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Abstract

Autoinflammatory diseases (AlIDs) are rare pathologies caused by mutations in
genes associated with innate immune pathways. Investigating the underlying
molecular defects contributes to identification of targeted treatment strategies for
patients and steadily extends our knowledge of innate signalling pathways and
their regulation. Two different diseases were the focus of this thesis: COPA
syndrome and NLRC4-AID.

COPA syndrome is an autosomal dominantly inherited immune disorder, caused
by loss of function mutations in the coat protein complex | (COPI) subunit o
(COPA), which participates in retrograde vesicular trafficking of proteins from the
Golgi apparatus to the endoplasmic reticuum (ER) and within Golgi
compartments. Deficiency of COPA is associated with ER stress, NF-«B
activation and type | interferon (IFNaf) signalling, although the upstream innate

immune sensor that is responsible for this was unknown.

Using a range of biochemical and molecular biological techniques, we
established in vitro models that recapitulate unprovoked proinflammatory
signalling upon CRISPR/Cas9-mediated deletion of COPA and identify aberrant
activation of immune sensor STING, which was also dependent on upstream
cytosolic DNA sensor cyclic GMP-AMP-synthase (cGAS).

Further, we demonstrate that genetic deletion of other COPI subunits, COPG1
and COPD, similarly induces STING activation, which suggests that innate
immune diseases associated with mutations in other COPI subunit genes may

exist.

Finally in this chapter, we show that inflammation in COPA syndrome patient
PBMCs and COPI-deficient cell lines is ameliorated by treatment with the small
molecule STING inhibitor H-151, suggesting targeted inhibition of the cGAS-
STING pathway as a novel therapeutic approach to treat inflammation associated
with COPA syndrome and perhaps other COPI-deficiencies.
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In the second and third part of this thesis, we focussed on NLRC4-associated
AIDs, which are typically caused by autosomal dominant gain of function
mutations in NLR family CARD domain containing 4 (NLRC4) that drive

hyperactive inflammasome signalling.

Here, we report the first case of a patient with immune dysregulation carrying a
recessive mutation in NLRC4 (c.478G>A, p.A160T). Using historical clinical data,
serum cytokine analysis and in vitro stimulation of monocyte-derived
macrophages we suggest aberrant inflammasome signalling as underlying cause

of the inflammatory episodes experienced by the patient.

In vitro, we assessed the pathogenic potential of this mutation and demonstrate
ligand-induced increased ASC specking, pyroptosis and cytokine secretion by
NLRC4 A160T. Further, using meta-analysis association data we find that
heterozygous allele carriers in the general population are at increased risk of

developing ulcerative colitis (UC).

Results from subsequently performed structural and biophysical studies aiming
to elucidate the conformational changes associated with this mutation point
towards a mechanism of action that only affects NLRC4 A160T in the active
conformation. Furthermore, since residue A160 is conserved in mice and most
primate NLRC4 proteins, but T160 is encoded in the wildtype sequence of NLRC4
in ungulate and carnivore species, the evolutionary relationship between these
species is presented. Finally, we discuss potential mechanisms of actions by
which NLRC4 A160T may cause aberrant inflammasome activation and evaluate
residue T160 as a potential phosphorylation site.

Together, studies described in this thesis identify a direct target for therapeutic
intervention in immune diseases associated with defective COPI transport and
shape the current understanding of retrograde trafficking as negative regulatory
mechanism in STING signalling. Further, we provide in vitro evidence for the
pathogenic potential of the NLRC4 A160T mutation, which was previously
unrecognized and may represent a susceptibility locus for UC.
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1 Literature review

1.1 Innate Immunity

The immune system can be divided into an innate and adaptive arm, which act in
concert to fight pathogens and foreign substances. Conceptually, the innate
immune system mediates the first line immune response through recognition of
highly conserved motifs, which rapidly activates inflammatory pathways. Despite
the fast activation mode and the ability to kill invading pathogens directly via non-
specific strategies, some infections persist. Therefore, released cytokines,
antigen presentation mechanisms and cell-cell interactions trigger adaptive
immune system activation, the secondary and specific immune response
pathway. Adaptive immunity is mediated through lymphocytes (B, T cells) and
antibody responses, which rely on pathogen (antigen) identification upon first
exposure, cell expansion and receptor affinity maturation before mechanisms
become effective (~4-7 days later). Furthermore, after pathogen clearance,
immunological memory is mediated via this arm of the immune system, which
provides the basis for vaccine-mediated immunity to disease (Murphy 2017).
Whereas adaptive immunity has developed only in vertebrate species, innate
immunity to some extent is evolutionarily conserved in vertebrates, invertebrates
as well as plants (Alberts B 2002).

The players of the innate immune system in humans are protective barriers
(epithelial layers, mucus), the complement system and cellular components:
phagocytes (monocytes/macrophages, neutrophils), dendritic cells (DCs), mast
cells, basophils and eosinophils, which function to kill invading pathogens,
perform antigen presentation and produce cytokines and chemokines forimmune
cell recruitment and subsequent adaptive immune system activation (Alberts B
2002).

Microbial motifs recognized by innate immune sensors, so called pattern
recognition receptors (PRRs), are functionally important for pathogen survival,
fitness and virulence, and therefore evolutionarily conserved and referred to as

pathogen-associated molecular patterns (PAMPs) (Janeway et al., 2002).



Additionally, damage-associated molecular patterns (DAMPs), which are defined
as self-antigens released upon tissue damage are able to activate PRRs
(Matzinger 1994). Various types of PAMPs are confined to pathogens and absent
in host cells, thus ensuring self-discrimination. However, nucleic acids provide
powerful immunostimulants, which also exist in the host. Therefore, several
mechanisms have evolved to prevent PRR activation by self-antigens in healthy
cells, including compartmentalization and enzymatic degradation mechanisms
(Hartmann 2017). Dysregulation of these pathways caused by genetic defects
results in sterile immune system activation, referred to as autoinflammatory
disease (Alberts B 2002, McDermott et al., 1999).

1.2 Monogenic autoinflammatory diseases

Monogenic autoinflammatory diseases (AIDs) are a heterogenous class of rare
diseases, caused by familial or de novo mutations in genes regulating innate
immune pathways. Clinically, AlDs present with a broad spectrum of symptoms,
which often start early in life and manifest with periodic fevers and inflammation
affecting various organs, including skin, joints, muscles, the lung or the
gastrointestinal tract (GIT) (Kastner et al., 2010, McGonagle et al., 2006).

The definition of AlDs was initially proposed by McDermott, Daniel Kastner and
colleagues in 1999, who described an inherited syndrome in seven unrelated
families characterized by unexplained episodes of fever and inflammation. Based
on the identified missense mutations in the tumour necrosis factor (TNF) receptor
gene (TNFR1), the disease was named tumour necrosis factor receptor
associated periodic syndrome (TRAPS) (McDermott et al., 1999). At the time,
immune system overactivation in absence of autoantibodies and autoreactive T
cells was similarly observed in patients suffering from Familial Mediterranean
Fever (FMF), a periodic fever syndrome caused by gain of function (GoF)
mutations in the MEVF gene, encoding the pyrin inflammasome protein (The
French et al., 1997). Thus, these conditions were classified as AlDs, to highlight

distinction from autoimmune diseases, which describe overactivation of the



adaptive immunity arm, driven by self-reactive T Iymphocytes and/or
autoantibodies (Burrows et al., 2000, Cohen 1973, McDermott et al., 1999).
While classification of diseases in general presents a useful strategy to stratify
patients with regard to potential treatment options, a meaningful classification of
AIDs has remained challenging, likely due to the wide spectrum of dysregulated
signalling pathways involved as well as variable phenotypes and severities
associated with defects in the same gene. Insufficient prediction of the clinical
course and treatment efficacy is further highlighted by the increasing knowledge
of the interplay between innate and adaptive immunity and cellular homeostasis
(Savic et al., 2020). Although the predominant initial cause may be overactivation
of innate immune components, subsequent manifestation of autoinflammation or
immunodeficiency is sometimes observed and adds increasing complexity
(Wekell et al., 2017). Therefore, features of autoinflammation can also be
observed in polygenic and multifactorial disorders, which complicates disease
classification (Savic et al., 2020). In fact, the transition from a “gene-centred” view
towards a “system-based” concept has recently been suggested to better
understand features of systemic AlDs (Savic et al., 2020). This model proposed
that disease origin occurs within one of four pathways (proteotoxic stress,
cytoskeletal dysregulation, nuclear factor kappa light chain enhancer of activated
B cells (NF-xB) pathway, type | interferon (IFN) pathway) which determines the
overall clinical course. However, persistently activated signalling pathways
subsequently promote adaptive immune system activation, a process which is
further influenced by genetic predisposition and environmental impacts (Savic et
al., 2020).

Recent advances in sequencing technologies have led to a vastly increased rate
of discovery and diagnosis of novel AIDs, where especially monogenic disorders
have proven powerful to aid our understanding of innate immune pathway

functions and their regulation.

In this thesis, the pathomechanisms of two different diseases are investigated:
COPA syndrome and NLRC4-associated AID, which can be classified as type |



IFN-driven (interferonopathies) or inflammasome-associated (inflammasomo-
pathies) diseases, respectively.

The following literature review aims to introduce the involved PRRs and signalling
pathways and summarizes the main molecular features that represent the basis
of this disease classification.

1.3 Pattern recognition receptors

PRRs are germline-encoded and can be categorized into five main families
including Toll-like receptors (TLRs), nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), retinoic acid-inducible gene-l (RIG-I)-like receptors
(RLRs), C-type lectin receptors (CLRs) and absent in melanoma 2 (AIM2)-like
receptors (ALRs). Other important and well-studied PRRs include pyrin and
cytosolic DNA sensors (Akira et al., 2006, Kawasaki et al., 2014).

The following description of PRRs is not comprehensive and only aims to provide
an overview over the diversity of innate immune receptors and the induced

pathways relevant for this thesis.

1.3.1 Toll-like receptors

TLRs can reside within the plasma membrane (TLR1,2,4,5,6,10) or within
endosomal membranes (TLR3,7,8,9,11,12,13), with slightly different expression
patterns in humans (TLR1-10) and mice (TLR1-9, TLR11-13) (Kawasaki et al.,
2014). Surface exposed TLRs mainly recognize components of microbial
membranes such as lipids, lipopolysaccharides or proteins including the well-
defined ligands lipopolysaccharide (LPS, binds TLR4), flagellin (TLR5), or
peptidoglycan, lipoteichoic acid, zymosan and mannan (TLR1,2,6) (Kawasaki et
al.,, 2014). Endosomal TLRs monitor cells for intracellular pathogens by
recognition of nucleic acids: double-stranded (ds) RNA (TLR3), single-stranded
(ss) RNA (TLR7,8) unmethylated cytosine-phosphate-guanine (CpG)-containing
DNA (TLR9) or bacterial ribosomal RNA (TLR13) (reviewed in (Kawasaki et al.,
2014)).



Downstream signalling occurs via adapter proteins such as Toll-Interleukin-1
receptor (TIR)-domain-containing adapter protein (TIRAP) and myeloid
differentiation primary response 88 (MyD88) or TIR-domain containing adapter-
inducing interferon B (TRIF) and translocation-associated membrane protein
(TRAM), which induce proinflammatory transcription factor activation (nuclear
factor (NF)-xB, activator protein-1 (AP-1)) or type | IFN signalling through
interferon regulatory factor (IRF) 3 or IRF7, respectively (Kawai et al., 2010,
Kawasaki et al., 2014)).

1.3.2 Rig-I-like receptors

The RLR family consists of three structurally-related members: RIG-I (also known
as DDX58), melanoma differentiation-associated protein 5 (MDAS5, IFIH1) and
laboratory of genetics and physiology 2 (LGP2), which initiate key pathways to
establish an antiviral immune response following detection of cytoplasmic RNA
(Yoneyama et al., 2005). Whereas RIG-l and MDAS activate downstream
signalling via caspase activation and recruitment domain (CARD)-CARD
interactions with the signalling adapter mitochondrial antiviral signalling protein
(MAVS), LGP2 exhibits regulatory functions due to the lack of the N-terminal
CARD domain (Rodriguez et al.,, 2014). Following MAVS binding at the
mitochondrial membrane, receptor polymerization occurs and activates
transcription factors IRF3, IRF7 and NF-xB (Kawai et al., 2005, Seth et al., 2005).
Despite structural similarities, RIG-I and MDAS act non-redundantly and
recognize distinct RNA species. Whereas RIG-| binds short dsRNAs containing
5'-triphosphates (5’ppp) (Hornung et al., 2006), MDAS preferably binds long
dsRNAs (Kato et al., 2008). Therefore, depending on the provided ligand, viruses
may be able to distinctly activate RIG-1 or MDAS, or both sensors simultaneously
(reviewed in (Saito et al., 2008)).



1.3.3 NOD-like receptors

The family of NLRs encompasses 22 human genes (Ting et al., 2008). The
characteristic domain structure comprises the central NACHT domain (present in
NLR family apoptosis inhibitor protein (NAIP), CIITA, HET-E and TP-1), which
contains highly conserved structural motifs required for nucleotide binding and
hydrolysis (chapter 5.1.1). The NACHT domain can be subdivided into the
nucleotide-binding domain (NBD), helical domain 1 (HD1), winged helix domain
(WHD) and helical domain 2 (HD2). Proteins with these structural features adopt
an auto-repressed conformation and undergo structural changes upon activation,
which induces oligomerization (Danot et al., 2009).

NLRs are subclassified by their N-terminal domain into NLRA (encode acidic
transactivating domain (AD), e.g. MHC class Il transactivator (CIITA)), NLRBs
(encode baculovirus inhibitor of apoptosis protein repeat (BIR), e.g. NAIP),
NLRCs (encode CARD: e.g. NOD1/2, NLRC3-5), NLRPs (encode PYD, e.g.
NLRP1-14) and NLRX (encode other domains, e.g. NLRCX1). On the C-terminal
end, all NLRs encode LRRs, except NLRP10. As a further exception, NLRP1
encodes an additional function to find domain (FIIND) (Ting et al., 2008).

Only a limited number of NLR family members has been well studied. CIITA was
suggested to function as transcriptional regulator of MHC class Il gene
expression (Steimle et al., 1993), whereas NOD1 (NLRC1) and NOD2 (NLRC2)
oligomerize and induce proinflammatory signalling via NF-xB and mitogen-
activated protein kinase (MAPK) activation in response to bacterial peptidoglycan
fragments, e.g. y-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and muramyl
dipeptide (MDP), respectively (Chamaillard et al., 2003, Franchi et al., 2009,
Girardin et al., 2003).

Most NLRs are believed to function as sensors for PAMPs and DAMPs and this
has been experimentally confirmed for the best studied family members NLRP1,
NLRP3, NLRP6, NLRP7 and NLRC4 (Zheng et al., 2020b). Following ligand
binding, conformational changes induce NLR oligomerization and activate
immune signalling through the formation of multiprotein signalling platforms, so
called inflammasomes (Figure 1.1) (Martinon et al., 2002, Schroder et al., 2010).



In contrast, other NLRs may exhibit different functions. For example, NLRP12
has been reported as negative regulator of inflammation, however future studies
are essential to determine the exact function and clarify whether signalling occurs
through inflammasome formation as previously suggested in response to
Y. pestis infection (Allen et al., 2012, Zaki et al., 2014, Zheng et al., 2020b).
Other cytosolic PRRs reported to form inflammasomes are sensor proteins pyrin
and AIM2, a member of the ALR family, which are not classified as NLRs due to
differences in their protein domain structure (lacking the NACHT domain) (Guo
et al., 2015).

1.3.3.1 Inflammasomes

Broadly, inflammasome signalling can be differentiated into a canonical or
noncanonical pathway.

Canonical inflammasome formation requires a sensor protein, which undergoes
structural changes and self-oligomerization upon ligand binding. Homotypic
domain interactions between N-terminal PYD-PYD or CARD-CARD domains
recruit adaptor protein apoptosis-associated speck-like protein containing a
CARD (ASC, composed of 2 domains: PYD-CARD), which subsequently forms
large filamentous structures, termed ASC specks that serve as platform for pro-
caspase-1 recruitment (Dick et al., 2016, Martinon et al., 2002). To become
catalytically active, pro-caspase-1 molecules undergo autoproteolytic cleavage,
which is promoted by spatial proximity at the ASC speck (Lu et al., 2014).
Interestingly, ASC specks were also found to be released from macrophages,
which is thought to promote immune signalling within the extracellular milieu and
following uptake by surrounding phagocytes (Baroja-Mazo et al., 2014, Franklin
et al., 2014).

The morphological features of inflammasome complexes have been increasingly
investigated over the past decade and structural analysis of filament-forming
subdomains of inflammasome proteins, e.g. ASCPYP, ASCCARD NLRC4CARD,
caspase-1¢ARD  revealed important mechanistic details (Li et al., 2018d, Lu et al.,
2014, Lu et al., 2016a, Matyszewski et al., 2018). However, the architectural



features and organellar interaction of ASC specks formed within living cells have
not yet been conclusively determined. In a recent correlative light and electron
microscopy (CLEM) and in situ cryogenic electron tomography (cryo-ET)
approach, Liu et al. investigated ASC speck formation in a physiological context
(preprint (Liu et al., 2021)). Interestingly, following NLRP3 stimulation in
immortalized bone marrow-derived macrophages (iBMDMs), the observed ASC
filaments (ASC tagged with C-terminal mCerulean) formed an interconnected
branched scaffold characterized by different densities and embedded ribosomes
and trans-Golgi vesicles. Occurrence of multiple regions with higher filament
density was suggested to represent simultaneously originating nucleation sites.
Whereas the PYD of ASC assembled into tubular filaments, branching was
suggested to occur through CARD-CARD interactions of ASC molecules.
Therefore, this study provides experimental evidence for the dynamics within the
physiological ASC speck that may present a filamentous network and allow for
recruitment and free diffusion of signalling molecules and perhaps organellar
interaction to mount an efficient proinflammatory signalling cascade (preprint (Liu
et al., 2021)).

Active caspase-1 cleaves inactive precursors of interleukin (IL)-13 and IL-18 into
their mature biologically activate forms, which are released from the cell to exhibit
proinflammatory functions (Figure 1.1) (Martinon et al., 2002, Schroder et al.,
2010). Additionally, caspase-1 cleaves gasdermin D (GSDMD) between its N-
and C-terminal domain, which releases the autoinhibited conformation and allows
N-terminus dissociation, oligomerization membranes pore formation (Liu et al.,
2016, Shi et al., 2015). Cryogenic electron microscopy (cryo-EM) and atomic
force microscopy analysis of artificial liposomes determined a pore diameter
between 10~20 nanometers (nm), through which volume loss destabilizes the
cellular osmotic gradient and subsequently induces pyroptosis, a lytic form of
inflammatory cell death (Ding et al., 2016, Liu et al., 2016, Sborgi et al., 2016).
As a consequence, pyroptosis releases large amounts of processed cytokines
and intracellular bacteria are exposed for recognition and phagocytosis by
immune cells. Additional release of self-DAMPs further promotes inflammation
(Miao et al., 2010).



