatic potential map of DPP9
(PDB ID: 6EOQ) with hydrophobic pocket around R252. (B) Hydrophobic amino acids lining R252 (bright
orange) are depicted in white stick representation. (C) Cartoon presentation of a DPP9 homodimer (PDB ID:
6EOQ) with R252 (bright orange) and S730 (red). (D) Close-up view of R252 (bright orange) in one monomer
of the DPP9 dimer. Interaction partners are labelled in grey stick representation with polar interactions marked
in yellow.
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4.3 DPP9 R252P mutation induces structural alteration

The patient exhibits a heterozygous substitution of arginine to proline. In contrast
to the positively charged arginine side chain, the side chain of proline has no
charge and forms a distinctive cyclic structure (Figure 16A). Proline constitutes
6.3 % of all protein composition and is required for tight turns in loops between
secondary structural elements, introducing rigidity into protein chains (Chow et al.,
2018). Even though proline is crucial for the protein structure by its cis- and trans-
isomerisation in the backbone and maintains protein stability, it disrupts secondary
structure elements, such as a-helices and B-sheets (Morgan and Rubenstein,
2013). To investigate whether the R252P mutation affects the structure of DPP9,
different protein secondary structure prediction (PSSP) tools were used to predict
the adjacent secondary structure elements (Zimmermann et al., 2018). Three
different algorithms, including PSIPRED (Jones, 1999), SPIDER3 (Heffernan et al.,
2017), and PSSPRED4 (Yan et al., 2013), predict an a-helix formation N-terminally
adjacent to or spanning R252 (highlighted in red) (Figure 16B). However, this
predicted a-helix formation is lost in the R252P mutant, suggesting structural
differences (Figure 16B). The protein secondary structure prediction server
JPred 4 (Drozdetskiy et al., 2015) predicted an a-helix spanning ten amino acid
residues for wild-type DPP9, ranging from F244 to R252 to F253 (Figure 16C).
Furthermore, we analysed the WD40 B-propeller of DPP9, which harbours the
R252P mutation, using RaptorX, a protein structure property prediction tool: The
analysis revealed a decreased probability of a-helix formation for the mutant
compared to the wild-type sequence (Figure 16D). For illustrative purposes,
arginine was replaced with proline in the DPP9 crystal structure (PDB ID: 6EOQ)
(Figure 16E). R252 of wild-type DPP9 is located next to an a-helix that starts at
T243 and ends at the adjacent D251. In wild-type DPP9, the side chain of R252
forms polar contacts with four amino acids, as shown by the yellow lines (as
described in the previous chapter). Additionally, arginine interacts with the nitrogen
hydrogen in the backbone with the carbonyl oxygen of 1246 located in the adjacent
a-helix. In contrast to R252, P252 is unable to form polar contacts and hydrogen
bonds with backbone DNA,; instead, it introduces van-der-Waals clashes, indicating
steric interactions (Figure 16E). Thus, this mutation may significantly impact the
structure of DPP9.

62



A B prrowt C
Arginine AA_QUERY VATFVIQEEFDRFTGYWWCPT 10
NH 9 SS_PSIPRED EEEEE HHH EE s 1
P SS_SPIDER3 HHHHHH EE 5 87
HNT N OH SS_PSSPRED4  EEEEHHHHHHH EEE SE
NH, 33 6 - wt
58
Proline AR Gl 23 4] -+ R252P
o AA_QUERY  VATFVIQEEFDPFTGYWWCPT 58
on SS_PSIPRED EEEEE EE T o
SS_SPIDER3 HEEEE EEE x |
NH SS_PSSPRED4  EEEEEE EEEE o]
55 = BN BTN VATFVIQEEFDRFTGYWWC
-HHHHHHHHHH - - - - - -
0.25
) - wt
_ 0.20- / 1246
S ] -+ R252P >
2 015 T243 T243 :
2 / -2 3
2 E | 4 D251 4 p2s1
S 0.104 . / a W
= 1 7. Sk W = R252P
0.05] $° R252
1 v
000 T—TT T T T T T T T T T T T T % \d N
VATFVIOEEFDRFTGYWWC U V o

Figure 16: R252P mutation may affect the secondary structure of DPP9. (A) Amino acid structure of
arginine and proline. The side chains are highlighted in light blue. (B) Secondary structure prediction of the
displayed sequence (QUERY) using three different prediction methods (PSIPRED, SPIDER3, PSSPRED4).
AA = amino acid, SS = secondary structure. (C) Secondary structure prediction using JPred4 for the displayed
sequence of DPP9. The graph depicts the reliability of prediction accuracy for the predicted formation of an a-
helix for DPP9 wt and R252P mutant (bottom; H = a-helix) with a reliable prediction highlighted in a green
square. (D) Secondary structure prediction using RaptorX for the WD40 B-propeller of DPP9. The probability
of forming an a-helix for the sequence adjacent to R252 is shown. (E) Close-up view of an illustration of R252
and R252P in atom-specific coloured stick representation adjacent to an a-helix in the DPP9 crystal structure
(PDB ID: 6EOQ). The a-helix is spanning the protein fragment from T243 to D251. Polar contacts are depicted
with yellow lines. Major van-der-Waals clashes are shown in red.

4.4 DPP9 R252P/R281P mutation impairs DPP9 protein
stability

Cells express two isoforms of DPP9: a short isoform (863 aa) and a long isoform
(892 aa) that carries an additional N-terminal nuclear localisation signal (NLS)
(Figure 17A). To examine the cellular localisation of both isoforms, HEK293T cells
were transfected with GFP-tagged versions of the short or long isoform of DPP9
(constructs scheme in Figure 17B) and analysed using fluorescence microscopy.
As expected, the short isoform of DPP9 is localised to the cytosol, whereas the
long isoform of DPP9 is present in the nucleus (Figure 17C). This observation is
consistent with the literature (Ajami et al., 2004; Justa-Schuch et al., 2014).
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Figure 17: Cellular localisation of the short and long isoforms of DPP9. (A) Domain organisation of the
short and long isoform of DPP9, carrying an additional N-terminal nuclear localisation signal (NLS). (B) Domain
organisation of the C-terminal eGFP-tagged short and long isoform of DPP9. (C) HEK293T cells were
transiently transfected with plasmids encoding for an eGFP-tagged short or long isoform of DPP9 (DPP9-
eGFP). After 24h, the localisation of the two DPP9 isoforms is shown by microscopy with additional
immunofluorescence staining for the nucleus (Hoechst) and mitochondria (MitoBrilliant646).

The structural model indicates that the patient mutation may cause instability of
DPP9 by disrupting the adjacent a-helix. To examine the effect of the mutation on
the stability of DPP9, HEK293T cells were transiently transfected with plasmids
encoding wild-type and mutant DPP9 (sDPP9 R252P and IDPP9 R281P the short
and long isoform, respectively). Cells were transfected with decreasing amounts of
plasmid DNA. Immunoblotting showed significantly diminished protein levels of
mutant DPP9 in comparison to the respective sample transfected with a plasmid
encoding wild-type DPP9 (Figure 18, AandB). Quantification of the
immunoblotting for the short isoform of DPP9 revealed a decreased expression of
sDPP9 R252P with 52 %, 26 %, and 31 % of sDPP9 wild-type expression (200 ng,
100 ng and 50 ng of sDPP9, respectively) (Figure 18C). Compared to the short
isoform, the long isoform of DPP9 showed an even greater reduction in expression
of IDPP9 R281P with 28 % and 15 % of IDPP9 wild-type expression (200 ng and
100 ng of IDPP9, respectively) (Figure 18D).
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Additionally, patient-derived induced pluripotent stem cells (iPSCs) of the patient
also showed decreased DPP9 levels (Data not shown) (Wolf et al., 2023).
Collectively, these data show that the R252P/R281P mutation impairs the stability
of the DPP9 protein, resulting in reduced expression levels of mutant DPP9.
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Figure 18: The DPP9 R252P/R281P mutation impairs protein stability. (A, B) HEK293T cells were
transiently transfected with plasmids encoding wild-type DPP9 (wt) or mutant DPP9 (R252P/R281P) at the
specified concentrations. The expression levels were examined 24 hours later via immunoblotting. One
representative immunoblot of three independent experiments is shown. (C, D) Quantification of the band
intensities of three independent experiments was done and summarised as mean + SEM. A 2-way ANOVA
with the Sidak multiple comparisons test was used to perform the statistics. ****p < 0.0001; ***p < 0.001; *p <
0.05; ns = not significant. s = short isoform, | = long isoform.