Interestingly, using BMDMs deficient for Casp?, Casp11 and Gsdmd, it has been
suggested that release of IL-13 and IL-18 (4 nm diameter), which lack typical
secretion motifs (Andrei et al., 1999, Rubartelli et al., 1990), depends on GSDMD
pores and can occur via a lysis-independent event (Evavold et al., 2018, Heilig et
al., 2018). Mechanistically, Heilig et al. suggested size-dependent passive
leakage and describeb GSDMD pores as unspecific channels for soluble small
cytosolic proteins (25-50 kilodalton (kDa)) (Heilig et al., 2018). Structural
comparison of the GSDMD pre- and final pore further revealed a distinct
conformational state that exposes negatively charged residues in the pore
conduit, which license IL-13 passing (positively charged) only after cleavage of
the acidic pro-domain (Xia et al., 2021). However, since pyroptosis is a rapidly
occurring event, cell death-independent IL-13 and IL-18 release through GSDMD
pores may be a cell type-specific effect and play an important role in vivo to prime
adjacent cells via paracrine signalling to fine-tune the inflammatory response and
avoid cell death (Heilig et al., 2018). Importantly, another regulatory mechanism
involves the repair of GSDMD pores using the endosomal sorting complexes
required for transport (ESCRT) machinery, which was suggested to limit
inflammation following weak inflammasome stimulation (Ruhl et al., 2018).
Recently, a genetic screen of random mutations in mice revealed cell surface
protein ninjurin-1 (encoded by NINJ7) as the final regulator of plasma membrane
rupture following apoptotic, necroptotic and pyroptotic cell death induction, which
is therefore now recognized as an actively regulated process subsequent of
GSDMD pore formation (Kayagaki et al., 2021). However, the mechanistic details
require further investigation.

Murine caspase-11 and human caspases-4/5 are at the centre of the non-
canonical inflammasome pathway, due to their ability to directly sense
intracellular LPS and cleave GSDMD (Kayagaki et al., 2011, Vigano et al., 2015).
Thus, non-canonical caspases function as combined sensor- and effector-
proteins and induce pyroptosis. Although not directly mediated by caspase-
11/4/5, IL-1B and IL-18 release occurs via secondary activation of the NLRP3

inflammasome, downstream of potassium efflux as the consequence of
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increased cell permeability (Ruhl et al., 2015). Therefore, it has been suggested
that NLRP3 protein expression levels determine cell-type specific effects
downstream of non-canonical inflammasome activation: predominant induction
of pyroptosis via this pathway may play an important role in epithelial, endothelial
cells and keratinocytes (low NLRP3 expression) (Knodler et al., 2014, Shi et al.,
2014), whereas cytokine release was demonstrated in macrophages and DCs
(higher NLRP3-expressing cells) (Rathinam et al., 2019).

Robust inflammasome signalling requires two signals including a priming signal
(signal 1) prior to ligand-mediated inflammasome assembly (signal 2). Priming is
normally provided through NF-kB pathway activation following TLR stimulation or
proinflammatory cytokine receptor signalling (e.g. TNF). NF-xB pathway
activation potently induces the transcription of genes encoding inflammasome
platform and effector proteins, such as IL1B (pro-IL-1pB) (Hiscott et al., 1993) and
transcriptional control of CASP1 (pro-caspase-1) and NLRP3 has additionally
been suggested in some studies (Bauernfeind et al., 2009, Lee et al., 2015, Qiao
et al.,, 2012). In contrast, the IL-18 precursor is constitutively expressed in
intestinal epithelial cells (IEC), keratinocytes, endothelial cells, peripheral blood
mononuclear cells (PBMCs) and macrophages (Lamkanfi et al., 2014, Puren et
al., 1999, Sugawara et al., 2001). Furthermore, in the case of NLRP3, signal 1
also mediates transcription-independent priming via post-translational
modifications (PTMs), including phosphorylation and deubiquitination, which
have been suggested to promote structural changes that facilitate inflammasome
assembly (Figure 1.1) (Juliana et al., 2012, Py et al., 2013, Song et al., 2017).
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Figure 1.1 | Canonical inflammasome activation and signalling. Protein
domain structures of well-studied inflammasome-forming proteins are shown
including NOD-like receptors (NLRs) NLRP1, NLRP3, NLRC4, NAIP, absent in
melanoma 2 (AIM2) and pyrin. Efficient inflammasome activation typically
requires two signals. Signal 1 (priming) induces NF-kB-mediated transcription of
inflammasome complex protein-encoding genes, which can occur downstream of
Toll-like receptor (TLR) activation, for example through lipopolysaccharide (LPS)
binding to TLR4. Additional transcription-independent priming events through
post-translational modifications (PTMs) have been identified for NLRP3, but may
also play a role in licensing other inflammasomes. Sensing of PAMPs or DAMPs
(signal 2) releases the autoinhibited conformation and promotes oligomerization
into disc-like or helical structures, which recruit inflammasome adapter apoptosis-
associated speck-like protein containing a CARD (ASC) and effector protein pro-
caspase-1. Autoproteolytic cleavage activates caspase-1, which subsequently
cleaves pro-IL-1B, pro-IL-18 and gasdermin D (GSDMD). The N-terminal
cleavage fragment of GSDMD assembles membrane pores that mediates lytic
cell death (pyroptosis) and release mature cytokines and DAMPs. Pyrin domain,
PYD; caspase activation and recruitment domain, CARD; domain present in
NAIP, CIITA, HET-E, TP1, NACHT; nucleotide-binding domain, NBD; helical
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domain 1 and 2, HD1, HD2; winged helix domain, WHD; leucine-rich repeat, LRR;
baculovirus inhibitor of apoptosis protein repeat, BIR; function to find, FIIND;
hematopoietic expression, interferon-inducible nature and nuclear localization
domain 200, HIN-200; pathogen-associated molecular patterns, PAMPs;
damage-associated molecular patterns, DAMPs). Figure created with
BioRender.com.

1.3.3.2  Cytokine effects

Released cytokines IL-13 and IL-18 are potent activators of inflammation and
signal via specific receptors: the IL-1 receptor (IL-1R1) or IL-18Rao/pB, respectively
(Dinarello 2009). Furthermore, a decoy receptor (IL-1R2) and soluble antagonist
(IL-1Ra) for IL-1B and an IL-18-specific soluble binding protein (IL-18BP) have
been identified, which have important negative regulatory functions (Novick et al.,
1999, Symons et al., 1995).

IL-1B is produced by many immune and non-immune cells including neutrophils,
monocytes, macrophages, DCs, natural killer (NK) cells and keratinocytes and
induces diverse proinflammatory responses (Bakele et al., 2014, Dinarello 2009,
Feldmeyer et al., 2010). IL-1p specifically activates cyclooxygenase (COX) 2 and
induces TNF and IL-6 release, which clinically manifests in fever, vasodilation
and hypotension. Furthermore, IL-1p3 induces the expression of chemokines and
adhesion molecules to recruit neutrophils and other immune cells to the site of
inflammation and promotes co-stimulation of T cells (T helper (Th) 1, Th17) and
humoral immunity (Dinarello 1996, Dinarello 2009, Lee et al., 2004, Miller et al.,
2007, Nakae et al., 2001, Sutton et al., 2006, Wang et al., 1995, Weber et al.,
2010).

IL-18, originally described as “IFNy-inducing factor” (Nakamura et al., 1993) is
constitutively expressed as pre-form in many cell types including endothelial and
epithelial cells, keratinocytes, monocytes, macrophages, DCs and neutrophils
(Bakele et al., 2014, Dinarello 2018). IL-18 does not activate COX2, but induces
chemokine production and adhesion molecule expression (Dinarello 2018). In
synergy with IL-12 or IL-15, which upregulate expression of the IL-18 receptor [3-

chain, IL-18 drives IFNy secretion from T cells and NK cells (Okamura et al., 1998,
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Yoshimoto et al., 1998) and induces Th1 and Th2 cell differentiation depending
on the presence of co-stimulatory cytokines (Nakanishi 2018).

Aberrant IFNy signalling plays an important role in the pathogenesis of
hemophagocytic lymphohistiocytosis (HLH), a life-threatening clinical syndrome
caused by overactivation of macrophages, NK cells and cytotoxic T cells, which
results in an auto-amplification loop and highly elevated levels of proinflammatory
cytokines (hypercytokinemia), hemophagocytosis, cytopenia, high fever,
hepatosplenomegaly and potentially severe organ damage (Crayne et al., 2019,
Janka et al., 2013, Mosser et al., 2008). Familial (primary) HLH and acquired
(secondary) HLH are discriminated, which distinguishes the underlying cause of
HLH due to a genetic defect or as a secondary result of pathogenic infections,
malignancies, sepsis, drugs and inflammatory diseases, respectively (Janka et
al., 2013, Novick et al., 2001, Takada et al., 2001). As a subclassification of
secondary HLH, macrophage activation syndrome (MAS) describes HLH in
patients suffering from autoinflammatory, autoimmune or rheumatological
disorders, such as systemic juvenile idiopathic arthritis (sJIA), adult-onset Still’s
disease (AOSD), systemic lupus erythematosus (SLE), Kawasaki disease or
NLRC4-associated autoinflammatory disease (NLRC4-AID, chapter 4.1.1)
(Crayne et al., 2019, Janka 2012). In patients with familial HLH, impaired cytolytic
activity of NK cells and cytotoxic T cells occurs as a result of genetic mutations
affecting trafficking and release of cytotoxic granules (Morimoto et al., 2016,
Perez et al., 1984). Consequently, pathogens and infected cells are not efficiently
cleared and proinflammatory stimulation persists and drives aberrant IFNy, TNF,
IL-1, IL-6, IL-2, IL-12 release and immune system hyperactivation (Jordan et al.,
2004, Takada et al., 2001).

A Dbetter understanding of the molecular mechanisms driving MAS has only
recently been gained. In 2001, Takada et al. described significantly elevated IL-
18 serum levels in HLH patients and determined a correlation with IFNy levels
and disease activity (Takada et al., 2001). Notably, a later study demonstrated
the importance to discriminate between concentrations of free and total IL-18,
since the latter may be partially or completely bound by IL-18BP and therefore
biologically inactive (Novick et al., 2001). Investigating levels of total and free IL-
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18 and IL-18BP in the serum of patients during active disease of MAS, familial
HLH and infection-associated HLH (IA-HLH), findings from a recent study
suggested that although total IL-18 and IL-18BP are significantly increased in all
conditions, serum elevation of free |IL-18 is a distinguishing feature specifically
associated with MAS but not familial HLH (Weiss et al., 2018). Furthermore,
additional normalization of total IL-18 to CXCL9, an IFNy-induced monokine,
which was significantly elevated in MAS, IA-HLH and familial HLH, further
improved the distinction to familial HLH and allowed for discrimination between
MAS and IA-HLH, suggesting IL-18 as a driving cytokine in MAS (Weiss et al.,
2018). Given that in healthy individuals, baseline serum levels of IL-18BP exceed
levels of IL-18 by at least 20-fold and IFNy induces IL-18BP expression to
sequester IL-18 and antagonize inflammation in a negative feedback mechanism
(Novick et al., 2001, Paulukat et al., 2001), it has been suggested that the balance
between total IL-18 and its endogenous inhibitor IL-18BP determines levels of
free IL-18 and therefore disease activity (Weiss et al., 2018). Chronic elevation
of total IL-18 and IL-18BP in MAS patients and experimental evidence from
transgenic mice constitutively expressing free IL-18 (l118tg mice) supports this
hypothesis, since stimulation-induced MAS was more severe in 118tg mice
compared to wildtype (WT) animals (Weiss et al., 2018). Therefore, these findings
establish a link between IL-18, IFNy and MAS. Interestingly, MAS has been
reported as a clinical symptom in some patients with GoF mutation in NLRC4
(chapter 4.1.1) (Canna et al., 2014, Liang et al., 2017, Moghaddas et al., 2018),
but was not associated with overactivation of other inflammasomes, thus

suggesting a distinct function in NLRC4-mediated pathologies.
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1.3.3.3 Inflammasomopathies

GoF mutations in inflammasome-forming proteins NLRP1, NLRP3, NLRC4 and
pyrin have been identified as genetic cause of monogenic inflammasome-
associated AlDs, so called inflammasomopathies. Main molecular features of this
disease group include uncontrolled cytokine release (IL-1, IL-18) and pyroptotic
cell death. The clinical spectrum of inflammasomopathies continues to expand
and phenotypic heterogeneity associated with different mutations affecting the
same gene is an interesting finding increasingly observed (Alehashemi et al.,
2020). One example is the group of cryopyrin-associated periodic syndromes
(CAPS), which combine pathologies associated with GoF mutations with NLRP3
(also called cryopyrin) and present as a spectrum of clinical phenotypes classified
as familial cold autoinflammatory syndrome (FCAS) (Hoffman et al., 2001),
Muckle-Wells syndrome (MWS) (Muckle 1979) and neonatal-onset multisystemic
inflammatory disease (NOMID, also known as infantile neurological cutaneous
articular syndrome (CINCA) (Aksentijevich et al., 2002). Clinically, the diseases
manifest early in life (FCAS) or soon after birth (MWS, NOMID) with periodic fever
attacks, skin rashes, arthralgia and headache. Additionally, the more severe
clinical course of MWS and NOMID is often associated with sensorineural hearing
loss, aseptic meningitis with mental retardation as well as joint malformations
(Welzel et al., 2021). Interestingly, in FCAS patients, inflammatory episodes are
triggered by cold exposure and last for ~24 hours (hrs), whereas this is less
observed in MWS and NOMID patients, which often suffer from prolonged or
persistent inflammation (Meier-Schiesser et al., 2021, Welzel et al., 2021).

Since AIDs associated with GoF mutations in NLRC4 are focus of this thesis, the
molecular basis of NLRC4 inflammasome formation, signalling and its regulatory
mechanisms are introduced below, before the clinical manifestations and

genotypes of NLRC4-AlIDs are summarized in chapter 4.1.1.
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1.3.34 The NAIP/NLRC4 inflammasome

1.3.3.4.1 Importance of the NAIP/NLRC4 inflammasome

As previously mentioned (chapter 1.3.3), NLRC4 (also called ice-protease-
activating factor (IPAF) (Poyet et al., 2001), caspase recruitment domain-
containing protein 12 (CARD12) (Geddes et al., 2001) or CED-4-like protein
(CLAN) (Damiano et al., 2001)) is composed of an N-terminal CARD domain,
followed by a central NACHT domain (subdomains NBD, HD1, WHD, HD2) and
a C-terminal LRR region (Figure 1.2) (Poyet et al., 2001).

NLRC4 is highly expressed in hematopoietic cells and gastrointestinal epithelial
cells (Canna et al., 2014, Hu et al., 2010, Romberg et al., 2014, Sellin et al.,
2014), and plays a well-established role in defence against several pathogens
including Listeria monocytogenes (Wu et al., 2010), Salmonella typhimurium
(Miao et al., 2010), Pseudomonas aeruginosa (Sutterwala et al., 2007), Klebsiella
pneumoniae (Cai et al., 2012), Burkholderia pseudomallei (Ceballos-Olvera et
al., 2011), Legionella species (Pereira et al., 2011), Shigella flexneri (Suzuki et
al., 2007), Escherichia coli (Miao et al., 2010) and Citrobacter rodentium (Liu et
al., 2012c). Interestingly, besides systemic infections, NLRC4 has been attributed
a crucial role in the hematopoietic cell-independent immune response against
enteric pathogens in mice, where NLRC4 expressed in IEC drives inflammation
in response to Salmonella and Citrobacter infections (Nordlander et al., 2014,
Rauch et al., 2017, Sellin et al., 2014).

Less-well established functions of NLRC4 have also been proposed, including a
suggested role in mucosal immunity against Candida albicans infections in mice
(Tomalka et al., 2011) as well as in the pathogenesis of ischemic brain injury
(Denes et al., 2015) and sterile neuroinflammation (Freeman et al., 2017).
Furthermore, a role in tumour biology is increasingly suggested, however study
results are still controversial and no clear function has yet been established (Hu
et al., 2010, Janowski et al., 2016, Kolb et al., 2016, Ohashi et al., 2019.

In the course of this thesis, proteins from human or mouse will be referred to by
use of abbreviated prefixes, e.g. hANLRC4 or mNLRC4, respectively.
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1.3.3.4.2 Ligand recognition by NAIPs

In contrast to other inflammasomes, the NLRC4 activation mechanism is
relatively well understood and defines NLRC4 as a signalling adapter, rather than
a direct sensor of ligands (Figure 1.2). This model is based on the initial
observation by Zamboni et al., who showed the requirement of baculovirus
inhibitor of apoptosis repeat (BIR)-containing 1e (Birc1e), also called mNAIPS5, to
induce caspase-1 activation and IL-1p3 secretion in murine macrophages infected
with L. pneumophila and identified mMNLRC4 as downstream adapter (Zamboni
et al., 2006). Furthermore, co-immunoprecipitation studies in human embryonic
kidney (HEK) 293 cells suggested direct interaction of mNAIPS and mNLRC4
(Zamboni et al., 2006). In total, seven Naip genes exist in the mouse genome,
whereas only one human NAIP is encoded (hNAIP) (Endrizzi et al., 2000).

In mice, ligand specificity of the mNAIP/mMNLRC4 inflammasome was
demonstrated to be determined by mNAIP paralogs, e.g. mNAIP1, mNAIP2,
mNAIPS5 and mNAIP6 (Kofoed et al., 2011). Performing paralog-specific small
hairpin (sh) RNA-knockdown studies in primary BMDMs stimulated with various
Listeria strains, Kofoed and Vance identified mNAIP2 as specific sensor for
Listeria type three secretion system (T3SS) inner rod protein Prgd, whereas
mNAIPS and mNAIPG specifically detected flagellin (Kofoed et al., 2011), which
was previously independently suggested by others (Ren et al., 2006, Zamboni et
al., 2006).

Interestingly, the Chromobacterium violaceum T3SS needle protein Crpl was
able to stimulate hNAIP/hNLRC4 inflammasome-mediated caspase-1 cleavage
and pyroptosis in human U937 monocyte-derived macrophages, whereas cells
did not respond to cytosolic Legionella flagellin or Burkholderia inner rod protein
(BsaK) (Zhao et al., 2011). Yang and colleagues subsequently confirmed this
finding and showed robust caspase-1 cleavage, cell death and IL-1p production
in response to cytoplasmic exposure of needle toxins from S. typhimurium (Prgl)
and C. violaceum (Crpl) in THP-1 and U937 cells (Yang et al., 2013).
Furthermore, similar ligand specificity was demonstrated for the mouse ortholog
mNAIP1, which was potently activated by needle proteins derived from S. flexneri
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(MxiH) and enterohemorrhagic E. coli (EHEC, Eprl) (Yang et al., 2013), as well
as S. typhimurium (Prgl) (Figure 1.2) (Rayamajhi et al., 2013).

Importantly, in contrast to studies in immortalized monocytic human cell lines,
flagellin from Salmonella and L. pneumophila activated hNAIP/hNLRC4
inflammasome signalling in primary human monocyte-derived macrophages
(MDMs), which was explained by the identification of an alternative transcript
variant, that showed 68 % amino acid (aa) sequence identity with mNAIPS (full
length hNAIP), whereas the isoform predominantly expressed in THP-1 and U937
cell lines was only 65 % identical to mNAIP5 and truncated (lack of nucleotides
3990-4160) (Kortmann et al., 2015). A subsequent study suggested binding of
flagellin and T3SS rod and needle proteins to full length hNAIP in primary human
MDMs (Reyes Ruiz et al., 2017). However, it remains unclear how several
different ligands can be detected by one sensor or whether specific splice variants
exist (Reyes Ruiz et al., 2017) and further studies as well as structural information
would prove useful to address these questions.

The above mentioned T3SS represents a set of bacterial proteins spanning both
membranes of Gram-negative pathogens. Although the term is sometimes used
to refer to the bacterial injectisome complex as a whole, it more correctly
describes the membrane-incorporated components that (1) contribute to the
bacterial flagellum (flagellar T3SS) and (2) form the central machinery of the
T3SS injectisome, which forms an extracellular needle to translocate effector
proteins into host cells (Diepold et al., 2015). Thus, T3SS injectisomes contribute
to the virulence of Gram-negative bacteria and although effector and needle
proteins vary between bacterial species, structures and functions are conserved
to some extent (Coburn et al., 2007, Wang et al., 2007). Therefore, specific
binding of T3SS components and flagellin to NAIP paralogs allows recognition
and NLRC4 inflammasome formation in response to a wide range of bacteria,
although varying potencies have been observed between needle, flagellin or rod
proteins derived from different pathogenic species (Yang et al., 2013, Zhao et al.,
2011).
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Figure 1.2 | Model of NAIP/NLRC4 inflammasome activation. NAIP and
NLRC4 are cytoplasmic proteins, which adopt an inactive conformation. NAIP is
characterized by three N-terminal BIR domains, a central NACHT and C-terminal
LRR domain. NLRC4 possesses a similar domain structure, but contains an N-
terminal CARD. NAIPs function as sensor proteins, which detect ligands from
Gram-negative bacteria injected into the cell from the extracellular compartment,
vacuoles or released from intracellular bacteria. In mice, mNAIP1, mNAIP2 and
mNAIP5/6 have been identified to specifically bind type three secretion system
(T3SS) needle, inner rod and flagellin, respectively. In humans, a single hNAIP
has been suggested to detect all ligands and different transcript isoforms have
also been reported (indicated by asterisk). Upon ligand binding, a conformational
change in NAIP results in the active conformation, which recruits an inactive
NLRC4 protein and subsequently induces structural changes that expose binding
interfaces for NLRC4 self-assembly into a wheel-shaped inflammasome
complex. NLR family apoptosis inhibitory protein, NAIP; NLR family CARD
domain containing 4, NLRC4; baculovirus inhibitor of apoptosis protein repeat,
BIR; caspase activation and recruitment domain, CARD; leucine-rich repeat,
LRR; contained in NAIP, CIITA, HET-E, TP-1, NACHT. Figure modified from
(Broz et al., 2016), created in BioRender.com.
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1.3.3.4.3 NAIP/NLRC4 inflammasome effector mechanisms

In contrast to other PYD-containing NLRs, the N-terminal CARD domain of
NLRC4 allows for direct recruitment of pro-caspase-1 via CARD-CARD
homotypic interactions (Figure 1.3 A) (Poyet et al., 2001). However, interaction
with ASC can still occur (Geddes et al., 2001, Proell et al., 2013), although its role
is not well defined, but was suggested to enhance caspase-1 activation. Recent
cryo-EM studies of the self-assembled ASCCARP and NLRC4CARD filaments
showed resemblance of their overall architecture and surface charge, which
suggests that capase-1°ARP filament nucleation occurs unidirectional via
comparable mechanisms from both ASCCARP and NLRC4CARD seeds (Li et al.,
2018d, Lu et al., 2016a). However, computational modelling of available
structures suggested that direct caspase-1 nucleation by NAIP/NLRC4 oligomers
may be rather inefficient due to spatial restrictions, if the inflammasome
assembles into a helical structure as previously suggested (Li et al., 2018d).
Thus, ASC filament formation and assembly of large specks was proposed to
increase the nucleation seeds available for pro-caspase-1 recruitment, which
may subsequently enhance downstream effects. Future studies aiming to
elucidate the structure of an assembled NAIP/NLRC4 complex in association with
ASC and caspase-1 will be required to validate this hypothesis (Lu et al., 2014).
Supporting the modulatory role of ASC, LPS-primed Asc” BMDMs transfected
with flagellin show diminished IL-1p release as measured by ELISA, whereas
cytokine release from Nirc4”- BMDMs was completely absent (Miao et al., 2006).
Interestingly, in another study, macrophage cell death following infection with S.
typhimurium, P. aeruginosa and L. pneumophila was found to be ASC-
independent, whereas IL-1f release required ASC expression (Figure 1.3 B)
(Broz et al., 2010a). Furthermore, although Chen et al. demonstrated that IL-1p
secretion in BMDMs and neutrophils was partly dependent on ASC following S.
typhimurium infection, only BMDMs underwent ASC-independent cell death,
whereas pyroptosis of neutrophils was not observed (Chen et al., 2014b).
Therefore, although further studies are required to elucidate the detailed function
of ASC, these finding suggest a synergistic role in NAIP/NLRC4-mediated
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cytokine maturation, whereas direct NAIP/NLRC4-induced caspase-1 activation
can drive cell death with only limited cytokine release (Figure 1.3 B).
Furthermore, uncoupling of caspase-1 effects may occur in some cell types
downstream of NLRC4, which may partly be regulated by ASC.

Importantly, whereas most studies evaluated ASC function in murine cells in the
context of infection, Moghaddas et al. showed that in NLRC4-deficient THP-1
cells reconstituted with the disease-causing GoF mutation NLRC4 W655C, ASC
was not required for cell death induction, partially required for IL-1 secretion and
completely required for IL-18 release (Moghaddas et al., 2018). However, when
endogenous NLRC4 was stimulated with Prgl in THP-1 cells primed with TLR1/2
agonist Pam3CSK4, IL-1p and IL-18 cytokine release as well as cell death
production were largely dependent on ASC expression. Therefore, these findings
suggest distinct caspase-1 activation and regulatory mechanisms downstream of
NLRC4 inflammasome induction by infection or GoF mutations in human cell
lines, which require further investigation and may be the result of differential ASC-
dependency or requirement of different levels of caspase-1 activity (Moghaddas
et al., 2018).

1.3.3.4.4 Caspase-8-dependent NLRC4 effects

Caspase-8 is typically activated downstream of death receptors (e.g. TNF
receptor, CD95) and induces apoptosis through caspase-3 cleavage (Boldin et
al., 1996, Zhuang et al., 1999). Furthermore, caspase-8 functions as a regulator
of NF-kB-mediated /L 1B transcription and was suggested to directly cleave pro-
IL-1B in certain contexts (Bossaller et al., 2012, Chen et al., 2015, DeLaney et
al., 2019, Gringhuis et al., 2012). Since the first description of caspase-8 as a
downstream effector of NLRC4, several studies have provided experimental
evidence for the induction of apoptotic cell death and secondary necrosis via this
pathway in vitro, that is distinct from caspase-1-mediated pyroptosis (Lee et al.,
2018, Mascarenhas et al., 2017, Schneider et al., 2017). In the current model,
ASC and caspase-8 interact via heterotypic interactions between the PYD of ASC
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and the death effector domains (DED) of caspase-8 (Figure 1.3 A) (Vajjhala et
al., 2015).

Initially, caspase-1-independent cell death by NLRC4-caspase-8 interaction was
determined in the lung epithelial cell line A549 using overexpression systems
(Kumar et al., 2010). During S. typhimurium infections in BMDMs, Man et al.
showed recruitment of ASC, caspase-8 and caspase-1 into the same ASC speck,
which was dependent on mNLRC4. Furthermore, in absence of caspase-1, ASC-
caspase-8 speck formation was still observed which required the presence of
ASC and NLRC4 (Man et al., 2013). In a later study using L. pneumophila
infections, Mascarenhas et al. demonstrated the role of MNLRC4/ASC/caspase-
8-dependent cell death induction, which reduced bacterial replication in BMDMs
and mice lacking caspase-1 and caspase-11 (Mascarenhas et al., 2017).
Interestingly, this study suggested that despite recruitment of caspase-8 to the
caspase-1-containing inflammasome complex in WT macrophages
(colocalization in 60 % of ASC specks), activation only occurred when caspase-
1 or GSDMD were absent as measured by caspase-8 Glo assay (Mascarenhas
etal., 2017). Subsequently, Lee et al. detected the catalytically active p18 subunit
of caspase-8 in caspase-1/11-deficient primary BMDMs and to lesser extent in
WT cells after flagellin stimulation, suggesting that both caspase-1 and caspase-
8-dependent cell death events can occur simultaneously (Lee et al., 2018). Since
IL-1B release and cytotoxicity in BMDMs expressing a mutant caspase-1 without
enzymatic activity (Casp1¢284A/C284A) was unaltered when compared to Casp?1”
cells, this study suggested that caspase-1 and caspase-8 do not compete for
NLRC4 binding. Therefore, it was proposed that the primary and secondary
induction of pyroptosis and apoptosis, respectively, is more likely a result of
differential kinetics, since pyroptosis is the more rapidly occurring event (Lee et
al., 2018).

Pathogen-specific effects may play a role and require further investigations,
however the current model suggests that in macrophages, NLRC4-ASC-
caspase-8 interaction induces a secondary apoptotic pathway that mediates cell
death predominantly in absence of caspase-1-dependent pyroptosis and
therefore secures host protection if caspase-1-dependent pathway are inhibited
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by bacterial evasion strategies. This model is in line with a recently proposed
concept, that describes the sophisticated crosstalk between pyroptosis,
apoptosis and necroptosis pathways and their complementary activation
following NLRC4 inflammasome stimulation in macrophages and mice that
inevitable drive cell and animal death (Doerflinger et al., 2020, Zhang et al.,
2021). Combined, the genetic evidence from these studies suggests
complementary activation of the following pathways: caspase-1-dependent
pyroptosis, caspase-8-dependent apoptosis, caspase-1-mediated intrinsic
apoptosis and receptor-interacting serine/threonine protein kinase 3 (RIPK3)-
mediated necroptosis (Figure 1.3 B) (Doerflinger et al., 2020, Zhang et al., 2021).

Interestingly, in IEC, NLRC4 efficiently protects from enteric Salmonella infection
via a distinct caspase-8-dependent mechanism, which was revealed in an
elegant series of experiments using Nlrc4”- mice with selective re-expression of
mMNLRC4 in LysM+ hematopoietic cells or IEC (Vill+) as well as intestinal organoid
models (Rauch et al., 2017). NLRC4-specific stimulation with FlaTox (intracellular
delivery of flagellin) demonstrated caspase-1 and GSDMD-dependent pyroptosis
in IECs, which were subsequently expelled from the epithelial layer into the
organoid lumen. Barrier integrity was maintained via actin rearrangement within
neighbouring |IECs, which subsequently closed the gap. Interestingly, cell
expulsion occurred via ASC and caspase-8-dependent mechanisms, although
caspase-1 was also sufficient but not essential to mediate this process.
Furthermore, genetic deletion experiments demonstrated that caspase-1 and
caspase-8 contribute to the release of prostaglandin E2 (PGEZ2), an eicosanoid,
which can mediate vasodilation, fluid loss, diarrhea and leucocyte recruitment
(Rauch et al., 2017). Enterocyte expulsion was independent of proinflammatory
cytokines, but caspase-1-mediated IL-18 release from IECs was additionally
observed (Rauch et al., 2017). Therefore, this study demonstrated that NLRC4 in
IECs mediates coordinated caspase-1- and caspase-8-dependent functions to
induce an immune response against intestinal infections.

Importantly, inflammatory lipid mediators PGE2 as well as thromboxane (TBX)
and leukotriene B4 (LTB4) were previously reported to be released from resident
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peritoneal macrophages following NLRC4 inflammasome activation in mice (von
Moltke et al., 2012). In this study, rapid hypothermia occurred in a mNLRC4- and

caspase-1-dependent manner.
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Figure 1.3 | Possible downstream pathways activated by the NAIP/NLRC4
inflammasome. A) Protein domains of NAIP/NLRC4 inflammasome-interacting
adapter and effector proteins ASC, pro-caspase-1 and pro-caspase-8. Pyrin
domain, PYD; caspase activation and recruitment domain, CARD; death effector
domain, DED. B) The NAIP/NLRC4 inflammasome has been suggested to
activate several downstream pathways. Interaction with ASC and caspase-1
induces cleavage of cytokine precursors (pro-IL-1p, pro-IL-18) and gasdermin D
(GSDMD), leading to pyroptosis, cytokine and eicosanoid release. GSDMD-
mediated pyroptosis was suggested to occur in absence of ASC following direct
interaction between NLRC4 and caspase-1. Although pyroptosis acts as the
default death pathway, apoptosis and necroptosis can alternatively be activated
dependent on the crosstalk between cell death effectors. Suggested
complementary death pathways are: ASC-dependent caspase-8 activation that
drives caspase-3-mediated apoptosis; caspase-1-mediated intrinsic apoptosis
induction via APAF-1, caspase-9 and caspase-3; RIPK3-mediated MLKL
activation and necroptosis induction in absence of caspase-8 (Doerflinger et al.,
2020, Zhang et al., 2021). Apoptosis-associated speck-like protein containing a
CARD, ASC; apoptotic protease activating factor 1, APAF-1; receptor-interacting
protein kinase 3, RIPK3; mixed lineage kinase domain-like, MLKL. Figure created
with BioRender.com.
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Mechanistically, Moltke and colleagues proposed that caspase-1 induces
membrane pore formation, which allow for calcium influx and subsequent
activation of the cytosolic phospholipase A2 (cPLAZ2), which synthesizes PGE2
and LTB4 prior to pyroptosis (Figure 1.3 B) (von Moltke et al., 2012). This
function was not observed in BMDMs, most likely due to reduced transcription
levels of synthesizing enzymes (Cox1, Alox12/15 and Alox5), which further
highlights the cell-type specific responses to NLRC4 activation (von Moltke et al.,
2012).

Thus, although crucially important to prevent pathogen immune evasion and
promote bacterial clearance during infection, activation of multiple effector
functions downstream of NLRC4 likely collectively contributes to pathologies, if
uncontrolled activation occurs (e.g. in NLRC4-AID) (Rauch et al., 2017, Zhang et
al., 2021).

1.3.3.4.5 Interplay of NLRP3 and NLRC4

Due to their activation by different stimuli, the NLRP3 and NAIP/NLRC4
inflammasomes have been considered to form distinct inflammasome
complexes, which share and compete for platform proteins. However
interestingly, later studies showed that in situations when both NLRP3 and
NAIP/NLRC4 are simultaneously stimulated, formation of a single inflammasome
complex was observed (Broz et al., 2010b, Man et al., 2014a, Qu et al., 2016).
Interestingly, ASC specks in LPS-primed THP-1 macrophages infected with S.
typhimurium featured a specific organization, where NLRC4 localized to an outer
ring surrounding a circular arrangement of NLRP3 oligomers. Furthermore,
caspase-1, caspase-8 and pro-IL-1B co-localized to these ASC specks (Man et
al., 2014a).

Co-immunoprecipitation studies showed a physical interaction of NLRC4 and
NLRP3 in LPS-primed and flagellin-transfected BMDMs, which suggests co-
signalling of both molecules under these conditions. Overexpression studies in
HEK293T cells showed that NLRP3 binding occurs via the NACHT domain of
NLRC4 (Qu et al.,, 2016). Further pulldown experiments in phorbol myristate
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acetate (PMA)-differentiated THP-1 cells infected with a strain of uropathogenic
E. coli (UPEC, CFTO073) co-precipitated NLRP3, NLRC4, NAIP and ASC (Verma
et al.,, 2019), which suggests that this interaction does not specifically occur
during S. typhimurium infections.

However, redundancy of NLRP3 and NLRC4 signalling during S. typhimurium
infection has previously been suggested in BMDMs (Broz et al., 2010b) and a
recent study identified S. typhimurium flagellin as a direct trigger for NLRP3
signalling in PMA-differentiated THP-1 cells (Gram et al., 2020). Flagellin-induced
NLRP3 activation was independent of NAIP but dependent on reactive oxygen
species (ROS) production and cathepsin activity in NLRC4”- macrophage-like
THP-1 cells. This study failed to determine whether a similar mechanism occurs
in human MDMs, due to technical limitations such as the lack of genetic knockout
(KO) cells or specific inhibitors for NLRC4 (Gram et al., 2020). It therefore
remains questionable whether NLRP3 and NLRC4 only interact if they are
simultaneously activated (e.g. during S. typhimurium infection) or whether mutual
recruitment occurs if only one inflammasome is specifically stimulated.

However overall, these findings suggest that interaction and co-signalling of
NLRP3 and NLRC4 may occur and that inflammasome complex formation may
be a more flexible process than originally anticipated.

1.3.3.4.6 Regulation of the NLRC4 inflammasome

Inflammasomes play an essential role in innate immunity but also drive the
development of inflammatory diseases, if dysregulated. Therefore, regulatory
mechanisms are required to tightly control the balance between the immune
response during infections while preventing host damage (Man et al., 2015).

Recently, IRF8 was identified as a transcriptional regulation of the NAIP/NLRC4
inflammasome, which was constitutively expressed in BMDMs. Genetic deletion
of IRF8 resulted in reduced transcription of Naip1, Naip2, Naip5, Naip6 and Nlirc4
(Karki et al., 2018). NLRC4 inflammasome-mediated pro-caspase-1 cleavage, IL-
18 release and cell death were significantly reduced in /rf8”- BMDMs infected with
S. typhimurium, P. aeruginosa or B. thailandensis, suggesting a crucial
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requirement of functional IRF8 for optimal NLRC4 inflammasome activation
(Karki et al., 2018). However, additional transcriptional regulators likely exist,
since NAIP/NLRC4 inflammasome activity was not completely absent in /rf8”
BMDMs (Karki et al., 2018). Small interfering RNA (siRNA)-mediated /RF8
knockdown in human THP-1 cells reduced NLRC4 baseline transcription,
whereas this effect was not observed in U937 cells and human MDMs (Yashiro
et al., 2021). However, siRNA-knockdown of PU.1, an Ets family transcription
factor which increases IRF8-binding to DNA (Laricchia-Robbio et al., 2005) and
was previously shown to control specific genes in macrophages in cooperation
with IRF8 (Tamura et al., 2005), reduced NLRC4 mRNA expression levels in
U937 cells and MDMs (Yashiro et al., 2021). This effect was less pronounced for
NAIP transcription, and both PU.1 and/or IRF8 controlled NLRP3, PYCARD
(encoding ASC) and CASP1 transcription in THP-1 cells in this study, suggesting
a broad role in transcriptional regulation of inflammasomes. However, results
obtained in other human cell models were inconsistent (Yashiro et al., 2021), and
therefore the exact role of IRF8 and PU.1 requires further clarification. One
suggested regulatory mechanism involves epigenetic regulator bromodomain-
containing protein 4 (Brd4), which controlled IRF8/PU.1-mediated Naip
transcription in BMDMSs, but did not affect NLRP3 transcription or signalling (Dong
et al., 2021).