4.5 DPP9 R252P/R281P mutation leads to activation of
the NLRP1 and CARDS8 inflammasome

DPP9 functions as an inhibitor of NLRP1 and plays a critical role in regulating
NLRP1 inflammasome activation (Taabazuing et al., 2020). NLRP1 inflammasome
activation leads to oligomerisation of the adaptor protein ASC, which in turn forms
filaments, also known as ASC specks, and thereby provides a platform for
caspase-1 activation. To examine whether the R252P/R281P mutation in DPP9
affects the inhibition of the NLRP1 inflammasome activation by DPP9,

inflammasome activation assays were performed. To this end, we used HEK293T
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cells stably expressing ASC fused to a red fluorescent protein (RFP) tag (ASC-
RFP), allowing ASC speck formation to be visualised and quantified by
fluorescence microscopy. Transient transfection of the inflammasome sensor
NLRP1 alone at increasing concentrations resulted in increased ASC speck
formation in cells, indicating inflammasome activation. As a control, the DPP9 wild-
type and mutant for both isoforms were transiently transfected without an
inflammasome sensor, showing no ASC speck formation (Figure 19, A and D). To
investigate the inhibitory role of DPP9 in regulating NLRP1 inflammasome
activation, co-expression of NLRP1 and sDPP9 or IDPP9 was performed in the
same setting. Expression of the short and long isoforms of wild-type DPP9 resulted
in a concentration-dependent reduction of ASC speck formation. At the highest
concentration of DPP9, a 1:10 ratio of NLRP1:DPP9, ASC specks were halved for
both isoforms (Figure 19, B and E), visualised by microscopy (Figure 19, C and F).
In comparison, the co-expression of increasing concentrations of IDPP9 R281P
and NLRP1 showed no decrease in ASC specks (Figure 19E). For the short
isoform of DPP9, sDPP9 R252P, the level of ASC specks was not affected at lower
concentrations of mutant DPP9. However, high concentrations of sDPP9 R252P
(1:7 and 1:10 ratio of NLRP1:DPP9) showed a decrease in ASC specks (Figure
19B).
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Figure 19: DPP9 R252P/ R281P mutant fails to inhibit NLRP1 inflammasome assembly. (A-F) HEK293T
cells expressing ASC linked to a red fluorescent protein (RFP) were transiently transfected with plasmids
encoding NLRP1, wild-type DPP9 (wt) or mutant DPP9 (R252P/R281P) at the respective concentrations. (A,
B, D, E) ASC specks were determined 24 hours later using fluorescence microscopy. The number of ASC
specks per cell area was quantified in three independent experiments and summarised as mean + SEM. A 1-
way ANOVA with Dunnett’s multiple comparisons test was used to perform the statistics. ***p < 0.001; **p <
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0.01; *p < 0.05; ns = not significant. (C, F) Representative fields of view of B and E of one of three independent
experiments are shown. s = short isoform, | = long isoform.

Compared to the NLRP1 inflammasome, which assembles with the adaptor ASC,
the CARDS8 inflammasome is ASC-independent (Figure 20A) (Taabazuing et al.,
2020). To confirm ASC-independent CARDS8 inflammasome activation, transient
transfection of either NLRP1 or CARDS8 with increasing concentrations was
performed in HEK293T cells expressing ASC-RFP. Compared to NLRP1, which
showed a dose-dependent ASC speck formation, CARD8 did not lead to ASC
speck formation, demonstrating ASC-independent inflammasome activation
(Figure 20B).
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Figure 20: CARDS8 inflammasome assembly is independent of the adaptor ASC. (A) Schematic illustration
of NLRP1 and CARDS8 inflammasome assembly. (B) HEK293T cells expressing ASC-RFP were transiently
transfected with plasmids encoding NLRP1 or CARDS8 at the respective concentrations. ASC specks were
examined 24 hours later using fluorescence microscopy. Quantification of the ASC specks per cell area of
three independent experiments was done and summarised as mean + SEM.

To assess NLRP1 and CARDS8 downstream inflammasome activation, LDH release
as a measure of pyroptotic cell death and the pro-inflammatory cytokine IL-1p were
determined in an additional inflammasome assay. To this end, the inflammasome
sensor NLRP1 or CARDS8 and inflammasome components ASC, caspase-1, pro-
IL-18, and GSDMD were transiently transfected into HEK293T cells. Upon
inflammasome activation, caspase-1 is activated and induces the maturation of IL-
18 by cleaving pro-IL-13 and additionally cleaves GSDMD, creating pores in the
membrane that allow the release of LDH and IL-13 (Broz and Dixit, 2016). Indeed,

increasing concentrations of NLRP1 or CARDS8 both resulted in increased
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secretion of IL-13 and elevated levels of LDH release, confirming inflammasome
activation (Figure 21, A and C; Figure 22, A and C). Co-expression of wild-type
DPP9 and NLRP1 or CARDS resulted in diminished IL-1B secretion and LDH
release, demonstrating a strong inhibition of NLRP1 and CARDS8 by DPP9 (Figure
21, B and D; Figure 22, B and D). Conversely, co-expression of mutant DPP9
R252P/ R281P and NLRP1 or CARDS8 resulted in persistent and markedly elevated
IL-18 secretion along with an increase in LDH release (Figure 21, B and D; Figure
22, B and D). This indicates that the R252P/R281P mutant DPP9 lacks the ability

to suppress NLRP1 and CARDS8 inflammasome activation.
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Figure 21: DPP9 R252P/R281P mutant fails to inhibit NLRP1 inflammasome activation. (A-D) HEK293T
cells were transiently transfected with plasmids encoding for NLRP1 and inflammasome components and/ or
wild-type DPP9 (wt) or mutant DPP9 (R252P/R281P) at the specified concentrations for 24 hours. IL-18
release was determined using ELISA, and LDH release was measured using a cytotoxicity assay after 4 hours
of treatment with 4 uM Val-boroPro. Data from three independent experiments are summarised as mean +
SEM. A 1-way ANOVA with Dunnett’'s multiple comparisons test was used to perform the statistics. ***p <
0.001; **p < 0.01; *p < 0.05; ns = not significant. s = short isoform, | = long isoform.
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Figure 22: DPP9 R252P/ R281P mutant fails to inhibit CARD8 inflammasome activation. (A-D) HEK293T
cells were transiently transfected with plasmids encoding for CARD8 and inflammasome components and/ or
wild-type DPP9 (wt) or mutant DPP9 (R252P/R281P) at the specified concentrations for 24 hours. IL-1
release was determined using ELISA, and LDH release was measured using a cytotoxicity assay after 4 hours
of treatment with 4 uM Val-boroPro. Data from three independent experiments are summarised as mean +
SEM. A 1-way ANOVA with Dunnett's multiple comparisons test was used to perform the statistics. ****p <
0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns = not significant. s = short isoform, | = long isoform.

To summarise, wild-type DPP9 inhibits NLRP1-mediated ASC speck formation and
suppresses NLRP1 inflammasome activation, resulting in subsequent IL-13
secretion and LDH release. In contrast, mutant DPP9 (sDPP9 R252P, IDPP9
R281P) is unable to suppress ASC speck formation and signalling downstream of
NLRP1 inflammasome activation, indicating impaired inhibition of NLRP1
inflammasome activation. As for NLRP1, the activation of the CARDS8
inflammasome can be inhibited by wild-type DPP9, resulting in decreased LDH and
IL-18 release. However, mutant DPP9 (sDPP9 R252P, IDPP9 R281P) is unable to

inhibit CARDS8 inflammasome activation.
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4.6 DPP9 R252P/R281P mutant exerts a dominant-
negative effect on NLRP1 inflammasome activation

NLRP1 is expressed in various cell types, such as monocytes and macrophages.
Additionally, NLRP1 has also been shown to be highly expressed in keratinocytes,
which are abundant in the skin (Zhong et al., 2016). A cellular model to study
endogenous NLRP1 inflammasome activation is the N/TERT-1 cell line, an
immortalised but primary cell-like keratinocyte cell line (Zhong et al., 2018). Zhong
et al. showed that N/TERT-1 cells express NLRP1 and DPP8/9 and that the NLRP1
inflammasome can be activated by DPP8/9 inhibition using the small molecule
inhibitor Val-boroPro (VbP) (Zhong et al., 2018). Although VbP activates NLRP1
and CARDS8, human keratinocytes were shown to be dependent only on NLRP1
inflammasome activation (Griswold et al., 2022). Additionally, N/TERT-1
keratinocytes were shown to express pro-IL-1B constitutively, eliminating the need
for priming in these cells (Bauernfried et al., 2021). To investigate the effect of
mutant DPP9 in a physiological model, transgenic N/TERT-1 keratinocytes were
generated via lentiviral transduction using hemagglutinin (HA) -tagged constructs:
either wild-type DPP9, mutant DPP9 (sDPP9 R252P, IDPP9 R281P), or green
fluorescent protein (GFP). The expression of these transgenes was evaluated by
immunoblotting for the HA-tag, which showed expression of all heterologous
constructs (Figure 23A). Compared to wild-type DPP9, the expression of mutant
DPP9 was significantly lower for the short and the long isoform, with 45 % and
10 % of wild-type DPP9 levels, respectively (Figure 23B). Immunoblotting for DPP9
itself showed that DPP9 is endogenously expressed in keratinocytes. However, it
was not possible to differentiate heterologously expressed DPP9 constructs from
endogenous DPP9 due to the similar size of the HA-tagged and endogenous
protein. To investigate NLRP1 inflammasome activation in these cells, the
transgenic N/TERT-1 cells were stimulated with increasing concentrations of VbP.
Treatment with the two highest concentrations of VbP led to IL-13 secretion in all
cells with significantly elevated IL-1p levels for the mutant DPP9 of both isoforms
(sDPP9 R252P, IDPP9 R281P) compared to the GFP expressing controls (Figure
23C). Notably, heterologous expression of wild-type DPP9 showed a slight but not
significant decrease in IL-1p secretion, suggesting that increased levels of DPP9

protect the cells from NLRP1 inflammasome activation at low concentrations of
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VbP (Figure 23C). Activation of the NLRP1 inflammasome leads to IL-1(3 secretion
and triggers pyroptotic cell death. Therefore, pyroptosis was investigated by
measuring LDH release and performing live cell microscopy on transgenic
N/TERT-1 cells upon VbP stimulation. In line with IL-18 secretion, N/TERT-1 cells
expressing mutant DPP9 for both isoforms showed increased levels of LDH
release compared to N/TERT-1 cells expressing GFP or wild-type DPP9 (Figure
23D).
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Figure 23: DPP9 R252P/R281P mutant functions in a dominant-negative manner on NLRP1
inflammasome activation. Using lentiviruses, N/TERT-1 keratinocytes were transduced with N-terminal HA-
tagged GFP, wild-type DPP9, or mutant DPP9 (R252P/R281P). (A) The expression levels of these constructs
were examined via immunoblotting, detecting DPP9 (top), HA-Tag (middle), and B-actin (bottom). One
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representative immunoblot of three independent experiments is shown. (B) A normalised quantification of band
intensities of HA-DPP9 in (A) from three independent experiments are summarised as mean + SEM. A paired
t-test was performed. ***p < 0.001; **p < 0.01. (C, D) Transgenic cells were treated for 24 hours with specified
concentrations of Val-boroPro (VbP). Data from three independent experiments are summarised as mean +
SEM. A 2-way ANOVA with Dunnett's multiple comparisons test was used to perform the statistics. ****p <
0.0001; ***p < 0.001, **p < 0.01. Only significance is highlighted. (C) IL-1B release was measured via ELISA.
(D) LDH release was measured using a cytotoxicity assay. s = short isoform, | = long isoform.