On the post-translational level, only a few modifications of NLRC4 have been
described, the role of which remains controversial.

Beside suppressor of gal1 (SUG1)-mediated NLRC4 ubiquitination, which has
been suggested to promote caspase-8 activation (Kumar et al., 2010), one other
PTM was proposed to regulate NLRC4 activity. Phosphorylation of residue serine
533 (S533), was the only phosphorylation site identified in a mass spectrometry
analysis of BMDMs following stimulation with S. typhimurium (Qu et al., 2012).
Between species, S533 is a conserved residue and located within the HD2
domain. When Nirc4~ BMDMs were reconstituted with NLRC4S533A  an
unphosphorylatable mutant, stimulation-induced caspase-1 activation, IL-1p

secretion and pyroptosis were abrogated to the level of Nirc4” BMDMs,
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suggesting a critical role of phosphorylated S533 in NLRC4 inflammasome
activation (Qu et al., 2012).

In two independent studies, protein kinase C isoform delta (PKC3) (Qu et al.,
2012) or leucine-rich repeat kinase 2 (LRRK2) (Liu et al., 2017b) were suggested
as responsible kinases, however a consensus about the functional
consequences of this PTM has not been reached.

Qu et al. observed autoactivation and cell death following reconstitution of
BMDMs with the phosphomimetic NLRC43533P mutant (Qu et al., 2012), whereas
findings from Matusiak et al. suggested S533 phosphorylation as a NAIP-
independent priming event that was not sufficient to induce inflammasome
signalling in flagellin-stimulated Naip5”~ BMDMs (Matusiak et al., 2015). In a
study using BMDMs isolated from 3xFLAG-NLRC4S533A/S533A knock-in mice,
phosphorylation was not essentially required for NLRC4 signalling and a
compensatory mechanism through recruitment of NLRP3 and ASC was proposed
(Qu et al., 2016). Importantly, S533 was phosphorylated in the reported crystal
structure of inactive mMNLRC4 (protein data bank (PDB):4KXF) which could
suggest a stabilizing effect in the inactive state or indicate that although this
phosphorylation is not sufficient to induce an open conformation, it may promote
the release of the autoinhibited state subsequently to NAIP binding (Hu et al.,
2013, Matusiak et al., 2015). Bypassing the potential artefacts associated with
overexpression approaches or protein tags, Tenthorey et al., aimed to clarify the
role using BMDMs from mice deficient in Nirc4”, or expressing phosphomimetic
(NLRC4S%33D/S533D) - or  nonphosphorylatable (NLRC4S533A4/8833A) - mutations
introduced into the endogenous Nirc4 genomic locus (Tenthorey et al., 2020).
Only a modest signalling deficiency of NLRC4S533A/S533A was identified when
BMDMs were stimulated with low levels of cytoplasmic L. pneumophila flagellin
or S. typhimurium (with or without P3CSK4 priming) (Tenthorey et al., 2020).
Further, their results suggested that the S533 phosphorylation was not essential
for NLRC4 activation at higher ligand concentrations and in in vivo infection
experiments. No differences between WT NLRC4 and phosphomimetic
NLRC4S533D/S533D indicated that phosphorylation of $533 in not sufficient to induce

NLRC4 activation and a role of NLRP3 could not be determined (Tenthorey et al.,
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2020). Therefore, the S533 phosphorylation may play a yet unidentified role and
different genetic backgrounds of experimental mice, differences of microbiota,
ligand source or dose-dependency effects could be a possible explanation for the

differences observed in the previously performed studies (Tenthorey et al., 2020).

1.3.4 DNA sensors

DNA sensors play a crucial role in the immune defence against viral infections.
Several DNA sensors have been proposed, although the best investigated and
supposably predominantly activated pathway involves cyclic guanosine
monophosphate (GMP)-adenosine monophosphate (AMP)-synthase (cGAS) and
the immune adapter stimulator of interferon genes (STING) (Motwani et al.,
2019).

The previously mentioned inflammasome-forming protein AIM2 and interferon-
inducible protein 16 (IFI16) are classified as AIM2-like receptors (ALR)
(Unterholzner et al., 2010). AIM2 possesses a N-terminal pyrin domain (PYD)
and one C-terminal interferon-inducible nature and nuclear localization domain
200 (HIN-200), which mediates sequence-independent dsDNA binding and
subsequent oligomerization and inflammasome formation with ASC
(Burckstummer et al., 2009, Fernandes-Alnemri et al., 2009, Hornung et al., 2009,
Jin et al., 2012). Interestingly, no GoF mutations in this gene have so far been
associated with a monogenic AID. As a potential reason, the requirement of
dsDNA binding for inflammasome assembly and an additional scaffold function
for oligomerization has been suggested (Lugrin et al., 2018).

In contrast, IFI16 does not form inflammasomes and was identified as cytosolic
DNA sensor upstream of the STING/TANK-binding kinase 1 (TBK1)/IRF3
pathway that mediates IFNo/f induction (Unterholzner et al., 2010).

Other less well investigated cytoplasmic DNA sensors are DNA-dependent
activator of IRFs (DAI, also known as Z-DNA-binding protein (ZBP1)) and RNA
polymerase lll (Ablasser et al., 2009, Chiu et al., 2009, Takaoka et al., 2007).
However, pathogen detection via these pathways is limited due to the cell type-
specific expression of DAl and the mechanism of RNA polymerase Il signalling,



30

which requires DNA-to-RNA transcription for subsequent RIG-I activation and
has been suggested to be limited to AT-rich DNA molecules (Ablasser et al.,
2009, Chiu et al., 2009, Lippmann et al., 2008). Furthermore, the DExD/H-box
helicase DDX41 (Zhang et al., 2011) was suggested to act as sensor of bacterial
c-di-GMP and form a complex with STING to induce an immune response
(Parvatiyar et al., 2012).

1.3.4.1  Type | IFN pathway and interferonopathies

Recognition of nucleic acids released from pathogens represents a major
strategy for innate immune system activation, which occurs through several
sensors (chapter 1.3). However, given the evolutionarily conserved structure of
nucleic acids and their immunogenic potential, dysregulation of RNA and DNA
sensing pathways and recognition of self-DNA are often associated with AlDs.
Downstream of nucleic acid sensing, TLR7, TLR8, TLR9 activate transcription
factor IRF7 to induce type | IFN transcription. TLR3, TLR4, RIG-I, MDAS and the
cGAS-STING signalling pathways converge on the level of TBK1 activation,
which phosphorylates IRF3 and induces its nuclear translocation (Figure 1.4)
(Liu et al., 2015b). Synergistic DNA binding of transcription factors IRF3, IRF7
with NF-«xB and activating transcription factor (ATF)-2/c-Jun forms the
‘enhanceosome” and results in maximal type | IFN transcription (IFNB1, IFNA1
genes) (Ford et al., 2010). In humans, the family of type | IFNs comprises IFNa
(12 functional subtypes), IFNB, IFNk, IFN®» and IFNe, which signal through the
common IFNa-receptor (IFNAR) (Lopez de Padilla et al., 2016, Uzé et al., 2007).
IFNAR is composed of two subunits IFNAR1 and IFNAR2, that are expressed by
most cell types (Negrotto et al., 2011, Owczarek et al., 1997, Uzé et al., 2007).
Mechanistically, high-affinity ligand binding occurs via IFNARZ2 interaction,
whereas the IFNAR1 subunit is essentially required for downstream signalling
(Arduini et al., 1999, Cohen et al., 1995, L6pez de Padilla et al., 2016). The best
studied family members are IFNa and IFNB and whereas IFNa is predominantly
secreted by leucocytes, most cell types including fibroblasts produce IFNf
(Ivashkiv et al., 2014, Li et al., 2018b, Reis et al., 1989).
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Figure 1.4 | Simplified scheme of type | IFN pathway induction. Type | IFNs
(ap) are induced downstream of cytosolic nucleic acid sensors RIG-I, MDAS,
cGAS-STING and following activation of endosomal TLRs 3, 7, 8, 9 and surface-
exposed TLR4. Transcription factors IRF7 and IRF3 are phosphorylated and
dimerize to induce type | IFN transcription. Upon secretion, type | IFNs signal in
a paracrine and autocrine manner via binding to the IFNa receptor (IFNAR).
Signal transduction through activation of the JAK/STAT pathway induces the
transcription of interferon-stimulated genes (ISGs). 2'3’-cyclic GMP-AMP, 2'3’-
cGAMP; mitochondrial antiviral signalling protein, MAVS; melanoma
differentiation-associated protein 5, MDAS; retinoic acid-inducible gene-I, RIG-I;
cyclic GMP-AMP-synthase, cGAS; stimulator of interferon genes, STING; signal
transducer and activator of transcription, STAT; Janus kinase, JAK; tyrosine
kinase, TYK; interferon regulatory factor, IRF; TANK-binding kinase 1, TBK1;
lipopolysaccharide, LPS; ss, single-stranded; ds, double-stranded; 5'-
triphosphorylated RNA, 5-ppp RNA; cytosine-phosphate-guanine-containing
DNA; CpG DNA. Figure created with BioRender.com.
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After ligand binding, signal transduction occurs via cytoplasmic tyrosine kinase 2
(TYK2) and Janus kinase 1 (JAK1), which active transcription factors signal
transducer and activator of transcription (STAT) through a cascade of
phosphorylation events (Figure 1.4) (Lopez de Padilla et al., 2016).
Heterodimerization of STAT1/STATZ2 enables binding of IRF9 to form the IFN-
stimulated gene factor 3 (ISGF3), that binds IFN-stimulated response elements
(ISREs) leading to the transcription of thousands of IFN-stimulated genes (ISGs)
(Figure 1.4) (Aaronson et al., 2002, Lépez de Padilla et al., 2016, Mowen et al.,
1998). The protein products of ISGs activate multiple antiviral and
immunomodulatory effects aiming to limit the spread of the infectious pathogen,
enhance antigen presentation and cytokine production in innate immune cells
and activate the adaptive immune system (Ivashkiv et al., 2014).

Therefore, the type | IFN pathway induces a potent and versatile immune
response to fight host infection (McNab et al., 2015). Recent years have also
demonstrated the immunogenic potential of self-nucleic acids in the context of
defective degradation pathways or mislocalization. These findings have shaped
our understanding of the negative regulatory pathways that prevent type | IFN
production by host antigens during homeostasis. Genetic defects in proteins
involved in those control pathways result in overactivation of immune signalling
and trigger severe autoinflammatory diseases, classified as type |
interferonopathies (Crow 2011).

Over the past 10 years, the discovery of numerous novel gene mutations causing
type | IFN-driven diseases have demonstrated a broad phenotypic spectrum and
identified the immunomodulatory function of several proteins including three-
primer repair exonuclease 1 (TREX1) (Crow et al., 2006a), ribonuclease H2
(RNaseH2) (Crow et al., 2006b), sterile alpha motif domain and HD domain-
containing protein 1 (SAMHD1) (White et al., 2017), DNA polymerase subunit
alpha 1 (POLA1) (Starokadomskyy et al., 2016), mitochondrial ATPase family
AAA domain-containing protein 3A (ATAD3A) (Lepelley et al., 2021), ataxia
telangiectasia mutated (ATM) and ARTEMIS (encoded by DCLRE1C) (Gul et al.,
2018), adenosine deaminase acting on RNA 1 (ADAR1) (Rice et al., 2012).
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Due to the number of interferonopathies discovered (mutations in 38 different
genes to date (Crow et al., 2021)), the pathomechanism and clinical manifestation
will only be described in more detail for STING-associated vasculopathy with
onset in infancy (SAVI) (chapter 1.3.4.3.3), due to the phenotypic similarities to
COPA syndrome, which is a main focus of this thesis (chapter 3). However, first
the cGAS-STING pathway, its activation mechanism, signalling and effector

functions are introduced in the following sections.

1.3.4.2 DNA sensor cGAS

In 2013, cGAS (also known as male abnormal 21 domain containing-1 (MB21D1))
was identified as central cytosolic dsDNA sensor able to synthesize the second
messenger 2'3’-cyclic GMP-AMP (2’3-'cGAMP) (Sun et al., 2013, Wu et al.,
2013). cGAS was originally identified as sensor of dsDNA released from (retro-)
viruses and bacteria including herpes simplex virus1 (HSV-1), vaccinia virus,
human immunodeficiency virus (HIV), cytomegalovirus (CMV), Listeria
monocytogenes, Mycobacterium tuberculosis and Chlamydia trachomatis
(Hopfner et al., 2020). Furthermore, cGAS was shown to detect genomic DNA
from parasites, e.g. Plasmodium (Hahn et al., 2018) and was activated by some
RNA viruses, e.g. dengue virus or porcine reproductive and respiratory syndrome
virus (PRRSV), which occurred secondary to virus-mediated release of
mitochondrial host DNA (Sun et al., 2017, Xu et al., 2021).

Indeed, cGAS can also detect host mitochondrial and genomic DNA and strict
compartmentalization was thought to prevent cGAS activation by endogenous
ligands (Hopfner et al., 2020). Numerous breakthrough discoveries over the past
years have challenged this dogma and contributed to a vast increase in our
understanding of the complexity of cGAS localization, regulation and function.
The following section aims to summarize the structural basis of cGAS activation,
key concepts and findings from recently published studies relevant to the
understanding of the pathway and question investigated in chapter 3 of this

thesis.
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Cellular cGAS exists in an inactive state within nuclear and cytoplasmic
compartments and associated with the cell membrane (Barnett et al., 2019,
Gentili et al., 2019, Jiang et al., 2019, Liu et al., 2018a, Orzalli et al., 2015,
Volkman et al., 2019). In this conformation, the catalytic site is structurally absent,
and only forms following global conformational rearrangement induced by dsDNA
binding (Civril et al., 2013, Gao et al., 2013a, Kranzusch et al., 2013, Li et al.,
2013b). dsDNA binding occurs in a sequence-independent manner via
electrostatic interactions and hydrogen bonding. Highly conserved positively
charged amino acids located opposite to the catalytic domain of cGAS interact
with the negatively charged DNA phosphate-sugar backbone of both DNA
strands (Civril et al., 2013). Additionally required for DNA binding and stabilization
of the cGAS-DNA complex is the “Zinc (Zn)-thumb” or "Zn-ribbon”, a structurally
conserved loop formed by histidine and cysteine residues which coordinate a zinc
cation (Du et al., 2018). In this DNA-bound active conformation, a catalytic
magnesium cation, guanosine triphosphate (GTP) and adenosine triphosphate
(ATP) are bound in the catalytic centre (Civril et al., 2013), which results in
synthesis of 2’3’-cGAMP, the high affinity ligand for STING (chapter 1.3.4.3)
(Ablasser et al., 2013, Diner et al., 2013, Gao et al., 2013a).

Importantly, fluorescence anisotropy experiments confirmed preferred cGAS
binding of dsDNA (dissociation constant (Kq)~87.6 nM) and markedly reduced
binding affinity to ssDNA (Kq~1.5 uM). Whereas ssDNA was able to weakly
stimulate cGAS activity, 2'3’-cGAMP was not synthesized in the presence of RNA
ligands (Kranzusch et al., 2013).

dsDNA binding triggers cGAS dimerization that stabilizes the active conformation
and results in a 2:2 cGAS:dsDNA complex, where both cGAS protomers interact
with both DNA molecules through two binding sites (site A and B) (Civril et al.,
2013, Li et al., 2013b). In this conformation, dsDNA strands of at least 16-18 base
pairs (bp) length are able to accommodate cGAS dimer binding (Hopfner et al.,
2020, Li et al., 2013b, Zhang et al., 2014). However, human cGAS requires
dsDNA strands above >45 bp length (>2 helical DNA turns) to mount a substantial
immune response at physiological concentrations, which was shown to depend
on a ladder-like assembly of cGAS dimers along the same stimulatory dsDNA
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strand (Andreeva et al., 2017). Furthermore, identification of an additional DNA
binding site C provided the molecular basis for clustering between multiple
dsDNA strands and higher order cGAS-dsDNA condensate formation (Xie et al.,
2019). This process has also been described as cGAS-DNA phase separation,
where liquid-like-droplets form membraneless organelles for local and temporary
enrichment of proteins and reactants required for cGAS-mediated 2’3’-cGAMP
production (Du et al., 2018). Furthermore, phase-separated droplets prevented
TREX1-mediated DNA degradation, providing resistance to negative regulatory
mechanisms, which were suggested to further boost the immune response (Zhou
et al., 2021). The amplitude of cGAS-DNA phase separation as well as droplet
dynamics/fluidity was substantially increased in presence of the N-terminal
domain and largely dependent on the availability of zinc cations (Du et al., 2018,
Zhou et al., 2021). Future studies are required to elucidate the key regulatory
mechanisms of cGAS-DNA phase separation, however involvement of protein
cofactors, such as the stress kinase protein kinase R (PKR) and double-stranded
nucleic acid helicase G3BP1 (stress granule assembly factor 1), has previously
been suggested, which may link cGAS activation to cellular stress response
pathways (Hu et al., 2019).

Of note, human cGAS is able to bind shorter dsDNA (20 bp), however, robust
activation and signalling requires presence at high concentrations (of both cGAS
and DNA) (Andreeva et al.,, 2017). Interestingly, length-dependency in less
pronounced in murine cGAS due to residue variation in the DNA binding site A
(Zhou et al., 2018b).

Considering compartmentalization as protective mechanism to prevent activation
by self-DNA, cGAS was originally anticipated to predominantly localize within the
cytosol (Sun et al., 2013, Wu et al., 2013). However, recent evidence suggests
that a considerable proportion of cGAS associates with chromosomal DNA
following nuclear membrane disassembly in mitotic cells or resides within the
nucleus during the steady state (Gentili et al., 2019, Guey et al., 2020, Jiang et
al., 2019, Orzalli et al., 2015, Volkman et al., 2019, Yang et al., 2017, Zierhut et
al., 2020). Therefore, spatial separation does not provide the only mechanism to
silence cGAS upon self-DNA exposure. Instead, cGAS was shown to bind
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nucleosomes with higher affinity than naked DNA via distinct histone-interacting
residues as well as residues within DNA binding site B (Gentili et al., 2019,
Volkman et al., 2019). Interestingly, chromatin tethering retained cGAS in a
conformational state where histone-interactions sterically hindered the DNA-
binding sites, thus preventing continuous activation by genomic host DNA (de
Oliveira Mann et al., 2021, Zierhut et al., 2019).