Live-cell microscopy of the transgenic N/TERT-1 cells expressing HA-tagged GFP,
wild-type DPP9, or mutant DPP9 was performed by indirect immunostaining of
dying cells. For this purpose, propidium iodide (PI) staining was used, as pyroptotic
cells are permeable to Pl (Rosenberg et al., 2019). PI* cells were quantified and
revealed that cells expressing mutant DPP9 (sDPP9 R252P, IDPP9 R281P) started
to die around six to ten hours after stimulation with a low concentration of VbP. In
contrast, cells expressing wild-type DPP9 or GFP did not die within the 24 hours
measured (Figure 24, A and C). The levels of cell death measured using PI
positivity as a readout are consistent with cell death measured via LDH release
(Figure 23 E; Figure 24, A and C). Fluorescence microscopy revealed that dying
cells exhibit characteristics of pyroptosis, such as “ballooning” of the cells (Figure
24, E and F). Taken together, keratinocytes expressing both heterologous mutant
DPP9 and endogenous DPP9 show elevated NLRP1 inflammasome activation and
increased pyroptosis. This suggests that the heterozygous patient mutation

functions in a dominant negative manner.
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Figure 24: DPP9 R252P/R281P mutant enhances NLRP1 inflammasome-mediated pyroptosis. Using
lentiviruses, N/TERT-1 keratinocytes were transduced with N-terminal HA-tagged GFP, wild-type DPP9, or
mutant DPP9 (R252P/R281P). Transgenic cells were treated with indicated concentrations of VbP and
quantified using fluorescence microscopy. (A, C) The percentage of PI* cells was analysed by time-lapse
microscopy over 24 hours. Data from three independent experiments are summarised as mean + SEM. (B, D)
The percentage of PI* cells from (A, C) treated with Val-boroPro (0.25 uM) or untreated (0 pM) after 24 hours
is depicted. Data from three independent experiments are summarised as mean + SEM. A 2-way ANOVA with
Dunnett's multiple comparisons test was used to perform the statistics. ****p < 0.0001; ***p < 0.001. (E, F)
One representative field of view of three independent experiments from (A, C) after 24 hours of 0.25 yM VbP
treatment is shown. Scale bars, 100 ym. s = short isoform, | = long isoform.
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4.7 DPP9 R252P/R281P mutant exerts a dominant-
negative effect on CARDS8 inflammasome activation

Activation of CARDS8 inflammasome by the DPP8/9 inhibitor VbP was shown in
AML cell lines (Johnson et al., 2018) and resting lymphocytes (Johnson et al.,
2020; Linder et al., 2020). A cellular model used to investigate the activation of the
CARD8 inflammasome is the THP-1 cell line, a human leukaemia monocytic cell
line (Okondo et al., 2017). VbP-induced inflammasome activation in THP-1 cells
was shown to be dependent only on the CARDS8 inflammasome. To investigate the
ability of mutant DPP9 to suppress CARDS8 inflammasome activation, transgenic
THP-1 cells were generated. Immunoblotting of transduced THP-1 cells expressing
HA-tagged GFP/ wild-type DPP9 (sDPP9/ IDPP9)/ or mutant DPP9 (sDPP9
R252P, IDPP9 R281P) confirmed expression of all heterologous constructs (Figure
25A). As observed for transgenic keratinocytes, immunoblotting of transgenic THP-
1 cells showed that both the short and long isoform of mutant DPP9 were
expressed at significantly lower levels than wild-type DPP9 with 62 % and 12 % of
wild-type DPP9, respectively (Figure 25B). Immunoblotting revealed that DPP9 is
endogenously expressed in THP-1 cells. However, it is not possible to distinguish
between endogenous and heterologous DPP9 in the immunoblot, as described for
the keratinocyte-based overexpression model. To investigate CARDS8
inflammasome activation in these cells, THP-1 cells were primed with Pam3CSK4
and stimulated with increasing concentrations of VbP. VbP treatment resulted in
significantly elevated IL-1f3 levels for the mutant DPP9 of both isoforms (sDPP9
R252P, IDPP9 R281P) compared to the GFP-expressing control (Figure 25C).
CARD8 inflammasome results in pyroptosis and the concomitant release of IL-1f3.
Therefore, pyroptosis induction was examined by measuring LDH release in these
cells. In line with IL-13 secretion, THP-1 cells expressing either isoform of mutant
DPP9 (sDPP9 R252P, IDPP9 R281P) showed increased levels of LDH release
compared to THP-1 cells expressing GFP or wild-type DPP9 (Figure 25D). In
summary, expression of mutant DPP9 in THP-1 cells leads to the release of the
pro-inflammatory cytokine IL-18 and LDH, suggesting that the heterozygous
patient mutation acts in a dominant-negative manner to induce CARDS8

inflammasome activation. Higher concentrations of VbP would result in pyroptosis
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for THP-1 cells expressing GFP, as seen in the N/TERT-1 keratinocytes (Figure 23,
C and D).
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Figure 25: DPP9 R252P/R281P mutant functions in a dominant-negative manner on CARDS
inflammasome activation. Using lentiviruses, THP-1 cells were transduced with N-terminal HA-tagged GFP,
wild-type DPP9, or mutant DPP9 (R252P/R281P). (A) The expression levels of these constructs were
examined via immunoblotting, detecting DPP9 (top), HA-Tag (middle), and p-actin (bottom). One
representative immunoblot of three independent experiments is shown. (B) A normalised quantification of
DPP9 levels detected by immunoblotting (A) from three independent experiments are summarised as mean +
SEM. A paired t-test was performed. ****p < 0.0001; *p < 0.05. (C, D) Transgenic cells were primed for 2 hours
with Pam3CSK4 and then treated for 24 hours with specified concentrations of VbP. Data from three
independent experiments are summarised as mean + SEM. A 2-way ANOVA with Dunnett's multiple
comparisons test was used to perform the statistics. ****p < 0.0001; ***p < 0.001, **p < 0.01. Only significance
is shown. (C) IL-1B release was measured via ELISA. (D) LDH release was measured using a cytotoxicity
assay. s = short isoform, | = long isoform.
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4.8 DPP9 knockout in keratinocytes leads to increased
inflammation

N/TERT-1 cells are an excellent cellular model for NLRP1 inflammasome activation
and have been used in several recent studies. Experiments using transgenic
expression of the patient mutation in DPP9 in wild-type N/TERT-1 cells suggest
that the mutation has a dominant-negative effect. To investigate whether DPP9 is
the key factor for keeping NLRP1 in check in N/TERT-1 keratinocytes, a knockout
of DPP9 was performed using the CRISPR/ Cas9 system: wild-type N/TERT-1 cells
(WT) were electroporated with Cas9 and two sgRNAs targeting DPP9.
Immunoblotting confirmed that the DPP9 knockout (KO) was successful, with very
low DPP9 levels remaining (Figure 26A). Treatment of DPP9 KO cells with VbP
showed a significantly higher release of IL-18 compared to DPP9 wild-type cells
(Figure 26B). There are several DPP9-independent modes for NLRP1
inflammasome activation, including anisomycin (ANS) and the synthetic dsRNA
ligand Poly(I:C), as previously shown for N/TERT-1 keratinocytes (Bauernfried and
Hornung, 2021). Treatment of N/TERT-1 cells with anisomycin (ANS) and Poly(I:C)
led to inflammasome activation and concomitant IL-1p3 release in both wild-type
and DPP9 knockout cells (Figure 26C). However, DPP9 KO cells did not show
elevated levels of IL-1B release compared to wild-type cells, consistent with a
DPP9-independent mode of NLRP1 activation (Figure 26C). Collectively, VbP
stimulation of DPP9 knockout N/TERT-1 keratinocytes led to an increase in IL-1
release compared to wild-type cells. This suggests that the knockout of DPP9
renders the remaining wild-type or heterozygous cells more susceptible to VbP-

induced pyroptosis, leading to increased IL-1]3 release.
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Figure 26: DPP9 knockout in N/TERT-1 keratinocytes results in increased IL-1B release for DPP9-
dependent NLRP1 inflammasome activation. N/TERT-1 keratinocytes were nucleofected with sgRNAs
targeting DPP9 using CRISPR/Cas9. (A) The expression level of endogenous DPP9 was determined via
immunoblotting, probing for DPP9 (top), and B-actin (bottom). One representative immunoblot of three
independent experiments is shown. (B) DPP9 knockout (KO) and unmodified N/TERT-1 keratinocytes (WT)
were treated for 24 hours with 4 uM VbP. IL-1B release from three independent experiments is summarised as
mean = SEM. A 2-way ANOVA with Dunnett’'s multiple comparisons test was used to perform the statistics.
****n < 0.0001; ns = not significant. (C) DPP9 knockout (KO) and unmodified N/TERT-1 keratinocytes (WT)
were treated for 24 hours with 4 yM anisomycin (ANS) or transfected with 400 ng Poly(I:C) or Lipofectamine
(Lipo) alone. IL-1B release from three independent experiments is summarised as mean = SEM. A 2-way
ANOVA with Sidak’s multiple comparisons test was used to perform the statistics. ns = not significant.