Another layer of regulation is provided via barrier-to-autointegration factor 1
(BAF), which was found to compete with nuclear cGAS for DNA binding, thereby
preventing its activation. siRNA-mediated knockdown experiments in different
cell types showed that absence of BAF triggered spontaneous cGAS activation
upon nuclear localization (e.g. in mitotic cells) (Guey et al., 2020).

Furthermore, cGAS was shown to be phosphorylated (at residue S305 in human
cGAS) during mitosis by the kinase CDK1-cyclin B complex, which inhibited its
catalytic activity. Once mitosis was completed, dephosphorylation was catalysed
by type | phosphatase PP1, which suggests this PTM as an additional regulatory
mechanism during cell division (Zhong et al., 2020).

Physiologically, nuclear localization of cGAS may be required for nuclear sensing
of viral DNA, which in the case of HIV-2 has been shown to require additional
presentation of the viral capsid protein via host factor NONO (non-POU domain-
containing octamer binding protein) (Lahaye et al., 2018).

Despite antiviral signalling and recognition of DAMPs, a tumour-promoting
function of cGAS was suggested, as it was shown to suppress homologous
recombination, a crucial mechanism involved in DNA damage repair (Jiang et al.,
2019, Liu et al.,, 2018a). Additionally, cGAS was found to induce signalling
following rupture of chromatin or genomic-DNA-containing micronuclei, which are
nuclear envelope-enclosed structures formed following DNA damage during
aberrant mitosis, replication or DNA repair, thus linking genomic instability to
immune system activation (Gluck et al., 2017, Harding et al., 2017, Mackenzie et
al., 2017). Interestingly, recent findings suggests that micronuclei contain nuclear
cGAS, therefore envelope rupture may not be necessary to prompt cGAS
activation (Jiang et al., 2019). However, the mechanisms by which cGAS

discriminates between micronuclear “damaged” DNA and intact chromosomal
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DNA within the nucleus remain elusive and present an important direction of
future research.

Furthermore, cGAS was suggested to be required for cellular senescence
induction in response to DNA damaging agents, radiation and following
recognition of cytosolic chromatin (Gluck et al., 2017, Yang et al., 2017).
Particularly interesting in this context is the inflammatory phenotype associated
with senescence-induced cytokine/chemokine secretion as part of the
senescence-associated secretory phenotype (SASP), providing a link between
cGAS activation, inflammation and senescence-associated age-related diseases
(Coppé et al., 2010, Kaur et al., 2020, Yang et al., 2017).

Therefore, beside antiviral signalling, cGAS functions in diverse cellular
processes and complex mechanisms exist to regulate pathway activity and self-
DNA discrimination. Regulation may be cell-type specific and take place on
multiple levels, including subcellular localization, cGAS expression levels,
dependence on shape and length of the DNA ligand, PTMs, presence of cofactors
and interacting proteins (Hopfner et al., 2020). Although our understanding of
cGAS has vastly increased since its discovery, involvement in unexpected
processes leaves many questions unanswered, including the regulatory
mechanisms that fine-tune cGAS signalling in the nucleus and within phase

separated droplets, which require further studies.

1.3.4.3 The STING pathway

The innate immune receptor and adapter protein STING (also known as MITA,
MPYS and ERIS) is activated downstream of multiple intracellular nucleotide
sensors including cGAS, IFI16, and DDX41 (Hansen et al., 2014, Ishikawa et al.,
2009, Jin et al., 2008, Orzalli et al., 2015, Sun et al., 2009, Zhang et al., 2011,
Zhong et al., 2008). Uncontrolled activation of STING due to GoF mutations has
been shown to cause severe autoinflammatory disease (SAVI, chapter 1.3.4.3.3)
(Ahn et al., 2014, Ahn et al., 2012, Gall et al., 2012, Liu et al., 2014b). Thus, to
prevent pathway hyperactivity, tight regulation of STING is required. The
following sections aim to introduce molecular features of STING, the STING
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signalling pathway, effector functions and regulatory mechanisms relevant to the
research question investigated in this thesis (chapter 3).

Whereas the role and mechanisms of IFI16- and DDX41-mediated STING
activation is less well understood, numerous structural and functional studies
have contributed to a more detailed understanding of STING activation by 2°3’-
cGAMP, which represents the endogenous high-affinity ligand for STING
downstream of cGAS signalling (Sun et al., 2013, Wu et al., 2013, Zhang et al.,
2013). Additionally, STING does not only represent an “immune adapter” but also
acts as a direct sensor of bacterial cyclic dinucleotide (CDN) ligands (cyclic di-
AMP, cyclic di-GMP), due to structural similarities to endogenous 2’3’-cGAMP
(Burdette et al., 2011, Zhang et al., 2013).

At rest, inactive STING homodimers localize to the endoplasmic reticulum (ER)
membrane and ligand-induced ER exit and translocation to ER-Golgi-
intermediate compartment (ERGIC) and the Golgi apparatus is required to induce
several independent downstream pathways (Dobbs et al., 2015), including
antiviral and proinflammatory signalling via activation of transcription factors IRF3
and NF-xB (Abe et al., 2014, Tanaka et al., 2012), MAPK pathway activation (Abe
etal., 2014, Cavlar et al., 2013), autophagy (Gui et al., 2019), cellular senescence
(Gluck et al., 2017, Li et al., 2018c), cell death (Gulen et al., 2017, Liu et al.,
2018b) and lysosomal degradation (Gonugunta et al., 2017). Some STING-
induced functions are well understood, e.g. IRF3 signalling, however other
cellular response pathways require further investigation to identify involved
signalling molecules and their regulation. Furthermore, it remains largely unclear
how different STING functions are balanced and whether cell type-specific and

context-dependent regulatory mechanisms exist in vivo.

1.3.4.3.1 STING trafficking

Trafficking of ER-resident STING represents the prerequisite for signalling
(Dobbs et al., 2015) and occurs via coat protein complex Il (COPIl)-vesicles,
similarly to other Golgi-directed protein cargo (Gui et al., 2019, Ran et al., 2019,
Sun et al., 2018). The mechanistic details of COPII vesicle formation and
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anterograde ER-to-Golgi protein transport in general are further described in
chapter 1.4.1.1.

Co-immunoprecipitation experiments following transient transfection and cGAMP
treatment in HEK293T cells showed increased binding of STING to COPII subunit
SEC24 isoform C (Gui et al., 2019). Vice versa, IFNB1 transcription was
abrogated in foreskin fibroblasts (BJ cells) lacking COPIl-initiating protein
secretion associated Ras related GTPase (SAR) 1A or SEC24C in siRNA
knockdown experiments (Gui et al., 2019), highlighting the crucial role of
anterograde trafficking events for STING-induced type | IFN signalling.
Furthermore, in a complementary study, siRNA-mediated knockdown of SAR1
and several other COPII subunits (SEC13, SEC23 and SEC31) reduced IFNB1
transcription following HSV-1 infection in human foreskin fibroblasts (Ran et al.,
2019). Additionally, Sun et al. identified isoform-specific binding and established
that only SAR1B (but not SAR1A), SEC23B (but not SEC23A) and SEC24C (but
not SEC24A) co-immunoprecipitated with STING, however not all known
isoforms of COPII subunit proteins were tested (Sun et al., 2018).

Although the regulatory processes that control COPII vesicle loading and ER exit
of activated STING require further investigation, several proteins have been
proposed to positively regulate this process including adapter protein YIP family
5 (YIPFS) (Ran et al., 2019), inactive rhomboid protein 2 (iRHOM2) (Luo et al.,
2016), translocon-associated protein B (TRAPB) (Ishikawa et al., 2008),
transmembrane emp24 protein transport domain-containing 2 (TMED2, p24
family protein) (Sun et al., 2018), sorting nexin-8 (SNX8) (Wei et al., 2018) and
the ubiquitin regulatory X domain-containing protein 3B (UBXN3B) (Yang et al.,
2018).

As a negative regulator, the ER-resident calcium sensor stromal interaction
molecule 1 (STIM1) was suggested to associate with STING and anchor it within
the ER membrane, since Golgi localization and IFN signalling of SAVI STING
mutants was suppressed upon STIM1 overexpression in HEK293T cells
(Srikanth et al., 2019). STIM1 regulates replenishment of intracellular calcium
stores (e.g. ER) through store-operated calcium entry (SOCE) and ORAI1
channels at the plasma membrane, however STING trafficking remained normal
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after Orai1 depletion in mouse embryonic fibroblasts (MEFs), which suggested
uncoupling of both STIM1 functions (Srikanth et al., 2019). Notably, an
independent study reported reduced STING translocation and signalling when
intracellular calcium levels were altered with calcium chelator BAPTA-AM
(depletion) and ionophore ionomycin (elevation) (Kwon et al., 2018). Whether
STIM1-dependent regulation of STING translocation is the underlying
mechanisms in this context, requires further investigation.

The identification of STING ER exit protein (STEEP, CXorf56) suggested
mechanistic insights into ER exit regulation via STEEP-mediated recruitment of
phosphatidylinositol 3-kinase (PI3K) VPS34 (vacuolar protein sorting-associated
protein 34) (Zhang et al., 2020). Subsequent generation and accumulation of
negatively charged phosphatidylinositol 3-phosphate (PI3P) induced ER
membrane curvature, which promoted COPIl vesicle budding and STING
translocation (Zhang et al., 2020). Congruently, STEEP-deficiency resulted in
impaired STING signalling in THP-1 cells, HeLa cells and fibroblasts and
selectively abolished STING translocation, whereas general anterograde
transport remained intact. In line, SAVI STING mutants showed strongly
increased STEEP binding in HEK293T overexpression systems (Zhang et al.,
2020).

1.3.4.3.2 STING effector functions

Structural information of the STING dimer in complex with its activating ligand
and downstream signalling molecules has largely shaped our understanding of
the IRF3 activation pathway. STING is a transmembrane protein containing four
N-terminal transmembrane domains (TMD), followed by a connector helix (CH)
and connector loop (CL), the C-terminal cytoplasmic ligand-binding domain (LBD)
and a C-terminal tail (CTT). When inactive, STING forms a butterfly-shaped dimer
and resides within ER membranes (Figure 1.5 A, B) (Shang et al., 2019, Shang
et al., 2012).

Modular binding and signalling motifs within STING, which are partly located
within the CTT region, differ between distinct evolutionary lineages and determine
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downstream STING effector functions, activation of inflammatory pathways and
the magnitude of the response (de Oliveira Mann et al., 2019). All subsequently
mentioned amino acid residues refer to the position in human proteins, if not
indicated otherwise.

In vertebrate species, the CTT encodes the conserved TBK1-binding motif
(residues 369-377), which mediates binding-induced TBK1 dimerization (Figure
1.5 A) (Zhang et al., 2019). TBK1 activation additionally relies on phosphorylation
of residue S172 in its kinase activation loop, accessibility of which is sterically
hindered in the STING-bound TBK1 dimer. Therefore, higher-order
oligomerization has been suggested to be required for S172 ftrans-
autophosphorylation by neighbouring TBK1 molecules (Larabi et al., 2013, Shu
et al.,, 2013, Tu et al.,, 2013, Zhang et al., 2019). In line, in vitro co-
immunoprecipitation and imaging experiments showed that in absence of
cGAMP, STING and TBK1 constitutively interact, which suggests preformation of
sterically silenced tetrameric STING-TBK1 dimer-dimer complexes at the ER
membrane (Zhang et al., 2019). This is in contrast to a study by Zhang et al., who
suggested that TBK1 recruitment occurs subsequent to ER exit, during ER-to-
Golgi-translocation or at frans-Golgi compartments (Zhang et al., 2020).
However, co-immunoprecipitation experiments performed in reconstituted
STING-deficient MEFs showed weak interaction between TBK1 and STING at
baseline, which was further enhanced following STING activation and might
reflect STING/TBK1 tetramer preformation at the ER and subsequent
oligomerization and enrichment at perinuclear compartments (Ogawa et al.,
2018) (Figure 1.5 C).

Ligand binding occurs at a 2:1 stoichiometry (STING:ligand) (Burdette et al.,
2011, Shang et al.,, 2012) and induces folding of both STING protomers to
encapsulate the bound ligand (Shang et al., 2019). Furthermore, LBDs of both
STING monomers undergo a 180° rotation whereas the TMDs maintain their
position, which induces unwinding of both CLs into a parallel orientation (Shang
et al., 2019). This conformational change stabilizes the STING dimer structure
(Gao etal., 2013b, Huang et al., 2012, Shang et al., 2012), releases the CTT (Yin
et al., 2012) and exposes lateral binding sites for subsequent oligomerization so
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called “side-by-side” packing of STING dimers (Shang et al., 2019), which is
thought to be the prerequisite for TBK1 trans-autophosphorylation and signalling
(Zhang et al., 2019).

However, a crystal structure of STING bound to its bacterial ligand cyclic di-GMP
demonstrated a rather open conformation, which suggests that alternative
conformational changes can induce STING activation, since the functionality of
this complex was confirmed by STING-dependent IRF3 phosphorylation in cyclic
di-GMP-stimulated U937 cells (Ergun et al., 2019). Therefore, this data
suggested that ligand-mediated dimer closure is not necessarily required for
STING signalling, however induces higher potency STING activation (Ergun et
al., 2019).

STING oligomerization/polymerization is further stabilized by disulfide bridge
formation between cysteine (C) 148 residues of neighbouring dimers, which was
suggested to occur at ER membranes (Ergun et al., 2019). In this oligomeric
assembly, an active TBK1 protomer phosphorylates the adjacently located
STING at residue S366 (Shang et al., 2019, Zhang et al., 2019), which contributes
to the CTT-located pLxIS3¢¢ motif (x denotes any residue) and forms a docking
site for IRF3 via the positively charged phospho-binding domain (Figure 1.5 C)
(Liu et al., 2015b). The resulting spatial proximity is the prerequisite for TBK1-
mediated |IRF3 phosphorylation (Liu et al., 2015b, Zhao et al., 2019).
Phosphorylated IRF3 then dissociates, dimerizes and translocates into the
nucleus to activate type | and Il IFN transcription (Liu et al., 2015b, Tanaka et
al., 2012) (Figure 1.5 C). Although STING/TBK1 oligomerization was suggested
to initiate at ER membranes, several studies used trafficking inhibitors and
established STING translocation to perinuclear compartments (ERGIC and Golgi)
as crucial step for IRF3 signalling (Dobbs et al., 2015, Stempel et al., 2019). This
suggests the fulfilment of certain requirements that are only met at these
compartments (Dobbs et al., 2015, Ishikawa et al., 2009, Konno et al., 2013). One
possible explanation is the palmitoylation of STING cysteine residues in position
88 and 91 (C88/C91) mediated through Golgi-resident palmitoyltransferases
(DHHC proteins 3, 7 and 15), which was suggested to promote further STING-
TBK1 clustering and oligomerization at trans-Golgi lipid rafts to allow efficient
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IRF3 activation (Figure 1.5 C) (Mukai et al., 2016). Importantly, palmitoylation
inhibitor 2-bromopalmitate (2-BP) or the covalent inhibitor H-151, which directly
targets C91, sufficiently suppressed STING-mediated IFN signalling induced by
DNA stimulation and autoactive SAVI STING mutants, which suggested the
essential requirement of this PTM for the IFN response (Haag et al., 2018, Mukai
et al., 2016).

The detailed mechanisms of NF-«xB activation downstream of STING are less well
understood and somewhat controversial (Figure 1.5 C). Based on original
studies, the concept that TBK1 activates both IRF3 and NF-kB signalling
downstream of STING was widely accepted (Abe et al., 2014, Pomerantz et al.,
1999). However, later studies showed STING-mediated NF-xB activation
independent of the TBK1-binding motif encoded within the CTT in a STING
ortholog from D. melanogaster and a truncated hSTING splice variant,
suggesting alternative mechanisms (Chen et al., 2014a, Martin et al., 2018). In
contrast, in the serum of mice expressing a STINGAC™™ mutant, no TNFa was
detected following injection with STING agonist and IFNB1 transcription was
abrogated in BMDMs from these mice, which implies requirement of TBK1 for
NF-xB activation and IFN signalling in mice (Yamashiro et al.,, 2020).
Interestingly, a recent study identified redundancy of TBK1 and its homolog
inhibitor of NF-kB (IxB) kinase (IKK) epsilon (IKKe) for STING-induced NF-xB
signalling in myeloid cells from human and mice (Balka et al., 2020). Only
simultaneous deletion of TBK1 and IKKe abrogated proinflammatory signalling,
whereas TBK1 was largely responsible for IRF3-induced type | IFN activation
(Balka et al., 2020). Here, NF-kB activation was suggested to occur via the
canonical pathway involving transforming growth factor beta-activated kinase
(TAK1) and IKKB, whereas TNF receptor associated factor (TRAF) 6 was
dispensable (Balka et al., 2020). In contrast, a previous study identified STING-
mediated NF-«B signalling through TRAF6 and TBK1 in MEFs (Abe et al., 2014),
suggesting that multiple pathways or cell-type specific differences may exist.

A cGAS-independent pathway of non-canonical STING-mediated NF-xB

activation was shown to be induced following DNA damage in human
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keratinocytes (Dunphy et al., 2018). Here, dsDNA breaks sensed by ataxia
telangiectasia mutated (ATM) and poly ADP-ribose polymerase 1 (PARP-1)
activated DNA sensor IFI16, which further promoted TRAF6-dependent K63-
linked ubiquitination of STING and predominant NF-kB activation (Dunphy et al.,
2018).

Importantly, although STING trafficking to perinuclear compartments is a crucial
requirement for IRF3 signalling, NF-kB activation is sustained in cells treated with
brefeldin A, a microbial toxin that inhibits COPIl-mediated ER-to-Golgi transport
(Ran et al., 2019, Lippincott-Schwartz et al., 1990). This is in line with other
studies, showing normal NF-kB signalling with trafficking-defect STING mutants
K224R and K288R (ubiquitination of these lysine (K) residues is required for
trafficking), whereas IRF3-induced signalling was largely impaired in MEF-
reconstitution assays (Ni et al., 2017, Stempel et al., 2019). Similarly, inhibition
of STING trafficking with the murine CMV protein m152 ablated IRF3 activation,
whereas NF-kB signalling remained intact (Stempel et al., 2019). In conclusion,
these findings suggest that STING-induced NF-«xB activation does not require
inter-compartment translocation (Figure 1.5 C) (Dunphy et al., 2018) and
highlights the differential regulatory mechanisms involved in STING-induced
IRF3 and NF-«kB signalling. Thus, many open questions regarding the site of NF-
kB activation, involved signalling pathways and regulatory mechanisms remain
unanswered and require further investigation.