4.9 DPP8 and DPP9 have redundant functions in
N/TERT-1 keratinocytes

DPP8 and DPP9 share many structural similarities and have been shown to be
redundant in their enzymatic activity. Several cell lines, for instance, the monocytic
THP-1 cell line, express both homologues and inhibition of DPP8 and DPP9 has
been shown to induce inflammasome activation (Okondo et al., 2017). To
investigate the impact and possible redundancy of DPP9 and its homologue DPP8
in N/TERT-1 keratinocytes, DPP8 and DPP9 knockout (KO) as well as DPP8 and
DPP9 double KO (dKO) cells were generated using the CRISPR/ Cas9 system
with two guide RNAs per gene. In addition to N/TERT-1 wild-type cells, DPP8 and
DPP9 knockouts were also generated in N/TERT-1 NLRP1 KO cells.
Immunoblotting confirmed the NLRP1 KO in the N/TERT-1 NLRP1 KO cells and
revealed a pool knockout of DPP9 (KO) with very low remaining DPP9 levels for
the DPP9 KO cells as well as the DPP8/9 dKO cells (Figure 27A). DPP8 knockout

was confirmed using Sanger sequencing, showing high efficiency of the two guide
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RNAs in the DPP8 KO and DPP8/9 dKO cells (Figure 27B). To examine the growth
of these knockout cells, three independent KOs for each genotype were created
and counted at each split. Cell counts were normalised to the control KO cells (Ctrl).
Data revealed a high initial cell death within the first three days for DPP8, DPP9
and DPP8/9 dKO cells after electroporation compared to the control cells (Figure
27C). DPP8/9 dKO cells still showed reduced cell count at day 8, whereas the cell
counts of single knockouts are comparable to the control cells. These data indicate
that functional DPP8 and DPP9 are important for N/TERT-1 keratinocytes, and one

homologue is sufficient for the survival of the cells.
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Figure 27: Knockout of DPP8 and 9 in N/TERT-1 keratinocytes. N/TERT-1 keratinocytes, wild-type (WT)
or NLRP1 knockout (NLRP1 KO), were nucleofected with sgRNAs targeting either DPP8 or DPP9 or both
using CRISPR/Cas9. (A) The expression levels of NLRP1, DPP9, and B-actin were determined via
immunoblotting on day 8, probing for NLRP1 (top), DPP9 (middle), and B-actin (bottom). One representative
immunoblot of three independent experiments is shown. (B) DPP8 knockout was confirmed using Sanger
Sequencing on day 8, displaying out-of-frame (orange), in-frame (blue) variants, and wild-type (WT) (grey).
(C) After nucleofection, the cells were seeded with the same cell count and counted three days and eight days
after nucleofection. Cell counts were normalised to the control (Ctrl). Data from three independent experiments
are summarised as mean = SEM. A 2-way ANOVA with Dunnett's multiple comparisons test was used to
perform the statistics on cell counts before normalisation. ****p < 0.0001; ***p < 0.001; ns = not significant.

To examine whether the knockout of one of the two homologues or the double
knockout of DPP8 and 9 results in IL-1( release as expected for pyroptosis, these
knockout cells in the wild-type background were seeded. This revealed an
increased IL-1pB release for DPP8 knockout and DPP8/9 double knockout cells, not

only in the stimulated cells but also in the unstimulated cells (Figure 28A). Since
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DPP9 knockout alone led to an increase in IL-13 secretion in N/TERT-1
keratinocytes (Figure 26), these cells were stimulated with a low concentration of
VDbP. This resulted in an elevated IL-1p release for all knockout cell lines compared
to the wild-type control cells. Strikingly, the release of IL-1[3 is markedly increased
in the double knockout cells. Subsequent immunoblotting of these cells revealed
higher pro-IL-1j3 levels in DPP8 KO and DPP8/9 dKO cells (Figure 28, B and C).
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Figure 28: Knockout of DPP8 and 9 in N/TERT-1 keratinocytes results in increased IL-1B release.
N/TERT-1 keratinocytes were nucleofected with sgRNAs targeting either DPP8 or DPP9 or both using
CRISPR/Cas9. (A) Eight days after nucleofection, these cells were stimulated for 24 hours with VbP (0.25 uyM)
or left untreated. IL-18 release from three independent experiments is summarised as mean + SEM. A 2-way
ANOVA with Dunnett's multiple comparisons test was used to perform the statistics. ****p < 0.0001; ***p <
0.001. Only significance is shown. (B) The expression levels of NLRP1, DPP9, pro-IL-13, and B-actin were
determined via immunoblotting, probing for NLRP1 (top), DPP9 (middle up), pro-IL-13 (middle down) and f3-
actin (bottom). One representative immunoblot of three independent experiments is shown. (C) A normalised
quantification of pro-IL-1B levels detected by immunoblotting (B) from three independent experiments is
summarised as mean + SEM.

Collectively, VbP stimulation of DPP8/9 dKO N/TERT-1 keratinocytes led to a
significant increase in IL-1 release compared to wild-type cells. This suggests that
the pool knockout of DPP8 and 9 renders the wild-type or heterozygous cells more
susceptible to VbP-induced pyroptosis. The slightly elevated levels of pro-IL-183 in
these cells are an indication that priming of these cells can occur.

80



5 Discussion

Every day, bacteria and viruses invade the human body, challenging the immune
system. Therefore, ourimmune system requires precise regulation and rapid action
to protect against various threats (Murphy and Weaver, 2017). NLRP1 and CARDS8
are unique, structurally similar inflammasome sensors that undergo auto-
proteolytic cleavage (Taabazuing et al., 2020). Under steady-state conditions, the
auto-processed non-covalently linked fragments of NLRP1/CARDS8 are bound and
inhibited by dipeptidyl-peptidases 8 and 9 (DPP8/9). While various studies have
demonstrated that disrupting this inhibition induces inflammasome activation in
vitro, the impact of DPP8/9 on inflammasome regulation in vivo is not fully

understood.

5.1 Role of DPP9 in regulating inflammasome activation
in vivo

Two recent studies, including our study, provided insights into the role of DPP9 in
inflammasome regulation in patients (Harapas et al., 2022; Wolf et al., 2023). In
our study, the molecular basis of a de novo mutation in DPP9, a substitution of
arginine (Arg, R) to proline (Pro, P) at position 252 (R252P), was elucidated. To
this end, the role of the R252P mutation on the stability of DPP9 was assessed by
investigating R252P in the crystal structure of DPP9 and performing inflammasome
activation assays with overexpression of either wild-type or mutant DPP9. To
further investigate the impact of the DPP9 mutant in physiological models, we
employed different human cell lines, including N/TERT-1 keratinocytes and THP-1
cells. Therefore, we expressed heterologous constructs of wild-type or mutant
DPP9 using lentiviral transduction. Subsequently, VbP-induced inflammasome
activation was examined in these cells. To study inflammasome activation caused
by DPP9 deficiency, CRISPR/Cas9 genome editing was used in N/TERT-1

keratinocytes.
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Overall, the study revealed the functional basis for the de novo DPP9 R252P
mutation, providing insight into the role of DPP9 in regulating inflammasome

activation in vivo.

5.1.1 DPP9 R252P mutation impairs protein stability

Analysing the patient's DPP9 R252P mutation revealed high conservation of
arginine at position 252 (R252) across different species using multiple species
alignment, indicating that this residue is important for the function or structure of
DPP9. Looking at the crystal structures of DPP9 (PDB ID: 6EOQ, 6EOR, 6QZV,
7A3F), R252 is located in a hydrophobic pocket in the core of the protein near the
active site and establishes polar contacts with structurally close amino acid
residues (Figure 14, Figure 15). Compared to the wild-type arginine, the substituted
proline is uncharged and forms a distinctive cyclic structure, which disrupts
secondary structure elements, such as a-helices and B-sheets (Morgan and
Rubenstein, 2013). Transient and transgenic overexpression of DPP9 constructs
in several cell lines, including HEK293T, THP-1 and N/TERT-1, revealed a
significantly lower abundance of the mutant DPP9 protein compared to the wild-
type protein (Figure 18, Figure 23, Figure 25). This indicates that the proline
mutation impairs the stability of DPP9 not only in an overexpression system in
HEK293T cells but also in cell lines with functional NLRP1 or CARDS8
inflammasome signalling. These data are in line with the analysis of patient-derived
induced pluripotent stem cells (iPSCs) of our patient, which also showed
decreased DPP9 levels (Wolf et al., 2023), confirming that the R252P mutation in
DPP9 impairs the DPP9 protein stability. To better understand the impact of the
DPP9 mutation on protein stability, the wild-type and mutant DPP9 proteins could
be purified. For the characterisation of the protein stability, the recombinant
proteins could be used to evaluate how they respond to stress factors such as
temperature and agitation and to observe changes in their structure and behaviour.
Techniques such as differential scanning calorimetry (DSC) assess thermal
stability, while dynamic light scattering (DLS) and size exclusion chromatography

(SEC) track aggregation of the protein.
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5.1.2 DPP9 R252P mutation results in inflammasome activation
in a dominant-negative manner