Importantly, a recent study identified a TRAFG6 recruitment sequence in the CTT
of zebrafish STING, which largely promoted NF-kB signalling (de Oliveira Mann
et al., 2019). Since human STING lacks this motif, the molecular mechanisms or
binding site for TRAF6 remain elusive today, but provides an explanation for the
primarily type | IFN-driven STING response in vertebrate species (de Oliveira
Mann et al., 2019). Evolutionary differences between the protein domains and
CTT-containing conserved binding motifs of vertebrate and fish STING are
interesting and emphasize the diverse roles of this signalling pathway and

multiple functions, that allowed the development of innate immune signalling
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tailored to selection pressures in specific environmental niches, favouring either
type | IFN or proinflammatory signalling (Stempel et al., 2019).

STING-mediated autophagy induction has been suggested as a strategy to clear
cytosolic DNA (foreign and endogenous) and pathogens and is believed to be the
evolutionarily oldest STING function, since it is also conserved in the non-
vertebrate species N. vectensis (sea anemone) and amphibia such as X.
tropicalis (western clawed frog), which lack the CTT (Gui et al., 2019, Watson et
al., 2012). Overexpression and stimulation of STING/ vectensis | ST|NGX tropicalis gnd
CTT-truncated hSTING in HEK293T cells induced microtubule-associated
protein 1A/1B light chain 3 (LC3)-Il conversion, which is a commonly used
readout for autophagosome formation (Gui et al., 2019). This process strictly
relied on trafficking of STING-containing vesicles to the ERGIC, but was
independent of TBK1 activation, since the CTT was absent (Gui et al., 2019). Liu
et al. performed similar experiments using transiently transfected HelLa cells and
confirmed STING-mediated autophagy induction via TBK1- and IRF3-
independent mechanisms. Furthermore, a direct LC3 interaction through LC3-
interacting regions (LIR motifs) located upstream the CTT in STING was
suggested (Liu et al., 2019). Gui et al., specifically identified residues 330-334 of
hSTING, with L333 and R334 being essentially required for autophagy induction
(Gui et al., 2019) (Figure 1.5 A).

Subsequently, an independent study investigated functional consequences of
STINGACTT or the nonphosphorylatable mutant STINGS6%4 (equivalent to S366 in
hSTING) endogenously expressed in mice in the context of HSV-1 infection
(Yamashiro et al., 2020). Interestingly, STINGACTT expression resulted in viral
susceptibility similar to mice deficient in STING (Goldenticket (STING9/9t mice))
or TBK1 (Tbk17/Tnfr1”- due to embryonic lethality of Tbk717). In contrast, mice
lacking IRF3 (/rf37") or expressing STINGS365A were partially resistant and able to
clear the infection, although delayed to WT mice. Although the mechanistic basis
for this observation was not extensively investigated, quantification of cGAMP-
induced LC3-Il conversion in primary macrophages derived from STINGACTT or
STINGS35A mice suggested that autophagy induction required presence of the
CTT and occurred via TBK1-dependent mechanisms but was independent of
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IRF3, STING S365 phosphorylation and type | IFNs (Yamashiro et al., 2020).
Importantly, autophagy maturation was previously shown to require TBK1 (Pilli et
al., 2012). Therefore, the role and function of TBK1 in STING-mediated
autophagy induction remains to be investigated in vivo. Potential differences to in
vitro generated knowledge and species-specific effects may play an additional
role and may be the reason for the observed differences.

STING-mediated autophagosome formation appears distinct from canonical
autophagosome biogenesis and occurred independent of serine/threonine kinase
Unc-51-like kinase (ULK) and the PI3K VPS34-beclin kinase complex. Instead,
dependency on WD repeat domain phosphoinositide-interacting protein 2
(WIPI12) and autophagy protein 5 (ATG5) was observed (Gui et al., 2019, Liu et
al., 2019). Subsequent fusion of autophagosomes with Ras-related protein Rab7-
positive lysosomes targets enclosed pathogens, DNA as well as STING for
degradation, therefore providing a negative self-regulatory mechanism to
terminate STING signalling (Gui et al., 2019, Liu et al., 2019). Similarly, STING
was reported to undergo lysosomal degradation following Golgi exit downstream
of TBK1/IRF3 pathway activation, which was found to be dependent on a motif
encoded within residues 281-297 (trafficking-mediated degradation motif)
(Figure 1.5 A) (Gonugunta et al., 2017).

Furthermore, a recent study elucidated a novel mechanism that negatively
regulates excessive STING activation prior to signalling events. Based on in vitro
experiments using recombinant protein and high-resolution imaging in different
cell lines, STING was reported to undergo liquid-liquid phase separation and form
‘puzzle-like” biocondensates (STING phase separator) at ER membranes
(Figure 1.5 C) (Yu et al., 2021). These gel-like condensates consisted of highly
organized 2'3’-cGAMP-STING-TBK1 complexes and were suggested to function
as “sponges” that trap excess 2'3’-cGAMP in a threshold-dependent manner.
Thus, spatial separation of 2'3’-cGAMP/STING/TBK1 from IRF3 provides a
negative regulatory mechanism to prevent aberrant immune signalling upon long-
term stimulation (Yu et al., 2021). Interestingly, condensate formation required
STING dimerization (residues 153-173 in hSTING) and a disordered region
(residues 309-342 in hSTING) (Figure 1.5 A), and was diminished in cells
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overexpressing autoactive STING mutants, which could therefore provide an
explanation for constitutive STING signalling in some SAVI patients (Yu et al.,
2021).

Importantly, cell type-specific effects of STING signalling may also play an
important role and significantly contribute to the clinical phenotypes observed in
SAVI. One example is the observation that STING activation primarily induces
proapoptotic signalling in T lymphocytes, which further depended on the
magnitude of STING activation and its expression level (Gulen et al., 2017). Using
knock-in mice expressing SAVI mSTINGN'935* (N154S in hSTING) and Jurkat T
cell lines reconstituted with hSTINGN'%4S Wu et al. identified a link to ER stress,
which primed T cells for apoptosis upon activation and found the “unfolded protein
response (UPR)-motif’ (aa 322-343) to be crucially important to mediate this
IRF3-independent function (Figure 1.5 A) (Wu et al., 2019). The proposed model
suggests that STING activation and ER exit disrupt ER calcium homeostasis,
which synergistically increased T cell activation-induced ER stress and facilitated
T cell apoptosis (following CD3/CD28 activation). In vitro, pharmacological
inhibition of ER stress was able to reduce T cell death (Wu et al., 2019).
Therefore, although discoveries over the last decade significantly improved our
understanding of several aspects of the cGAS-STING pathway, many old and
emerging questions remain unanswered. Future studies are required to elucidate
regulation mechanisms, PTMs and interacting proteins that act in concert to fine-
tune STING signalling. The cGAS-STING pathway is not only crucial to mediate
immune defence against infections but also increasingly implicated in the
pathology of sterile inflammatory diseases. Therefore, an in-depth understanding
of pathways activated in disease-relevant cell types provides a promising
opportunity to determine targets for successful therapeutic intervention.
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Figure 1.5 | Protein domains, signalling motifs and effector functions of
STING. A) Schematic hSTING protein domain structure showing transmembrane
domains (TMD) 1-4, dimerization domain (DD), connector helix (CH), connector
loop (CL), ligand-binding domain (LBD) and the C-terminal tail (CTT) based on
previously published domain borders (Shang et al., 2019, Wu et al., 2014).
Indicated amino acids and residue position of conserved binding motifs refer to
the hSTING amino acid sequence (Uniprot Q86WV6). Within the intrinsically
disordered region (IDR), residues E336 and E337 (bold, underlined) are
confirmed to be required for STING condensation and phase separation (Yu et
al., 2021). Other shown binding motifs are indicated based on previously
published studies: TBK1 binding motif (Zhang et al., 2019), pLxIS3¢¢ (x, any
residue) contains the STING phosphorylation site S366 (red, bold) (Liu et al.,
2015b), trafficking-mediated degradation motif mediates signalling-independent
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STING sorting into endolysosomes (Gonugunta et al., 2017), unfolded protein
response (UPR) motif (Wu et al., 2018) and residues for autophagy induction as
suggested by Gui et al. (Gui et al., 2019). *contribution of multiple LC3-interaction
regions (LIR) upstream the CTT have been proposed by Liu et al. (Liu et al.,
2019). B) Schematic model of the three-dimensional arrangement of protein
domains in monomeric inactive STING. Notably, STING resides as inactive dimer
within the endoplasmic reticulum (ER) membrane (not shown). C) Simplified
schematics of the STING signalling pathway and downstream effector functions.
Inactive dimeric STING at the ER membrane undergoes conformational changes
upon 2’3’-cGAMP binding which induce oligomerization, CTT exposure and ER
exit via coat protein complex Il (COPIl)-dependent mechanisms. STING-
mediated TBK1 recruitment occurs either at ER membranes or during vesicular
transport towards the ER-and-Golgi-intermediate compartment (ERGIC). The
ERGIC represents an intermediate signalling platform, where two distinct STING
effector pathways diverge. One fraction of STING-containing vesicular
membranes serves as source for autophagosome formation via WIPI2 and LC3
aiming to degrade invading pathogens, cytoplasmic DNA and STING itself.
Eventually, autophagosomes fuse with Rab7-positive lysosomes for terminal
degradation of their content. Trafficking-mediated lysosomal degradation of
STING is also initiated off trans-Golgi compartments and represents a negative
regulatory mechanism to terminate signalling. Another fraction of STING-
containing vesicles at the ERGIC continues to traffic towards the Golgi, where
Golgi-resident enzymes palmitoylate STING cysteine (C) resides in position 88
and 91 to promote 2'3'-cGAMP/STING/TBK1 clustering at the trans-Golgi.
Polymerization promotes TBK1-mediated phosphorylation of STING residue
S366 which creates an IRF3 docking site (pLxIS3% motif). Spatial proximity allows
for TBK1-mediated IRF3 phosphorylation, which induces dimerization, nuclear
translocation and type | IFN transcription. Activation of transcription factor NF-xB
(p65, p50) likely occurs via TBK1- and IKKe-redundant mechanisms and induces
transcription of proinflammatory cytokines and enhances type | IFN transcription
following nuclear translocation. However, the mechanistic details and the cellular
compartment of this process remain unclear. Since ER-to-Golgi translocation of
STING represents the rate-limiting step of the signalling cascade, excess 2'3'-
cGAMP-STING-TBK1 complexes were recently suggested to condensate in
“‘puzzle-like” structures at the ER membrane and undergo liquid-liquid phase
separation (STING phase separator formation), which prevents spatial proximity
to IRF3 and thus limits the STING-mediated immune response. WD repeat
domain phosphoinositide-interacting protein 2, WIPI2; microtubule-associated
protein 1A/1B light chain 3, LC3. Figure created with BioRender.com.
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1.3.4.3.3 STING-associated vasculopathy with onset in infancy

SAVI is classified as an interferonopathy and caused by familial or de novo GoF
mutations in immune sensor and adapter protein STING, which results in ligand-
independent constitutive signalling (Liu et al., 2014b). Since the initial description
of the disease by Liu et al. in 2014, several SAVI-associated mutations have been
identified, which map to conserved residues within domains required for ligand
binding (G166), dimerization/polymerization (e.g., C206, G207, R281, R284) or
within the connector loop/helix region (V147, F153, N154, V155) (Dai et al., 2020,
Lin et al., 2021, Shang et al., 2019). Interestingly, a recent report identified the
first SAVI-associated variant H72N located within the linker region between
TMD2 and TMD3, which was identified in a family with three affected members
with milder disease (Lin et al., 2021).

In general, the clinical phenotypes associated with SAVI are variable, however
patients typically present during early childhood (median presentation age 3
months (Dai et al., 2020)) with skin abnormalities and/or respiratory symptoms
(e.g. cough, tachypnea, dyspnea) and delayed development. Systemic
inflammation, fever and peripheral vasculopathy causing skin lesions with
pustular or blistering painful rashes on extremities and face, perforation of the
nasal septum, loss of nails or amputation of extremities have been described.
Pulmonary inflammation and interstitial lung disease (ILD) commonly develop in
patients with a mild to severe clinical course, that may prompt lung transplantation
or cause lethality in individual cases (Jeremiah et al., 2014, Konno et al., 2018,
Omoyinmi et al., 2015, Picard et al., 2016, Tang et al., 2020b). Joint involvement
or inflammation affecting the brain, kidneys or muscles are less commonly
observed. Furthermore, T cell cytopenia and/or (transiently) elevated levels of
autoantibodies were associated with SAVI in some patients (Dai et al., 2020,
Jeremiah et al., 2014, Liu et al., 2014b, Picard et al., 2016, Saldanha et al., 2018,
Tang et al., 2020b).

Patient blood analysis showed elevated ISGs transcription levels and in vitro
experiments with patient-derived PBMCs demonstrated increased transcription
of IFNB1 and STAT1 phosphorylation at baseline, which remained largely
unchanged upon further stimulation with exogenous STING ligand cGAMP (Liu
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et al., 2014b). Analysis of the IFNB1 reporter activity in transiently transfected
HEK293T cells, which lack endogenous STING, revealed maximal pathway
activation with SAVI STING mutants N154S, V155M, V147L, whereas WT STING
or empty vector transfected cells had limited background activation. Thus, the
GoF phenotype of the discovered mutations was established (Liu et al., 2014b)
and independently confirmed in subsequent case reports (Jeremiah et al., 2014,
Melki et al., 2017, Saldanha et al., 2018).

On a molecular level, STING GoF mutants were shown to stabilize dimerization
and spontaneously undergo ER-to-Golgi translocation in absence of specific
ligands, thus causing constitutive signalling and a predominant type | IFN-
response (Jeremiah et al., 2014).

Treatment with systemic corticosteroids partially improved clinical symptoms in
some patients, however broad immunosuppression, biologics and disease-
modifying antirheumatic drugs (DMARDs) generally showed limited effect (Wang
et al., 2021b). Importantly, Liu et al., provided in vitro evidence that JAK inhibitor
treatment may be beneficial for SAVI patient outcome, since it successfully
blocked baseline STAT1 phosphorylation in T and B cells derived from two SAVI
patients (Liu et al., 2014b). Indeed, the majority of reported SAVI patients
successfully responded to JAK inhibitors ruxolitinib (JAK1/2 inhibitor), baricitinib
(JAK1/2 inhibitor) or tofacitinib (JAK1/3 inhibitor) (Frémond et al., 2021b, Rodero
et al., 2016, Saldanha et al., 2018, Volpi et al., 2019), however poor responders
or relapsing disease has also been reported in other cases (Tang et al., 2020b,
Wang et al.,, 2021b). This emphasizes the important role of type | IFN-
independent effects in SAVI pathology, since genetic deletion of /rf3 in a mouse
model with heterozygous expression of a SAVI-associated patient mutation
N153S (equivalent to N154S in hSTING) did not ablate lung inflammation and T
cell cytopenia, suggesting that STING-mediated NF-xB signalling or other
effector functions may contribute to disease pathology despite a potential impact
of species-specific differences in this study (Warner et al., 2017).

Furthermore, early diagnosis and therapy initiation were found to be crucial for
long-term improvement of the clinical phenotype (Frémond et al., 2021b,
Saldanha et al., 2018, Volpi et al., 2019) and the higher susceptibility for viral
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infections represents an important side effect of JAK inhibitor treatment (Volpi et
al., 2019).

Although elevated type | IFN levels are a common feature shared between all
classified interferonopathies and some clinical manifestations overlap, crucial
differences can also be observed. For example, the majority of IFN-driven
diseases present with dominant skin and neurological involvement, the latter of
which being rarely reported in SAVI (Crow et al., 2021). Instead, SAVI and COPA
syndrome, a newly identified autoinflammatory disease caused by mutations in
coatomer | subunit alpha (COPA) (chapter 3.1.1), present with lung inflammation,
which is not commonly observed in other interferonopathies (Crow et al., 2021).
The phenotypic overlap prompted the hypothesis, that pathology in COPA
syndrome patients may be caused by dysregulated STING signalling, and
experimental evidence for this is presented in chapter 3 of this thesis.

However, phenotypic variabilities between interferonopathies are likely
contributed to by function and expression patterns of the mutant proteins and
their interaction partners, which thus may determine the disease-causing cell
types and susceptibility to type | IFN inhibition.

Furthermore, important to consider is the fact that besides IFN signalling, mutant
proteins may also be involved in other signalling pathways that could be
simultaneously activated and determine a distinct pathogenesis and therapy
susceptibility. Mutations in proteasome subunit proteins or COPA, associated
with PRAAS (proteasome-associated autoinflammatory syndrome) or COPA
syndrome respectively, represent good examples, where immune activation
through ER stress and UPR signalling (chapter 1.4) may contribute to the clinical
phenotypes (Brehm et al., 2015, Ebstein et al., 2019, Liu et al., 2012a, Watkin et
al., 2015).
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1.4 The secretory pathway

In chapter 3 of this thesis, the molecular mechanisms driving aberrant type | IFN
signalling in COPA syndrome are investigated. This immune disorder is caused
by defective vesicular trafficking due to loss of function (LoF) mutations in COPA,
the alpha subunit of coat protein complex | (COPI, coatomer), which mediates
retrograde protein trafficking within the secretory pathway (Watkin et al., 2015).
Therefore, this section introduces intracellular trafficking pathways and the
molecular mechanisms involved in COPI function, to better understand the
disease pathogenesis.

The secretory pathway is formed by a tightly controlled membrane network
composed of ER, ERGIC, the Golgi apparatus and vesicles that transport proteins
in between those compartments (Figure 1.6) (Martinez-Menarguez et al., 1999,
Palade 1975). Mediating transport of proteins and lipids towards their cellular
destination, the secretory pathway plays a crucial role in maintaining structural
integrity and functional organization of cells and acts as a quality control
mechanism for newly synthesized proteins (Harter C. 2002).

Around 30 % of all gene products in eukaryotic organisms enter the secretory
pathway and are therefore targeted to the ER during or after protein translation
(Aviram et al., 2017). Upon ER entry through the translocon pore, the
oligosaccharyltransferase (OST) complex adds N-linked oligosaccharides to
nascent unfolded proteins as the first instance of PTM, which influences protein
folding, stability, solubility and resistance to proteases (Helenius et al., 2001,
Kelleher et al., 2005). Furthermore, binding by ER-resident chaperone proteins
such as binding immunoglobulin protein (BiP) prevents aggregation of
polypeptide chains and aids correct protein folding (Alberts B 2002). The
oxidative chemical environment within the ER lumen also facilitates the formation
of disulfide bonds between cysteine residues that stabilize tertiary and quaternary
structures (Tu et al., 2004).

Two quality control mechanisms have been reported to control correct protein
assembly: ER-associated degradation (ERAD) and the UPR. ERAD selectively
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targets misfolded proteins from the ER lumen and mediates their re-translocation
into cytosolic compartments, where they are ubiquitinated and degraded via the
ubiquitin proteasomal degradation pathway (Vembar et al., 2008). Accumulation
of unfolded or misfolded proteins overwhelms the ER folding capacity, results in
ER stress and triggers the UPR, which initiates several downstream pathways
via ER stress sensors inositol-requiring protein 1 (IRE1), protein kinase R-like ER
kinase (PERK) and activating transcription factor 6 (ATF6). The subsequently
induced transcriptional and non-transcriptional responses aim to maintain cell
survival and enhance protein folding for example through transient inhibition of
global protein translation, promotion of ERAD and autophagy to clear unfolded
proteins and enhanced synthesis of chaperones. However if persistent, apoptotic
cell death is triggered (Hetz 2012).

Due to the polarization of the ER compartment, readily folded and modified
proteins concentrate at the ribosome-free smooth ER in dedicated areas termed
ER exit sites (ERES) (Bannykh et al., 1996). Here, on protruding membrane
tubules, protein cargo is encapsulated into vesicles, via COPII-dependent
processes (Figure 1.6), which induce anterograde ER-to-Golgi trafficking
(Barlowe et al., 1994). Passing the ERGIC, which represents a tubulovesicular
membrane cluster, vesicular transport is continued towards the cis-Golgi
(Bannykh et al., 1997, Hauri et al., 1992). It is still debated whether the ERGIC
forms a transient or permanent compartment. Based on experimental evidence
from several studies, the currently accepted model suggests a more transient
character, where ERGIC membranes arise from ERES via COPII-vesicles and
gradually mature into cis-Golgi membranes while moving towards the cellular
localization of cis-Golgi stacks (Mironov et al., 2003, Saraste et al., 2018). Fusion
of COPI-vesicles, which mediate retrograde Golgi-to-ER transport as well as
intra-Golgi transport delivers cis-Golgi membranes to the ERGIC, thereby altering
its protein and membrane composition that allows for dynamic maturation into
cis-Golgi cisternae (Letourneur et al., 1994, Orci et al., 1997, Saraste et al.,
2018). However, as originally suggested by George Palade, vesicle shuttling,
mediated by COPIl and COPI complexes (chapter 1.4.1), is still considered to
play a crucial role in transporting cargo proteins between ER and Golgi and
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vesicle fusion has been suggested to additionally mediate ERGIC membrane
maturation (Bonifacino et al., 2003, Palade 1975).

The Golgi apparatus (Golgi 1989) represents the central compartment of the
secretory pathway and mediates protein trafficking, sorting and modification of
post-translational glycosylation patterns (Pfeffer 2010). Organized as polarized
stacked cisternae (elongated membranes), the cis-Golgi (early Golgi) receives
proteins from ER and ERGIC via COP vesicle fusion, which travel through
consecutive medial-cisternae and exit from the trans-Golgi network (late Golgi)
towards their destination compartments (cell surface, endosomes, lysosomes)
(Rothman et al., 1996).
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Figure 1.6 | Schematic illustration of the secretory pathway. Proteins are
synthesized and secreted through the secretory pathway, which is composed of
the endoplasmic reticulum (ER), the ER-Golgi-intermediate compartment
(ERGIC), the Golgi apparatus and vesicles that mediate protein transport
between the main organelles. Coat protein complex (COP) Il vesicles (green)
mediate anterograde ER-to-Golgi transport, COPI vesicles (blue) mediate
retrograde Golgi-to-ER transport and intra-Golgi trafficking. COPI- and COPII-
mediated vesicular transport and cisternal maturation was suggested to mediate
ERGIC-to-cis-Golgi protein translocation. Clathrin-coated vesicles (red) are
assembled at the frans-Golgi compartment and recruit cargo via adapter protein
1 (AP1) for direction towards the endosomal-lysosomal system. Other secretory
cargo is recruited into vesicles (pink) for regulated secretion and stored until a
signal triggers plasma membrane fusion and content release. Via AP2, clathrin-
coated vesicles additionally mediate endocytosis at the plasma membrane.
Figure created with BioRender.com.
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Individual cisternal sub-compartments (cis, medial, trans) comprise a distinct set
of enzymes including glycosyltransferases, glycosidases and nucleotide sugar
transporters, which mediate multiple subsequent reactions to modify PTMs on
traversing proteins and lipids tailored to their function (Stanley 2011).

In vertebrates, the Golgi assembles into a dynamic set of interconnected
cisternae that present as a condensed ribbon structure (during interphase)
(Gosavi et al., 2018, Wei et al., 2017).

At the trans-Golgi membrane, newly synthesized proteins interact with adapter
proteins (AP) that mediate sorting into clathrin-coated vesicles for transport
towards endosomes and lysosomes. Additionally, clathrin-coated vesicles
mediate the classical endocytosis pathway at the plasma membrane
(Kirchhausen et al., 2014). In specialized cells, large amounts of secreted
proteins are sorted into secretory vesicles and stored in secretory granules until
environmental signals are sensed that trigger exocytosis and content release into
the extracellular space e.g. digestive enzymes, hormones, neurotransmitters
(Figure 1.6) (Alberts B 2002).

1.4.1 Vesicular trafficking pathways

COPI, COPIl and clathrin-coated carrier vesicles can be distinguished by
structural and functional differences of vesicle-forming coat proteins as well as by
their membrane compartment of origin (Hughson 2010). In general, coat proteins
function to induce vesicle formation and recruit cargo proteins. Distinct peptide
motif sequences presented by the cargo protein itself or trafficking adapters
allows specific cargo loading, which is further introduced below with a focus on
COPIl and COPI vesicles (chapter 1.4.1.1 and 1.4.1.2). Vesicle formation and
budding from the donor membrane follows a defined set of sequential interactions
of coat-forming and regulatory proteins. Subsequently, coat proteins are released
and recycled while vesicles translocate and fuse at their respective target
membranes (Kirchhausen 2000).

Essential for the distribution of intracellular proteins within the early secretory
pathway is the bidirectional transport between the ER, ERGIC and Golgi through
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COPIl and COPII vesicles. As previously mentioned, the widely established model
defines COPII coats as mediators of the anterograde Golgi-bound transport
route, whereas the COPI coat is involved in retrograde trafficking from Golgi to
ER compartments and trafficking within the Golgi, thus contributing to cisternal
maturation and cargo shuttling (Barlowe et al., 1994, Glick et al., 2009,
Letourneur et al., 1994, Orci et al., 1997, Rabouille et al., 2005). Therefore, both
coat protein complexes are essentially required to maintain proteostasis and

organellar homeostasis in all cells.

1411 COPII vesicles

The COPII coat is conserved throughout eukaryotic evolution and initial studies
in S. cerevisiae have described subunits SEC13, SEC31, SEC23, SEC24 and
the small GTPase SAR1 as essential components for COPII vesicle formation
(Barlowe et al., 1994, Kaiser et al., 1990).

COPII complex assembly occurs as a sequential process, initiated by membrane-
bound guanosine nucleotide exchange factor SEC12, which catalyses GDP-to-
GTP exchange of small GTPase SAR1, a step that was suggested to induce a
conformational change and exposure of a hydrophobic surface to mediate SAR1-
GTP phospholipid binding (Bi et al., 2002, Goldberg 1998, Huang et al., 2001).
Importantly, phospholipid composition and fluidity of synthetic liposomes used for
experimental COPIl assembly assays was shown to strongly influence COPII
coat formation, therefore providing the molecular basis for targeted assembly at
ER membranes (Matsuoka et al., 1998). After SAR1-GTP binding, the inner coat
composed of SEC23 and SEC24 is recruited from the cytoplasm and forms a pre-
budding complex with SAR1-GTP. SEC24 engages with cargo proteins, whereas
SEC23 acts as GTPase-activating protein that stimulates SAR1-GTP hydrolysis
activity and aids membrane curvature induction (Bi et al., 2002, Lee et al., 2005).
As the final step, the SEC13/SEC31 complex is recruited to form an outer coat
for structural stabilization and further drives membrane deformation (Stagg et al.,
2006). GTP-hydrolysis by SAR1 induces vesicle budding and coat disassembly
into the cytosol (Barlowe 2020, Barlowe et al., 1994). Interestingly, recent findings
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by Shomron et al. challenge this well-established model and suggest COPII coat
proteins as stationary molecules that mediate cargo enrichment and vesicle
loading at ERES and remain bound to the ER-ERES membrane when vesicles
are released (Shomron et al., 2021).

Noteworthy, in mammalian species paralogs/isoforms of most COPII subunits
exist, which suggests functional differences and perhaps cargo specificity
associated with distinct coat subsets, although some paralogs may be
functionally redundant (Zanetti et al., 2012). Four isoforms of SEC24 (A, B, C, D)
contain several distinct binding sites, which allow for interaction with a broad
range of protein cargo and adapters (e.g. ERGIC-52, p24 family proteins/TMED).
Trafficking adapters encode COPI- and COPII-specific binding motifs within a
short cytosol-exposed C-terminus, which allows for their circulation within the
early secretory pathway. Via the luminal domain, p24 family members bind cargo
proteins and thus function as coat adapters for proteins without self-encoded
trafficking motifs (Dominguez et al., 1998, Fiedler et al., 1996, Schimmodller et al.,
1995).

The exact mechanisms of how cargo selectivity for thousands of different proteins
is realized remains incompletely understood. Co-existence of two
mechanisms/models has been suggested: (1) the cargo capture model (specific
binding to coat receptors), and (2) the bulk flow model, which suggests receptor-
independent cargo loading of protein-containing fluid into the budding vesicles,
while ER-resident (e.g. chaperones, enzymes) or misfolded proteins are actively
retained through interaction with ER structures (Thor et al., 2009, Wieland et al.,
1987). However, unspecific bulk flow cannot be entirely prevented and cells have
developed compensatory mechanisms to retrieve ER-resident proteins through
retrograde COPI-mediated transport (Kuehn et al., 1998).

1.4.1.2 COPI vesicles

During retrograde transport, besides retrieval of ER-resident chaperones and
trafficking adapters, COPI also returns misassembled protein complexes from the
cis-Golgi and therefore contributes to organellar homeostasis and protein quality
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control within the secretory pathway (Beck et al., 2009). Initial knowledge about
the COPI complex was generated through studies in S. cerevisiae, which
identified seven subunits COP1/SEC33/RET1, SEC26, SEC27, SEC21, RET2,
SEC28, REC3 that correspond to subunits identified in mammalian cells: a-, B-,
B‘-, y-, 6, e- and &-COP (Figure 1.7) (encoded by COPA, COPB1, COPB2, COPG,
COPD, COPE and COPZ genes) (Barlowe et al., 2013, Duden et al., 1991,
Faulstich et al., 1996, Hara-Kuge et al., 1994, Harrison-Lavoie et al., 1993, Kuge
et al., 1993, Serafini et al., 1991, Stenbeck et al., 1993, Waters et al., 1991). All
protein subunits are subsequently referred to as COPA, COPB1, COPB2, COPG,
COPD, COPE and COPZ.

Similar to COPII, the COPI complex can structurally be divided into two
subcomplexes, the outer layer B-complex (COPA, COPB2, COPE) and the inner
layer F-complex (COPB1, COPG, COPD, COPZ) (Beck et al., 2009).

COPI vesicle formation is initiated via activation of the cytoplasmic small GTPase
ADP-ribosylation factor 1 (ARF1) (Orci et al., 1993), which in its GDP-bound state
binds the cytoplasmic tail of p24 family proteins at the Golgi membrane
(Contreras et al., 2004, Gommel et al., 2001). GDP-to-GTP exchange is mediated
via Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1
(GBF1), which induces a conformational change that exposes a N-terminal
amphipathic helix that anchors into the cis-Golgi membrane (Chardin et al., 1996,
Niu et al., 2005, Zhao et al., 2002). Subsequently, the cytosolic COPI coat is
recruited as a pre-formed complex (containing both B and F subcomplexes) and
binding occurs between ARF1-GTP and coatomer subunits COPB1, COPG,
COPD and COPE (Figure 1.7) (Hara-Kuge et al., 1994, Dodonova et al., 2017,
Eugster et al., 2000, Sun et al., 2007, Zhao et al., 1999, Zhao et al., 1997). Then,
p24 adapter protein binding by COPG (through recognitions of a specific dimeric
diphenylalanine (FF)-dibasic (BB) motif FFxxBB; x denotes any residue) and
ARF1 dimerization induce conformational changes that promote coat
polymerization and initiate membrane curvature (Beck et al., 2008, Béthune et
al., 2006, Langer et al., 2008, Reinhard et al., 1999). Continued COPI coat
polymerization eventually induces vesicle budding, which may occur

autonomously, however regulatory factors have been identified although
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mechanistic details remain unclear (Arakel et al., 2018). COPI release
(uncoating) requires GTP-hydrolysis stimulated by ARF1-GTPase activating
proteins (ARF1-GAPs) and is considered the prerequisite for vesicle fusion at the

destination membrane (Figure 1.7) (Presley et al., 2002).
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Figure 1.7 | COPI vesicle biogenesis at cis-Golgi membranes. Upon GDP-to-
GTP exchange on small GTPase ARF1, a conformational change exposes the
N-terminal amphiphatic helix and anchors ARF1-GTP into the cis-Golgi
membrane. The pre-assembled heptameric COPI coat complex (o, B, €, B, v, 9, £)
is recruited to the membrane and interacts with ARF1-GTP. y-COP (COPG) binds
p24 family protein dimers via a dimeric diphenylalanine-dibasic motif (FFxxBB,
abbreviated FFxx in figure). Specific dilysine (KKxx) recognition motifs encoded
at the C-terminal cytoplasmic tail of cargo or adapter proteins are recognized by
COPI subunits a, f’ and soluble proteins are bound via KDEL receptors (KDELR).
Dimerization of ARF1 promotes membrane curvature and coat polymerization,
which ultimately induce vesicle budding. ARF1-GAPs stimulate GTP-hydrolysis
which releases ARF1-GDP and the freed COPI coat into the cytosol, where it is
recycled. Figure adapted from (Beck et al., 2009). GTPase-activating protein,
GAP; ADP-ribosylation factor 1, ARF1. Figure created with BioRender.com.
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Vesicle recognition at the target compartment is mediated via organelle-specific
vesicle tethers either through direct interaction with the coat or other factors, such
as soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs) and Rab GTPases (Arakel et al., 2018, Zink et al., 2009). Thus, it has
been speculated that uncoating may be incomplete and remaining coat proteins
may in part be required for vesicle identification and fusion with the destined
target compartment (Arakel et al., 2018).

Cargo recruitment into COPI vesicles occurs via recognition of specific binding
motifs by different subunits. Best characterized is the C-terminal dilysine motif
(KKxx, K(x)Kxx, with x representing any amino acid) which binds to the WD40 -
propeller domains of COPA and COPB2 (Figure 1.7) (Cosson et al., 1994,
Eugster et al., 2000). Interestingly, binding strength and therefore trafficking
efficiency is determined by the surrounding residues encoded in position x and
the motif's proximity to the membrane (Vincent et al., 1998, Zerangue et al.,
2001). Furthermore, studies in HelLa cell showed that optimal ER retention
required the presence of lysine residues in position -3 and -4 or -3 and -5 relative
to the C-terminus, however presence of one or two lysines at various positions
within the last 6 C-terminal amino acids retained the COPI-trafficking ability to
some extent (Jackson et al., 1990).

Soluble ER-resident proteins involved in protein folding, modification and
assembly (including chaperones) possess a C-terminal KDEL sequence that
functions as ER-retention signal (amino acid sequence motif: lysine (K), aspartate
(D), glutamate (E), leucine (L)) (Figure 1.7) (Munro et al., 1987). However, since
studies in yeast and monkey fibroblasts showed that KDEL-tagged proteins can
undergo PTM by Golgi enzymes (Dean et al., 1990, Pelham 1988), COPI-
mediated transport is essential for their retrieval to the ER during the steady state.
Soluble proteins lack a cytoplasmic tail and therefore bind the KDEL receptor
(KDELR), which resides within the lumen of cis-Golgi and ERGIC compartments
and functions as an adapter for COPI-vesicle loading (Dean et al., 1990, Lewis
et al., 1990). KDELR binding is pH-dependent and allows for ligand-receptor-
association within Golgi compartments (low pH) and release upon arrival at the
ER (higher pH) (Wilson et al., 1993). Variants of the KDEL signal also exist, which
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are distinctly bound by three different KDELR isoforms in humans, providing a
mechanism for trafficking specificity (Raykhel et al., 2007).

Quality control of multimeric protein assembly is mediated via recognition of a
diarginine motif ([OWYR]RxR, ® being an aromatic residue, ¥ being a bulky
hydrophobic residues, x denotes any residue) by COPB1 and COPD (Michelsen
et al., 2005). In contrast to the dilysine motif, the diarginine motif is not necessarily
located within the C-terminal tail, and has been identified along cytosolic-exposed
protein regions (Beck et al., 2009). Mechanistically, it was proposed that whereas
motif exposure in unassembled protein complexes mediates ER retention, steric

masking upon complex formation allows ER export (Michelsen et al., 2005).

How COPI vesicles regulate bidirectional transport from Golgi-to-ER and within
Golgi compartments, remains unclear. The discovery of subunit paralogs y1
(COPG1), y2 (COPG2) and (1 (COPZ1), L2 (COPZ2) in higher eukaryote
lineages lead to the hypothesis of specialized functions or perhaps direction-
specific COPI complex isotypes (Blagitko et al., 1999, Futatsumori et al., 2000).
Indeed, subsequent studies using human and rat liver cell lines and mouse liver
lysates identified presence of a single subunit paralog per heptameric complex
and determined the stochastic ratio of coatomer isotypes from rat liver cytosols
with 2:1:1 of COPI complex isotypes containing y1£1 [COPG1/COPZ1] : y2{1
[COPG2/COPZ1] : y1£2 [COPG1/COPZ2], whereas y2(2 [COPG2/COPZ2] was
observed at lower frequency (<5%) (Wegmann et al., 2004). Localization studies
revealed spatial segregation of COPG paralogs, with COPG1 and COPG2 being
predominantly enriched in cis-Golgi or frans-Golgi compartments, respectively
(Moelleken et al., 2007), which was hypothesized to reflect functional
heterogeneity and specific roles. Based on cellular localization, COPG1 was
proposed to be more likely involved in mediating retrograde transport between
Golgi and ER while COPG2 may serve the intra-Golgi transport route (Moelleken
et al., 2007). Functional differences could be exerted through interaction with
locally distinct ARF isoforms or other co-factors including GAPs or tethers.
However, so far specific functions have not be identified, and redundancy has

been suggested, since proteomic profiling of vesicle content derived from Hela,
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HepG2 cells and murine macrophages did not reveal differences of the vesicular
content in a SILAC-based mass spectrometry approach (Adolf et al., 2019,
Futatsumori et al., 2000). Interestingly, Copg? and CopgZ2 paralogs are
differentially expressed in mouse embryonic stem cells (mMESC) during neuronal
differentiation and in vitro studies using pluripotent p19 cells identified an
essential role of Copg1 for neurite growth, which was paralog-specific (Jain Goyal
et al., 2020).

From an evolutionary perspective, paralog-specific functions for COPI subunits
may exist and may vary dependent on isoform expression, cellular differentiation
state or the cell type investigated but could provide functional heterogeneity
similar to the SEC24 paralogs which diversify the repertoire of cargos trafficked
by COPII (Adolf et al., 2019).