In addition to decreased DPP9 levels, the patient presented elevated serum levels
of pro-inflammatory cytokines, including IL-1B and IL-18, as well as markedly
elevated LDH levels (Wolf et al., 2023). LDH in serum is a hallmark of cell damage,
which is often, but not invariably, a component of inflammatory processes, it is
released into the bloodstream when cells are damaged or destroyed. IL-1p,
however, plays a central role in inflammation and is often used as a specific marker
for inflammatory conditions; importantly, both LDH and IL-13 are consequences of
inflammasome activation. Given that DPP9 is a critical negative regulator of NLRP1
and CARDS8 (Taabazuing et al.,, 2020), we hypothesised that the severe
inflammatory phenotype of the patient is caused by inflammasome activation
resulting from impaired DPP9 stability. /n vitro inflammasome activation assays
revealed that the DPP9 mutant indeed lacks the capability to inhibit NLRP1 and
CARDS8 inflammasome activation measured by ASC speck formation as well as
LDH and IL-1pB release (Figure 19, Figure 21, Figure 22). In accordance with our
data, a recent study described four patients with loss-of-function mutations in DPP9
exhibiting immune-associated defects and dermatological anomalies due to
aberrant NLRP1 inflammasome activation (Harapas et al., 2022). The patients in
this study have biallelic loss-of-function mutations in DPP9, while their parents are
healthy heterozygous carriers (Harapas et al., 2022). In contrast, our patient
carried a de novo heterozygous DPP9 mutation (WT/R252P) that is not present in
either parent (Figure 13) (Wolf et al., 2023) and leads to severe hyperinflammation
in the patient. This led to the hypothesis that the heterozygous R252P mutation
functions in a dominant-negative manner, interfering with the function of the wild-
type protein, even when present in heterozygous individuals. Stimulation of
transgenic N/TERT-1 keratinocytes and THP-1 cells with VbP revealed significantly
increased IL-1p release and cell death for cells expressing mutant DPP9 compared
to GFP-expressing control cells (Figure 23, C and D; Figure 25, C and D). Notably,
heterologous expression of wild-type DPP9 showed a slight decrease in IL-13
release, suggesting that increased levels of DPP9 protect the cells from NLRP1
and CARDS8 inflammasome activation at low concentrations of VbP (Figure 23C,

Figure 25C). Live cell microscopy of transgenic N/TERT-1 keratinocytes revealed
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the characteristic cell swelling known as “ballooning” upon VbP stimulation, which
is indicative of pyroptosis (Figure 24). Collectively, our data indicate that the
heterozygous patient mutation impairs DPP9 protein stability and functions in a
dominant-negative manner on endogenous DPP9, causing the severe

autoinflammation observed in the patient.

5.1.3 Patient mutation induces CARDS8 inflammasome activation

As a dominant-negative mutation exerts a detrimental effect on the function of the
protein, leading to a similar phenotype in cells as loss-of-function mutations, we
used CRISPR/Cas9 to analyse DPP9 deficiency. Deletion of DPP9 in N/TERT-1
keratinocytes showed that DPP9 knockout cells are viable and functional (Figure
27C). In addition to DPP9, many cells express the DPP9 homologue DPP8, which
shares 79 % similarity and has a comparable in vitro substrate specificity (Bjelke
et al., 2006; H.-J. Lee et al., 2006). While deletion of DPP8 alone resulted in viable
and functional cells such as the DPP9 deficient N/TERT-1 keratinocytes, DPP8/9
double knockout cells are impaired and showed increased IL-1B release in
unstimulated conditions (Figure 27C, Figure 28A). These data indicate that DPP8
can rescue DPP9 deficiency in immortalised keratinocytes, preventing
inflammasome activation. The redundancy of DPP8 and DPP9 in N/TERT-1
keratinocytes is consistent with previous findings. Zhong et al. demonstrated
elevated IL-18 levels following the knockdown of DPP8 and DPP9 in immortalised
keratinocytes (Zhong et al., 2018). DPP8-dependent rescue of patients with loss-
of-function mutations in DPP9 could explain the milder skin manifestations that
were observed in these patients (Harapas et al., 2022). In contrast, Linder et al.
demonstrated in a genetic drop-out approach that DPP9 alone restrains CARD8
activation in T-cells, indicating that DPP8 does not rescue DPP9 deficiency in
lymphocytes (Linder et al., 2020). This could lead to inflammation in the body due
to accelerated inflammasome activation. In line with this, our patient exhibited
severe signals of autoinflammation that were detected throughout the body,
characterised by reduced levels of lymphocytes, including T- and B-cells, as well
as significantly decreased numbers of neutrophils. Additionally, the patient had

strongly elevated serum levels of LDH and pro-inflammatory cytokines (Wolf et al.,
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2023). Compared to CARDS8, NLRP1 inflammasome activation has been
demonstrated in epithelial barrier cells (Griswold et al., 2022; Robinson et al., 2020;
Zhong et al., 2016). Germline NLRP1 mutations have been described to result in
skin lesions and skin cancer caused by NLRP1 inflammasome activation in
patients (Zhong et al., 2016). Several gain-of-function mutations in NLRP1 have
been previously shown to cause autoinflammation in patients, as described in
Chapter 1.4.4 and Figure 11, highlighting a tissue-specific role of NLRP1. However,
our patient did not exhibit skin abnormalities, which often develop early in life, often
starting in infancy or childhood. To my best knowledge, no gain-of-function
mutations of CARD8 have been described in patients yet. However, the severe
phenotype in our patient would indicate a high risk for systemic inflammation upon
unleashed CARDS activation.

Of note, no variants were identified in other genes that are known to cause
autoinflammation in the patient (Wolf et al., 2023). However, it is possible that
variants in genes not yet linked to autoinflammation may contribute to the disease
phenotype. In addition to restraining CARD8 and NLRP1 inflammasome activation,
DPP9 is involved in various cellular processes, such as mitochondrial homeostasis
and DNA repair, through its enzymatic peptidase activity. Studies using gene
knock-in mice demonstrated that DPP9 activity is crucial for neonatal survival (Gall
et al., 2013; Kim et al., 2017). Another study demonstrated that this neonatal
lethality can largely be rescued by additional deletion of NLRP1 (Harapas et al.,
2022). This indicates that NLRP1 inhibition is a major physiological role of DPP9,

and that the loss of DPP9 function largely affects inflammasome activation.

Taken together, based on the absence of skin abnormalities and the presence of
systemic autoinflammation, the patient's inflammasome activation is rather due to
CARDS8 than NLRP1 inflammasome activation. The high levels of LDH release in
the patient could be the result of CARD8-mediated T-cell pyroptosis, which was
shown to be dependent on DPP9 but independent of DPP8 activity. Thus, in these
cells, DPP9 is crucial for inflammasome inhibition and diminished DPP9 expression
is severe, as seen in the patient. Unfortunately, these are only assumptions based

on the clinical phenotype of the patient, as more patient material was not available
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for functional studies to decipher whether CARD8 or NLRP1 is the inflammasome

sensor causing this severe autoinflammation.

5.1.4 DPP9 R252P mutation may interfere with NLRP1 binding

Inhibition of NLRP1 and CARDS8 by DPP9 was shown to be dependent on both
FIIND domain binding and DPP9 peptidase activity (Zhong et al., 2018). In their
study, Zhong et al. demonstrated that an autoinflammation-causing NLRP1
mutation (P1214R) abrogates the binding to DPP9, resulting in inflammasome
hyperactivation in the patient. To investigate whether the R252P mutation could
impair the binding of NLRP1 and CARDS8 to DPP9, structural models of the ternary
complexes (described in Chapter 1.4.1 and Figure 6) were used. In brief, three
interfaces mediate the ternary complex formation: (I) ZU5A-DPP9, (I1) UPAB-DPP9,
and one of which does not involve DPP9: (I11) UPAA-UPAB. For CARDS, the two
interfaces that bind DPP9 (I and II) are all located on one side of DPP9, spatially
distant from the DPP9 R252P mutation (Figure 29A). Like CARDS8, the two
interfaces of NLRP1 binding to DPP9 are located on the same side of DPP9 (Figure
29B). However, NLRP1 has an extended N-terminus of UPAB, which is inserted
into the active site of DPP9 (Figure 29C) (Hollingsworth et al., 2021; Huang et al.,
2021). The active site of DPP9, including the catalytically active serine at position
730 (S730), is structurally neighbouring the R252P mutation (shown in the
magenta sphere representation). Hence, the R252P mutation does not interfere
with interfaces I and 11 for CARDS8 and interface 1 for NLRP1 (Figure 29A). But for
NLRP1, the R252P mutation could interfere with interface 11 due to its extended N-
terminus of NLRP1 UPAB into the active site of DPP9 (Figure 29, B and C). To
elucidate the impact of the mutation on the specific protein interactions of DPP9
with CARDS8 or NLRP1, purified protein could be employed in in vitro assays to
assess their binding capacities. However, the DPP9 R252P mutant is located next
to the active site for both NLRP1 and CARDS. As described, this mutation leads to
the instability of the DPP9 protein, which is most upstream in the signalling
cascade. If the protein is not folded properly or destabilised and subsequently gets

degraded, it is unable to form a ternary complex with NLRP1 or CARDS, resulting
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in inflammasome activation. In conclusion, the activation of the inflammasome is
due to instability rather than impaired direct binding of DPP9 to CARDS8 or NLRP1.

A CARDS NLRP1

Figure 29: Ternary complexes of CARD8 and NLRP1 with DPP9. Cartoon representation of the CryoEM
structures of the ternary complexes with highlighted R252P mutation in magenta sphere representation. (A)
CARD8-DPP9 ternary complex (PDB ID: 7JKQ). (B) NLRP1-DPP9 ternary complex (PDB ID: 6X6A). (C)
Insertion of the extended N-terminus of NLRP1 UPAB into the DPP9 active site with S730 highlighted in red
stick representation (PDB ID: 6X6A).

5.1.5 DPP9 loss-of-function mutations are intolerated

Investigation into genetic variations of DPP9 based on the Genome Aggregation
Database (gnomAD) revealed no individual with damaging homozygous rare
variants and only one individual with two damaging heterozygous rare variants
(gnomAD, Broad Institute). This suggests that DPP9 is highly intolerant to loss-of-
function or damaging mutations. Therefore, damaging variants of DPP9, such as
loss-of-function variants, would likely have a severe biological effect (Karczewski
et al., 2020). This underscores the importance of functional DPP9 in humans and
explains the severe biological phenotype of previously described patients having

biallelic loss-of-function mutations in DPP9 (Harapas et al., 2022).

Collectively, rare variants that cause loss-of-function or instability of the DPP9
protein are detrimental to cells and likely result in a severe phenotype in patients,

as evidenced by our patient (Wolf et al., 2023).
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5.1.6 Minimal amounts of DPP8/9 are sufficient for DPP8/9
inhibition

As described, the secretion of the pro-inflammatory cytokine IL-13 is a major
component of inflammasome-induced pyroptosis (Okondo et al., 2017; Taabazuing
et al., 2020). Interestingly, stimulation of DPP8/9 dKO keratinocytes with low
concentrations of VbP resulted in an increase in IL-1B release compared to wild-
type cells (Figure 28A). It would be intuitive to assume that the functionality of VbP
would be compromised in cells lacking DPP8/9. However, the data can be
explained by residual levels of DPP8 or 9 present in these cells (Figure 27, A and
B). Consequently, even minimal levels of DPP8/9 are sufficient to maintain DPP8/9
inhibition, which triggers VbP-induced inflammasome activation. This is due to the
generation of these cells by pool knockout of DPP8 and DPP9 in a single step
without single-cell knockout selection. This resulted in efficient but not complete
knockout of both targets in each cell, leading to remaining wild-type or
heterozygous cells. In line with this, Zhong et al. failed to generate viable clones of
DPP8/9 double knockout keratinocytes using CRISPR/Cas9 (Zhong et al., 2018).
This observation highlights the difference between two CRISPR/Cas9 knockout
generation approaches: pool knockouts and single-cell clones. While pool
knockouts allow fast and efficient knockout generation of large numbers of
knockouts, the generation of single-cell clones takes longer but results in a

homogeneous population with lethal knockout cell death.

Increased IL-1[ release for VbP-induced pyroptosis in the DPP8/9 dKO N/TERT-1
keratinocytes may additionally arise from IL-13 priming of the remaining wild-type
or heterozygous cells. Immunoblotting of cell lysates for pro-IL-13 indeed revealed
slightly elevated levels of pro-IL-18 in DPP8/9 dKO cells (Figure 28, B and C),
indicating that pyroptosis-driven IL-1B release could create a positive feedback
loop. IL-1B is an important mediator of immune responses, triggering the activation
of several signalling pathways in cells, including NF-kB signalling, which induce the
expression of IL-1 targets, such as IL-1B itself (Weber et al.,, 2010). Positive
feedback loops for IL-13 amplify the IL-1B response in cells through paracrine and
autocrine signalling (Gaestel et al., 2009). This phenomenon has been observed

in several cell types, such as human mononuclear cells (Dinarello et al., 1987).
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Taken together, further experiments must be done to examine whether an IL-1f3
feedback loop is the reason for the elevated IL-1( levels in DPP8/9 dKO N/TERT-
1 keratinocytes. These could include blocking or knocking out the IL-1R1 receptor

and subsequently tests in co-culture experiments.

Taken together, VbP-induced increased IL-13 release in DPP8/9 dKO N/TERT-1
keratinocytes indicates that minimal amounts of DPP8 or DPP9 are sufficient in

these cells to maintain DPP8/9 inhibition.

5.2 Physiological role of DPP8/9 and NLRP1/CARD8
interaction

An important physiological role of DPP8/9 is regulating NLRP1 and CARDS8
inflammasome activity by DPP8/9-NLRP1/CARD8 complex formation, which is the
most proximal mode of activation of these inflammasomes. While this is not fully
understood yet, inhibition of the NLRP1/CARD8 inflammasome activation likely

evolved as a surveillance mechanism to fine-tune the immune response.

One physiological role of DPP8/9 inhibition could be continuously monitoring the
cellular homeostasis, having an anti-microbial function. While it has been known
for several years that destabilisation of the DPP8/9-NLRP1/CARD8 complex
activates the NLRP1/CARDS8 inflammasome, the physiological triggers are not yet
known. Interestingly, it was shown that complex formation alone is not sufficient to
inhibit NLRP1/CARDS8 inflammasome activation, but also the protease activity of
DPP9 is required (Andrew R. Griswold et al., 2019; Huang et al., 2021). This raises
the question of whether DPP9 substrates may play a role in DPP8/9 inhibition,
either directly by interfering with DPP8/9-NLRP1/CARD8 complex formation or
indirectly by causing perturbations in cellular homeostasis. Cellular perturbations
due to peptide accumulation and protein folding stress induced by aminopeptidase
inhibitors have been linked to the binding of these peptides to DPP8/9, triggering
NLRP1/CARDS8 inflammasome activation (Orth-He et al., 2023; Rao et al., 2022).
Revealing substrates of DPP8/9 could provide more insights into how disruptions

of cellular homeostasis activate NLRP1 and CARDS8. This supports the possibility
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that any deviation from normal activity, such as inhibition of DPP8/9 by pathogenic
or host-derived factors, could trigger an immune response mediated by activation
of the NLRP1 or CARDS8 inflammasome. Consistent with this idea, the ability of
NLRs to detect cellular perturbation may reflect an ancient mechanism for sensing
infection in animals, similar to the guard mechanism in the plant immune response
(van Wersch et al., 2020). This surveillance mechanism would enable the immune
system to rapidly detect and respond to cellular perturbations caused by external
threats or internal dysregulation and to modulate the intensity of the immune
response accordingly. One could speculate that this indirect sensing of cellular
perturbation could be similar to the sensing of modifications in the RhoA GTPase

signalling pathway by the pyrin inflammasome.

In line with finely modulating the immune response, inhibition of NLRP1/CARDS by
DPP8/9 protects from excessive inflammation. As described in the literature,
uncontrolled inflammasome activation can lead to chronic inflammation associated
with various pathological conditions, including autoimmune diseases and cancer.
Germline gain-of-function mutations in NLRP1 have previously been reported to
cause skin inflammatory syndromes and increased susceptibility to skin cancer
(Zhong et al., 2016), demonstrating the severity of uncontrolled NLRP1
inflammasome activation. By regulating NLRP1, DPP8/9 help to prevent excessive
immune reaction in the body. While there are no published loss-of-function
mutations in DPP8, DPP9 deficiency has recently been described to cause
immune-associated defects and skin manifestations linked to NLRP1 and CARDS8
inflammasome activation (Harapas et al., 2022; Wolf et al., 2023). Moreover, DPP9
was shown to be crucial for the neonatal survival of mice partly due to unleashed
NLRP1 inflammasome activation (Harapas et al.,, 2022; Kim et al., 2017),
demonstrating a species-overlapping regulatory mechanism of DPP9 regulating
NLRP1 and CARDS8. This indicates that DPP8/9 maintain tissue homeostasis by
finely modulating the balance of immune responses and preventing chronic

inflammation associated with auto-immune diseases.

Additionally, inhibition of NLRP1/CARD8 by DPP8/9 may confer an evolutionary
advantage. In the ongoing race between pathogens and host immune defences,

organisms that can effectively fight infections while maintaining a precise and
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controlled immune response are at an advantage. Therefore, evolutionary
pressures likely led to the development of regulatory mechanisms, such as the
inhibition of NLRP1 and CARDS8 by DPP8/9. This prevents the negative effects of
chronic inflammation and could provide the ability to modulate the immune system

to adapt to different environments and different pathogens.

Taken together, the physiological function of DPP8/9 in regulating NLRP1/CARD8
inflammasome activation is likely to fine-tune the immune response and act as a
surveillance mechanism for cellular perturbations. The formation of the DPP8/9-
NLRP1/CARD8 complex enables a precise and controlled immune response by
monitoring cellular homeostasis and preventing excessive inflammation. By
maintaining tissue homeostasis, DPP8 and DPP9 avoid tissue damage, thereby

protecting against inflammatory diseases.

5.3 NLRP1 and CARD8 — Why both?

NLRP1 and CARDS8 are both crucial inflammasome sensors that play important
roles in innate immune defence. Both are kept in check by DPP8/9 and initiate an
inflammatory response upon DPP9 inhibition, raising the question of why both

sensors are present in the human immune system.

Having redundancy in the immune system is a common strategy to ensure a
successful defence against invading pathogens and cellular stress signals. Indeed,
both proteins are activated by DPP8/9 inhibition, indicating the redundancy of these
sensors. Nevertheless, it has been demonstrated that these sensors exhibit distinct
expression patterns and functionalities in different tissues. NLRP1 activation has
been demonstrated to occur predominantly in epithelial barriers, such as
keratinocytes (Drutman et al., 2019; Zhong et al., 2018). In contrast, the CARDS8
inflammasome is activated in bone marrow-derived cells, such as T lymphocytes
(Johnson et al., 2020; Linder et al., 2020). If both were solely responsible for
detecting activity in DPP8/9, natural selection might have resulted in NLRP1
becoming smaller with fewer regulatory domains, like the inflammasome sensor

CARDS8. From an evolutionary perspective, natural selection often favours
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simplicity and energy efficiency. For example, the expression of a smaller protein,
such as CARDS, would consume less energy than the much longer NLRP1 protein.
However, natural selection is not limited to energy efficiency but is governed by a
balance between many factors, including environmental pressures, functional
complexity, and adaptability. In numerous biological processes, complexity is
essential for enabling a tightly controlled response to a diverse range of pathogens.
As NLRP1 contains an additional NLR portion at its N-terminus, it is capable of
detecting a wider range of threats. For instance, NLRP1 is able to recognise long
dsRNA, which is generated as an intermediate during the replication of dsRNA
viruses. Additionally, complex proteins may be more adaptable to evolutionary
changes due to their increased capacity to undergo mutations in specific domains,
thereby enabling them to evolve new capacities. Indeed, the linker region of
primate NLRP1 indicates a strong pathogen-induced selective pressure during

evolution (Chavarria-Smith et al., 2016).

Taken together, the unique tissue-specific differences between CARD8 and NLRP1
suggest that the activation of the NLRP1 and CARDS8 sensors is not redundant. In
addition, the capacity of NLRP1 to respond to a broader array of potential threats
highlights that the presence of both infammasome sensors is beneficial for
humans and that the two play a vital role in a tailored and effective immune

response.

5.4 Dipeptidyl-peptidase (DPP) inhibitors

Over the years, inhibitors for dipeptidyl peptidases have been extensively studied.
Initially, the majority of research was done on DPP4, utilising its DPP8 and DPP9
homologues as controls for DPP4 selectivity (Edmondson et al., 2004; Lankas et
al., 2005). While recent research has concentrated on the identification of selective
DPP8/9 inhibitors, this is challenging due to the high homology of DPP8/9,

especially in their active sites (Bjelke et al., 2006).
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5.4.1 Selective DPP8/9 inhibitors

Currently known inhibitors for DPP8/9 include Vildagliptin, Val-boroPro/Talabostat,
and 1G244 (Figure 30). Whereas Vildagliptin and Talabostat are non-selective
dipeptidyl peptidase (DPP) inhibitors and suppress other DPPs in addition to DPP8
and DPP9, 1G244 selectively inhibits DPP8 and DPP9 (Zolg et al., 2024). More
research has focused on the development of selective inhibitors for differentiating
between DPP8 and DPP9. Recent work using activity-based protein profiling
(ABPP) has shown promising data on 4-oxo-B-lactams, having a higher specificity
(4x to >21x depending on the 4-oxo-B-lactam derivative) for DPP8 than DPP9
(Figure 30) (Carvalho et al., 2022). The differential specificity of these compounds
is proposed to be due to the strict ligand binding mode of DPP9 and the high
structural instability of DPP8 upon ligand binding compared to DPP9. Three
promising compounds (Compd. 6/9/12) were shown to trigger IL-1[3 release as well
as pyroptosis in murine bone marrow-derived dendritic cells (Carvalho et al., 2022).
Additionally, a DPP9 selective inhibitor was derived from Vildagliptin, having a
higher selectivity (176x) for DPP9 than DPP8 (Figure 30) (Benramdane et al.,
2023).

DPP9 sensitive DPP8 sensitive
Inhibitor | Vildagliptin Compd. 42 1G244 Talabostat Compd. 6 Compd.9  Compd. 12
: 4-oxo-B-lactam
derivates
Structure o .
L
I
L - . M, R= v N e
Sensitivity| ¢ g 176.4 3.8 2.75 7.0 4.2 >21
Index (SI) : : : : : :

Figure 30: Relevant DPP8/9 inhibitors and compounds. The structures of the inhibitors and compounds
(Compd.) are depicted (drawn with molview.com). The sensitivity index (SI) for DPP9-sensitive inhibitors and
DPP8-sensitive inhibitors was calculated as the ratio ICs0o(DPP8)/ICs0(DPP9) or and ICso(DPP9)/ICs0(DPP8),
respectively (similar for KI" values). ICso values and inhibitor constants KI* were obtained from the literature
(shown in Appendix).

Although more selective DPP8/9 inhibitors may be beneficial for the differentiation
of independent functions of DPP8 and DPP9, the potential for their therapeutic

usage remains uncertain.
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5.4.2 Prospects for therapeutic applications

DPP9 plays an important role in biological processes, and its dysregulation is
linked to pathophysiological conditions such as cancer and inflammasomopathy.
Several cancer studies showed a correlation between high levels of DPP9 and a
poor prognosis for the patients (Chang et al., 2023; Saso et al., 2020; Tang et al.,
2017). The success of DPP4 inhibitors in treating type Il diabetes mellitus (Lambeir
et al., 2008) has raised interest in targeting related enzymes like DPP9 to treat
diseases with DPP8/9 dysregulation, such as haematological tumours. Indeed,
inhibition of DPP8/9 in cancer cells has demonstrated promising results, including
reduced cell viability and proliferation in breast cancer cell lines using 1G244 (Sato
et al., 2019) and the selective induction of pyroptosis in AML cells using Talabostat
(Johnson et al., 2018). However, recent studies on the regulation of
NLRP1/CARDS8 inflammasome activation by DPP8/9 demonstrated that resting T
lymphocytes undergo pyroptosis upon the inhibition of DPP9 (Johnson et al., 2020;
Linder et al., 2020), which would be a detrimental side effect for therapy. In addition,
other studies demonstrated that global inactivation of the enzymatic activity of
DPP9 leads to neonatal lethality in mice (Gall et al., 2013; Harapas et al., 2022;
Kim et al.,, 2017), which highlights the importance of functional DPP9 in cells.
Although Talabostat (VbP) was in phase 2 clinical trials for several cancer cell types
(Advanced Melanoma: NCT00083239, NCT00083252; Advanced Non-Small Cell
Lung Cancer: NCT00080080), data on these studies and on long-term applications
of DPP8/9 inhibitors are currently lacking. Therefore, while DPP9 possibly provides
new treatment options for certain types of cancer, continued research is necessary
to underscore the advantages of developing a safe and efficient inhibitor for clinical

use.

5.5 Our work in the context of recent publications
Recently, Harapas and colleagues published a story on a similar topic (Harapas et

al., 2022). Even though they also described DPP9 mutations causing uncontrolled

inflammasome activation, there are differences between both studies (Harapas et
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al., 2022; Wolf et al., 2023). Whereas the clinical phenotypes of the patients are
similar in displaying pancytopenia and immune-associated defects, the patients
described in the study of Harapas et al. exhibited skin manifestations, whereas the
patient described in our study displayed a systemic hyperinflammation without skin
involvement (Wolf et al., 2023). Genetic analysis revealed germline mutations in
DPP9 in all patients. Harapas et al. describe biallelic loss-of-function mutations
with parents being heterozygous mutation carriers. In contrast, our patient
presented a heterozygous de novo mutation, not present in either of the parents.
This de novo mutation is heterozygous and functions in a dominant-negative
manner on inflammasome activation. Whereas the clinical phenotype for the four
patients of the other study can be explained by unleashed NLRP1 inflammasome
activation due to the loss of DPP9, the severe inflammation in our patient is likely
caused by uncontrolled CARDS8 inflammasome activity due to impaired DPP9

stability.

Overall, both studies provide more insights into the regulatory role of DPP9 in vivo
in inflammasome activation. Each of the studies clearly demonstrates that DPP9 is

a crucial negative regulator of NLRP1 and CARDS8 inflammasome activation.

5.6 Limitations of this study

Using functional assays in cell lines, we demonstrated that the DPP9 R252P
mutation impairs the DPP9 protein stability, causing severe inflammasome
activation. These results mostly explain the clinical phenotype of the patient,

shedding light on the regulatory role of DPP9 in vivo.

This study describes only one patient with a de novo mutation in DPP9 that is not
present in their parents or any other unrelated individuals (Wolf et al., 2023).
However, the biochemical and cellular assays align with the clinical phenotype of
the patient. Furthermore, the functional data clearly demonstrates that impaired
DPP9 stability as a result of the R252P mutation leads to inflammasome activation.
This study does not include in vivo data; however, a recent study from Harapas

and colleagues showed in vivo data using knock-in mice with catalytically inactive
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DPP9. They demonstrated in vivo that DPP9 is essential for mouse survival
rescued by the deletion of NLRP1 or its downstream inflammasome components
ASC, GSDMD, and IL1R (Harapas et al., 2022).

DPP9 suppresses both closely related inflammasome sensors, NLRP1 and
CARDS8 (Taabazuing et al., 2020). Based on the clinical phenotype of the patient,
we proposed that unleashed CARDS8 inflammasome activity may have caused
pyroptotic T cell death, as CARDS8 pyroptosis was shown to induce T cell death and
LDH release (Johnson et al., 2020; Linder et al., 2020). Due to the lack of patient
cells for functional assays, no functional assays could be performed with primary

material, deciphering CARD8 and NLRP1 inflammasome activation.

Apart from restraining NLRP1 and CARDS8 inflammasome activation, human DPP9
is involved in various cellular processes, such as DNA repair and mitochondrial
homeostasis, through its enzymatic activity. Although these were not studied in this
research, and the patient's phenotype did not match any of them, we cannot

entirely exclude the involvement of other DPP9 substrates.

Overall, the functional data clearly demonstrate inflammasome activation caused

by DPP9 instability, which fits the phenotype of the patient.
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6 Summary

DPP9 is a significant dipeptidyl peptidase in the body, involved in several biological
pathways ranging from DNA repair to mitochondrial homeostasis. One of its crucial
functions is the negative regulation of NLRP1 and CARDS8 inflammasome
activation. Inflammasome activation is a crucial process in the innate immune
response, coordinating the maturation and release of the pro-inflammatory
cytokines IL-1B3 and IL-18. The role of DPP9 in regulating inflammasome activation
has been demonstrated in several studies in vitro, using small molecule inhibitors,
such as Val-boroPro in cell lines. Recently, the crystal structure of DPP9 with
NLRP1 and CARD8 was solved, showing a ternary complex formation and
providing insights into inflammasome activation upon inhibition of DPP9. However,

its regulatory role in inflammasome activation in vivo is not yet fully understood.

In this study, we set out to investigate the molecular basis of a de novo mutation in
DPP9 that was found in a patient exhibiting severe infancy-onset hyper-
inflammation (Wolf et al., 2023). Multiple species alignment and structural analysis
unveiled that the R252P/R281P mutation is located in a highly conserved region in
the core of the protein. Overexpression of mutant DPP9 in different cell lines then
revealed that the R252P/R281P mutation impairs the stability of the DPP9 protein.
Using functional inflammasome assays, we demonstrated that destabilisation of
DPP9 results in unleashed NLRP1 and CARDS8 inflammasome activation with
concomitant pyroptosis measured by LDH and IL-18 release. In comparison to a
recent study describing patients with biallelic loss-of-function mutations in DPP9
with parents being healthy heterozygous mutation carriers, our patient harboured
a heterozygous mutation in DPP9. Investigating the hypothesis that the mutation
acts in a dominant-negative manner, we expressed transgenes in human cell lines.
This revealed that the DPP9 mutation indeed exerts a dominant-negative effect on
endogenous DPP9. Based on the clinical phenotype of the patient, we proposed
that the DPP9 mutant resulted in unleashed CARDS8 rather than NLRP1

inflammasome activity.
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8 List of abbreviations

AAA+ ATPases associated with various cellular activities

ABPP Activity-based protein profiling

ADAR1 Adenosine deaminase acting on RNA 1

AIADK Autoinflammation with arthritis and dyskeratosis

AIM2 Absent in melanoma 2

ALR AIM2-like receptor

AML Acute myeloid leukaemia

APC Antigen presenting cell

AP-1 Activator protein-1

ASC Apoptosis-associated speck-like protein containing a caspase
recruitment domain (CARD)

ATP Adenosine triphosphate

BIR Baculovirus inhibitor of apoptosis repeat

CAPS Cryopyrin-associated periodic syndromes

CARD Caspase recruitment domain

CARDINAL CARD inhibitor of NF-kB-activating ligands

CCR2 CC chemokine receptor 2

cGAS Nucleotidyltransferase cyclic GMP-AMP synthase

CITA Class Il major histocompatibility complex transactivator

cGAMP Cyclic GMP-AMP

CLR C-type lectin receptor

CNVs Copy number variations

CRD Carbohydrate recognition domain

CRP C-reactive protein

C3 Third complement component

DAI DNA-dependent activator of IFN regulatory factors

DAMP Damage-associated molecular pattern

DPP8/9 Dipeptidyl peptidases 8 and 9
dsRNA Double-stranded RNA

DT Diphtheria toxin

ETI Effector-triggered immunity

ExoA Exotoxin A

FAP Fibroblast activation protein

FKLC Familial keratosis lichenoides chronica
GFP Green fluorescent protein
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HA Hemagglutinin

HIN Hematopoietic interferon-inducible nuclear domain(s)
HIV-1 Human immunodeficiency virus

HMGB1 High mobility group box 1

IFI16 Interferon gamma-inducible protein 16

IKKe IkB kinase-¢

IL-1 Interleukin-1

indels Insertions/deletions

IRF Interferon regulatory factors

ISGs Interferon-stimulated genes

JRRP Juvenile-onset recurrent respiratory papillomatosis
LDH Lactate dehydrogenase

LF Lethal factor

LRR Leucine-rich repeat

MAC Membrane attack complex

MAVS Mitochondrial antiviral-signaling protein

MDP Muramyl dipeptide

MHC Major histocompatibility complex

MINCLE Macrophage inducible Ca2*-dependent lectin receptor
MSPC Multiple self-healing palmoplantar carcinoma
mtDNA Mitochondrial DNA

MyD88 Myeloid differentiation primary response protein 88
NAGK N-acetylglucosamine kinase

NAIP Neuronal apoptosis inhibitory protein

NAIPs NLR family apoptosis inhibitory proteins

NBD Nucleotide-binding domain

NBS-LRR  Nucleotide-binding sequence LRR

NEK7 NIMA-related kinase 7

NF-kB nuclear factor kappa light-chain enhancer of activated B cells
NINJ1 Ninjurin-1

NLR NOD-like receptors

NLRAs NLR family acidic transactivation domain-containing proteins
NLRBs NLR family BIR domain-containing proteins
NLRCs NLR family CARD containing proteins

NLRPs NLR family PYD containing proteins

NLS Nuclear localisation signal

NNRTIs Non-nucleoside reverse transcriptase inhibitors
NOD Nucleotide-binding oligomerisation domain
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NSCLC
nsSNPs

0SCC

PAMP
Pl
PIDD
PRR
PSSP
PTI
PYD
PYPAF

RFP
RIG

RLR
RNP

SIV-1
SNPs
SNVs
ssRNA
STAND

TBK1
TGN
TIR
TLR
TNF
TRIF
TRX-1
TUCAN
T3SS

UPA
ZBP1

ZU5
o)

Non-small cell lung cancer
Nonsynonymous SNPs

Oral squamous cell carcinoma

Pathogen-associated molecular pattern
Propidium iodide

p53-inducible protein with a death domain
Pattern-recognition receptor

Protein secondary structure prediction
Pattern-triggered immunity

Pyrin domain

PYRIN-containing APAF-1-like proteins

Red fluorescent protein

Retinoic acid-inducible gene

Retinoic acid-inducible gene (RIG)-I-like receptors
Ribonucleoprotein

Simian immunodeficiency virus 1

Single-Nucleotide Polymorphisms

Single nucleotide variants

Single-stranded RNA

Signal transduction ATPases with numerous domains

TANK-binding kinase 1

Trans-Golgi network

Toll/IL-1 receptor

Toll-like receptor

Tumor necrosis factor

TIR domain-containing adaptor-inducing IFN

Thioredoxin-1

Tumour-upregulated CARD-containing antagonist of caspase-9
Type-lll secretion system

Conserved in UNCS5, PIDD and Ankyrins

Z-DNA binding protein 1
Found in ZO-1 (zona occludens 1) and UNCS5 (uncoordinated protein
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10 Appendix

10.1 PolyPhen-2 report for the short isoform of DPP9

PolyPhen-2 report for Q86TI2 R252P

Query

Protein Acc  Position AA,

86T12 252

Results

|+| Prediction/Confidence

HumbDiv

[=] HumVar

Figure 31: In silico analysis of the DPP9 mutant (R252P). PolyPhen-2 report for the short isoform of DPP9

AA; Description

Canonical; RecName: Full=Dipeptidyl peptidase 9; Short=DP9; EC=3.4.14.5; AltName: Full=Dipeptidyl peptidase |V-related protein 2;

P Short=DPRP-Z; AltName: Full=Dipeptidyl peptidase |X; Short=DPP IX; AltName: Full=Dipeptidyl peptidase-like protein 9; Short=DPLP9;

Length: 863

r
0,88

This mutation is predicted to be

B.Idll B.IEB

1
.88

(Q86TI2; ENST00000593973.2).

T T
8.48 8.60

PolyPhen-2 v2.2.3r406

This mutation is predicted tobe  PROBABLY DAMAGING with a score of 0.999 (sensitivity: 0.14; specificity: 0.99)
T
0,80 1.8

PROBABLY DAMAGING with a score of 0.994 (sensitivity: 0.46; specificity: 0.96)

.88 1.0

10.2 ICs50 and KI™ values of relevant DPP8 and DPP9
inhibitors

The following IC50 and Kl values were obtained from the literature.

Table 16: ICso an Kl values of DPP8/9 inhibitors.

Inhibitor / ICs0 [M] ICs0 [UM] Sensitivity Reference
Compound DPP8 DPP9 Index (SI)
Vildagliptin 22+04 0.23 +0.08 9.6 (Benramdane
(DPP8/DPP9) | etal., 2023)
Compd. 42 06+04 0.0034 + 0.0006 | 176.4 (Benramdane
(DPP8/DPP9) | etal., 2023)
G1244 0.014 0.053 3.8 (Benramdane
(DPP9/DPP8) | etal., 2023)
Talabostat 0.004 0.011 2.75 Selleckchem
(DPP9/DPPS8)
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Compound KI" [nM] Kl [nM] Sensitivity Reference
DPP8 DPP9 Index (SI)

Compd. 6 26.3+2.6 184 + 38.4 7.0 (Carvalho et
al., 2022)

Compd. 9 27+0.6 11.4+35 4.2 (Carvalho et
al., 2022)

Compd. 12 95.0+15.5 >2000 >21 (Carvalho et
al., 2022)

10.3 Batch processing scripts for ImageJ

The following scripts were adopted from the ImagedJ forum for the best processing

of the images taken for this thesis.

Brightfield
/I Macro to quantify cells in brightfield images

run("Clear Results");
setBatchMode(true);
inputDirectory = getDirectory("Choose a Directory of Images");
fileList = getFileList(inputDirectory);
for (i = 0; i < fileList.length; i++)
{
processimage(fileList[i]);
}
updateResults();
setBatchMode(false);

outputFile = File.openDialog("Save results file");
saveAs("results",outputFile);

function processimage(imageFile)

{

/I store the number of results before executing the commands, so we can
add the filename just to the new results
prevNumResults = nResults;

open(imageFile);
setVoxelSize(0.7, 0.7, 1, "um");
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filename = getTitle();

run("Bandpass Filter...", "filter_large=40 filter_small=3 suppress=None
tolerance=5 autoscale saturate");

setAutoThreshold("IsoData");
run("Set Measurements...", "area mean perimeter shape limit
redirect=None decimal=4");

run("Analyze Particles...", "size=30-Infinity circularity=0.5-1.00 display
include");

for (row = prevNumResults; row < nResults; row++)

{
setResult("Filename", row, filename);
}
C|OS€("*");
}
PI* cells

/I Macro to quantify Pl positive cells in images

run("Clear Results");

setBatchMode(true);

inputDirectory = getDirectory("Choose a Directory of Images");
fileList = getFileList(inputDirectory);

for (i = 0; i < fileList.length; i++)
{

processlimage(fileList[i]);

}

updateResults();

setBatchMode(false);

outputFile = File.openDialog("Save results file");
saveAs("results",outputFile);

function processimage(imageFile)

{

prevNumResults = nResults;

open(imageFile);
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setVoxelSize(0.7, 0.7, 1, "um");
filename = getTitle();

setAutoThreshold("Moments dark");
run("Set Measurements...", "area mean perimeter shape limit
redirect=None decimal=4");

run("Analyze Particles...", "size=30-Infinity circularity=0-1.00 display");

for (row = prevNumResults; row < nResults; row++)

{

setResult("Filename", row, filename);
}
close("");
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