64

1.5 Aims of this thesis

Great advances in sequencing technologies during the last decade have resulted
in the identification of an increasing number of monogenic AlD-associated
genotypes. Investigating the disease-driving pathomechanisms does not only
allow for identification of potential drug targets, but also improves our
understanding of innate immune signalling and the controlling regulatory
mechanisms. As part of this thesis two different AIDs, COPA syndrome and
homozygous NLRC4-AID, were investigated aiming to elucidate the molecular
dysfunctions associated with the identified patient mutations.

In 2015, Watkin and colleagues initially described COPA syndrome, a novel
autoinflammatory and autoimmune disease (Watkin et al., 2015). Involved in
retrograde Golgi-to-ER transport, COPA LoF mutations were shown to possess
reduced cargo-binding affinity and ultimately increase ER stress and
proinflammatory signalling, which was suggested to be the main mechanism
driving pathology in these patients (Watkin et al., 2015). However, subsequent
studies demonstrated a profound type | IFN signature, which raised questions
regarding additional dysregulation of an — at the time — unknown innate immune
pathway. Identification of the involved immune sensor and elucidation of the
regulatory role of retrograde trafficking represent one aim of this thesis
(chapter 3).

Previously reported cases of NLRC4-AID, a rare monogenic disorder, have been
exclusively associated with heterozygous GoF mutations in inflammasome
adapter protein NLRC4 (Canna et al., 2014, Romberg et al., 2014). This thesis
presents the first description of a NLRC4-AID patient carrying a novel
homozygous mutation, the pathogenic potential of which was investigated using
cell-based (chapter 4) as well as structural and biophysical (chapter 5)
approaches.
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The specific aims of this thesis were:

1. Identification of the innate immune pathway dysregulation that is driving

aberrant type | IFN signalling in COPA syndrome

2. Case description and in vitro validation of the pathogenic potential
associated with the first described homozygous mutation in NLRC4
(A160T), which was identified in a patient with inflammatory flares and

immune dysregulation
3. Biochemical, biophysical and structural characterization of NLRC4 A160T
The results of the experimental work targeting these aims are presented in

chapter 3, 4 and 5, followed by an overall discussion (chapter 6) highlighting
remaining questions and therapeutic opportunities.
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2 Materials and Methods

2.1 Cell culture

Used cell lines were obtained from sources listed in Table 1. HEK293, HEK293T,
HelLa cells and murine immortalized bone marrow-derived macrophages
(iBMDM) were cultured in DMEM (Gibco) supplemented with 100 U/ml
Penicillin/100 pg/ml Streptomycin (Sigma-Aldrich) and 10 % Fetal Bovine Serum
(FBS, Sigma-Aldrich) in a humidified incubator at 37 °C and 10 % CO2. Human
monocytic THP-1 cells and the clonal cGAS” THP-1 cell line (Mankan et al.,
2014) were maintained in RPMI-1640 (made inhouse, RPMI 1640 powder (Life
Technologies), 23.8 mM sodium bicarbonate (NaHCO3) (Merck), 1 mM sodium
pyruvate (CsHsNaOs) (Sigma-Aldrich) supplemented with 10 % FBS and
100 U/ml Penicillin/100 pg/ml Streptomycin at 37 °C and 5 % CO.. All cell lines
were regularly tested for contamination with mycoplasma using polymerase chain
reaction (PCR)-based detection methods and cultures were maintained at
subconfluent densities. All cell line-related work was performed in a class 2
laminar flow biosafety cabinet under sterile working conditions. Experiments

requiring lenti/retroviral transduction were performed in S2 facilities (chapter 2.5).

Table 1 | Mammalian cell lines. Red fluorescent protein, RFP; blue fluorescent
rotein, BFP; apoptosis-associated speck-like protein containing a CARD, ASC.
Cell line Source
HEK293 CellBank Australia (code 85120602)
HEK293T CellBank Australia (code 12022001)
HEK293T ASC-RFP | described in (Cardona Gloria et al., 2018)

kind gift from E. Latz, Institute of Innate Immunity,
HEK293T ASC-BFP Medical faculty, University of Bonn

™
E'E;('T”M 293 T- Thermo Fisher Scientific, Cat. No. R78007
THP-1 (WT) ATCC TIB-202
THP-1 cGAS™ described in (Mankan et al., 2014)
iBMDMs described in (De Nardo et al., 2018a)
Curie Institute, Paris (kind gift from P. Gleeson,
HelLa Department of Biochemistry and Molecular Biology,

University of Melbourne)
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2.2 Primers

All primers and single guide (sg) RNAs were purchased from Metabion

International AG (Germany) or Integrated DNA Technologies (Singapore).

Table 2 | PCR ampilification primers. The listed primers were used for molecular
cloning of SA cell expression constructs for recombinant protein production
(chapter 2.4.1.1), mammalian expression constructs for overexpression studies
(chapter 2.4.1.1) and amplification of NLRC4 from genomic DNA and mRNA
transcripts to validate THP-1 cell clones generated in chapter 2.5.1.2. Numbers
in brackets indicate amino acids (aa) residues amplified. Some primers encode
BamHI (5') and EcoRIl (3’) restriction enzyme recognition sites to enable
subcloning into target plasmids (chapter 2.4.2). Deletion, A; full length, fl.

Primer F/R | Sequence (5’ 2 3')
hNLRCA4 fl F CGCGGATCCATGAACTTCATCAAGGACAAC
(aa 1-1024) R CGGAATTCAAGCGGTTACTAGTTTAAAAGC
hNLRC4ACARD F CGCGGATCCCAGACATCAGAAGGAGAC
(aa 92-1024) R CGGAATTCAAGCGGTTACTAGTTTAAAAGC
hNLRC4ACARD/ALoop | F CCCAGCAGGGCTGTATCT
gazaz?cﬂg)m, A IR | CATAGCTCCCCCATAAAAGTC
mNirc4 fl F CGCGGATCCATGAACTTTATAAGGAACAAC
(aa 1-1024) R CGGAATTCAAGCAGTCACTAGTTTAAAGGTGC
mNIrc4CARD F CGCGGATCCATGTCTTATCAGGTCACAGAAG
(aa 90-1024) R CGGAATTCAAGCAGTCACTAGTTTAAAGGTGC
hNLRC4_genomic | F GTAAAGGATGCTGGGGAAAG
DNA R CAGGCCTTCAGCTAGTTTTATA

F GGACAAAGTCTTTTTCATCAGACATC
ANLRC4_ cDNA R CAGGCCTTCAGCTAGTTTTATA

E CGCGGATCCATGGCAACACCTTGGTCAGGCT
Prgl (fl) ATC

R CGGAATTCAACGGAAGTTCTGAATAATGGCA

GCATC

hNAIP (f) F GCGGATCCATGGCCACCCAGCAGAAAGC

R CGGAATTCATTTCTGAATGATTGGAGAGAACG
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Table 3 | Mutagenesis primers. F, forward; R, reverse.

GTCAG

Target Muta-
gene & F/R | Sequence (5 = 3) genesis
mutation method
= | AGTGAAGATCTGGCACATGAATGAATCAA
hCOPA AGGC Quik
(R233H) [ | GCCTTTGATTCATTCATGTGCCAGATCTTC u
ACT Ch_ange,
hCOPA F | TCAAAGGCATGGAAGGTTGATACCTGC | Adilent
(E241K) |R | GCAGGTATCAACCTTCCATGCCTTTGA
hNLRC4 |F | TGGCTACAATGAGTTCAAGCCCC
ECOR' St | | TCAAGAAGGAAAAGAACCCTC (Liueta
hNLRC4 |F | CTGGAAGCAGGAGTTCAGGACTC 2008)
ECOR' St | | TTGAAGAACAAAGATACAGCC
NLRC4 LF__| CTCCTGCAGAGTCTTCAGAGCCC 8ﬁ;kn ]
A160T A |R | GGGCTCTGAAGAGTCTGCAGGAG Adil er?t ’
= | GCAGACTCTTCAGAGCCCCTGCATCATTG
hNLRC4 AAGGGGAATCTGG (Liu et al.,
A60T B [, | GCTCTGAAGAGTCTGCAGGAGGCCATTC | 2008)
AGGGTCAGC
= | TTGCCTTTGCCAAATTCCCCTTCAATGATG | o .
hNLRC4 CAGGGG (Moghaddas et al., 2018) Change
S171F_A [ | CCCCTGCATCATTGAAGGGGAATTTGGCA | "er?t :
AAGGCAA (Moghaddas et al., 2018) 9
= | GGAATTTGGCAAAGGCAAGTCCACTCTGC
hNLRC4 TGC (Liu et al.,
S171F B [ | CCTTTGCCAAATTCCCCTTCAATGATGCA | 2008)
GGGGC
T Nirod - SATGGTTACAATGAGTTCCATCCCCAGAA Quik
EcoRl site GTTCTGGGGATGGAACTCATTGTAACCAT | hange,
1 R c Agilent
CAGGAGTTCCAAGCTCACACCCAAACCAT
mNIred 1 F 1 50 (Liu et al
ECOR' site r | GCTTGGAACTCCTGTCTGCCCATCTGAAT | 2008)
TGC
o = | CAGGAGTTCAAGACTCTAGAGGTCACACT
EcoR| site CCGAG (Liu et al.,
3 ~ | GAGTCTTGAACTCCTGCTTCCAGTTGAAG | 2008)
AACAAAGACAC
= | CTCGAGACTCTGAAGAGCCCCTGCCTGAT
mNIirc4 TGAAG (Liu et al.,
A160T = | CTTCAGAGTCTCGAGCAGGCTGCCCAAA | 2008)
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hNAIP_
EcoRl site

GAACATTTTGTCAATTCCTGGGTCCAGAG
AGAATTACC

GGAATTGACAAAATGTTCTCCCGTTATGT
CAACAAATCC

(Liu et al.,
2008)

Table 4 | Sequencing primers. F, forward; R, reverse.

Target gene/primer name | Sequence (5’ 2 3)

hCOPA AAGACTTGGTAGTATCAGCCAGCCTGG
hNLRC4 1 GGAGACTTGGACGATTTGGC
hNLRC4 2 CAACTCCTGGATATACCTG
hNLRC4 3 CACAGGTGGAATCCACATG
hNLRC4 4 CACCAATGGCAGATTCTCAG
mNIirc4 1 CTGGGTGAAGATATCGAC
mNIirc4 2 CATTGTCACCACCACC
mNirc4_3 CATTGGACTTCGTGAAGTTGG
hNAIP GCTGAGAGGAGGTAAAATGAG
ue F ACCAAGGTCGGGCAGGAAGA
CMV F CGCAAATGGGCGGTAGGCGTG
pACEBac1 F TACTGTTTTCGTAACAGTTTTG
pACEBac1 R CATTTTATGTTTCAGGTTCAGG
FgH1t sgRNA CAGACATACAAACTAAAGAAT
EGFP_F CAACGAGAAGCGCGATC

Table 5 | qRT-PCR primers.

All primers refer to human genes.

Target gene F/R | Sequence (5 = 3))
ACTIN F GCGAGAAGATGACCCAGATC
R CCAGTGGTACGGCCAGAGG
COPA F ACTGGCAATCTAGAACCTGTG
R GACCAGAAATATCCCAAACGC
TNF F TCTCTCAGCTCCACGCCATT
R CCCAGGCAGTCAGATCATCTTC
IFNA1 F GCCTCGCCCTTTGCTTTACT
R CTGTGGGTCTCAGGGAGATCA
IFNB1 F TGTCGCCTACTACCTGTTGTGC
R AACTGCAACCTTTCGAAGCC
ISG15 F TCCTGGTGAGGAATAACAAGGG
R GTCAGCCAGAACAGGTCGTC
IFIT1 F ATCCACAAGACAGAATAGCCAG
R CCAGACTATCCTTGACCTGATG
MX1 F GTTTCCGAAGTGGACATCGCA
R CTGCACAGGTTGTTCTCAGC
USP18 F CCTGAGGCAAATCTGTCAGTC
R CGAACACCTGAATCAAGGAGTTA
IL6 F TCAATATTAGAGTCTCAACCCCCA
R GAAGGCGCTTGTGGAGAAGG
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IL8 F CTGGCCGTGGCTCTCTTG

R CCTTGGCAAAACTGCACCTT
COPG2 F CCTAAGCCAGCCTTGAGATATG

R GTCCAGATTGCAGGCAGTAA
SURF4 F GGTCTTGCTGGTTCTGATGT

R CCCACGATGTTCTGGACAATA
IL1B F AATCTGTACCTGTCCTGCGTGTT

R TGGGTAATTTTTGGGATCTACACTCT
NLRC4 F CATCATTTGCTGCGAGAAGGTGG

R CGTCCAAGTCTCCTTCTGATGTCTG

2.3 Buffers

Table 6 | List of buffers used in this study. Sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, SDS-PAGE; adenosine diphosphate, ADP;
size exclusion chromatography, SEC; anion exchange chromatography, AIEX.

Buffer

Components

1% NP-40 buffer

1% NP-40, 10 % glycerol, 20 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM ethylene glycol
tetraacetic acid (EGTA)

1xRIPA buffer

20 mM Tris-HCI (pH 7.3), 150 mM NaCl, 5 mM
EDTA, 1 % Triton X-100, 0.5 % sodium
deoxycholate, 0.1 % SDS, 10 % glycerol

4x Laemmli buffer

240 mM Tris-HCI (pH 6.8), 40 % glycerol (v/v), 8
% SDS (w/v), 0.04 % bromophenol-blue, 5 % B-
mercaptoethanol, 40 % glycerol, pH 6.8

SDS-PAGE separation
gel buffer

1.5 M Tris-HCI, 0.4 % (w/v) SDS, pH 8.8

SDS-PAGE stacking gel
buffer

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

10x SDS-PAGE running
buffer

0.25 M Tris, 1.94 M glycin, 1% SDS (w/v), pH 8.3

10x wet transfer buffer

200 mM Tris, 1.5 M glycine, pH 8.1-8.5

1x wet transfer buffer

1x wet transfer buffer, 20 % methanol, H2O

1x TAE buffer

40 mM Tris, 20 mM acetic acid, 1 mM EDTA
sodium salt dihydrate

PBND buffer

50 mM KCI, 10 mM Tris-HCI (pH 8.3), 2.5 mM
MgClz, 0.1 mg/ml gelatin, 0.45% (v/v) NP-40,
0.45 % (v/v) Tween 20

Coomassie stain

40 % ethanol (v/v), 10 % acetic acid (v/v), 0.1 %
Coomassie R250 (w/v)

Coomassie destain

10 % ethanol (v/v), 5 % acetic acid (v/v)

10x TBS

0.5 M Tris, 1.5 M NaCl, pH 8.0

1 mg/ml DNasel

20 mM Tris-HCI (pH 7.5), 50 % (w/v) glycerol,
1 mg/ml DNase |
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Purification of recombinant hNLRC4 truncations
25 mM Tris-HCI, 150 mM NaCl, 10 mM
hNLRC4 lysis buffer imidazole, 5 mM B-mercaptoethanol, 1 mM ADP,
10 mM MgClz, pH 8.0
25 mM Tris-HCI, 150 mM NacCl, 30 mM
hNLRC4 wash buffer imidazole, 5 mM B-mercaptoethanol, 1 mM ADP,
10 mM MgClz, pH 8.0
25 mM Tris-HCI, 150 mM NaCl, 250 mM
hNLRC4 elution buffer imidazole, 5 mM B-mercaptoethanol, 1 mM ADP,
10 mM MgClz, pH 8.0
20 mM HEPES, 0.5 mM TCEP, 100 mM NaCl,
hNLRC4 SEC buffer 1 mM ADP, 10 mM MgClz, pH 8.0
Purification of recombinant mMNLRC4 truncations

. 25 mM Tris-HCI, 150 mM NacCl, 10 mM
mNLRC4 lysis buffer imidazole, 5 mM B-mercaptoethanol, pH 8.0
25 mM Tris-HCI, 150 mM NaCl,30 mM imidazole,
5 mM B-mercaptoethanol, pH 8.0
25 mM Tris-HCI, 150 mM NacCl, 250 mM
imidazole, 5 mM B-mercaptoethanol, pH 8.0
mNLRC4 SEC buffer igrgl\(/)l HEPES, 0.5 mM TCEP, 100 mM NaCl,
Anion exchange chromatography hNLRC4 and mNLRC4
AIEX buffer A (no salt) 25 mM Tris-HCI, 5 mM p-mercaptoethanol,

mMNLRC4 wash buffer

MNLRC4 elution buffer

pH 8.0
, 25 mM Tris-HCI, 5 mM B-mercaptoethanol, 1 M
AIEX buffer B (high salt) NaCl, pH 8.0
24 Molecular biology methods
241 Polymerase chain reaction

2411  Target gene amplification for subcloning

Prior to subcloning, mutagenesis PCR was performed to mutate EcoRI
recognition sites encoded in the coding sequence of ANLRC4, mNIrc4 and hNAIP
(chapter 2.4.1.2). PCR using the Q5 Polymerase (New England Biolabs, NEB) or
Phusion®High-Fidelity DNA Polymerase (NEB) was performed to amplify human
and mouse NLRC4, hNAIP, and the S. typhimurium needle toxin Prgl coding
sequences for subcloning into the pcDNA3.1 mammalian expression plasmid or
pACEBac1 backbone for expression in SR cells. The pRP-HA-mCitrine-hIPAF
plasmid (encoding hNLRC4, kind gift from R. Stahl, AG Latz, Institute of Innate
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Immunity, Medical faculty, University of Bonn) and the mscv2.2-mNLRC4 plasmid
(kind gift from R. Vance, Addgene plasmid # 60199) (Kofoed et al., 2011) were
used as templates for the amplification of the human and mouse NLRC4 coding
sequence, respectively. Furthermore, the pEXPR-NAIP-HA plasmid (kind gift
from F. Schmidt, Institute of Innate Immunity, University of Bonn) and pET28a-
His-MBP-TEV-Prgl plasmid served as template for hNAIP and Prgl amplification
and subcloning, respectively. Elongation times and annealing temperatures were
adjusted according to the manufacturer’'s recommendations and calculated using
the NEB Tm Calculator online tool (https://tmcalculator.neb.com/#!/main). CARD-
deleted hNLRC4 (hNLRC44CARD aa 92-1024) and mNLRC4 (mMNLRC44CARD ga
90-1024) were amplified by use of specific primers (Table 2) and simultaneous
PCR-mediated attachment of BamHI| (5’) and EcoRI (3’) restriction enzyme
recognition sites for subcloning (encoded in primer sequence). The LRR-resident
loop (aa 622-644) was deleted using the Q5 Site-Directed Mutagenesis kit (Cat.
No. E0554S, NEB) to generate the hNLRC4ACARD/ ALoop (53 90-1024, A622-644)

construct using specific primers (Table 2).

2412 Mutagenesis PCR

Prior to subcloning of hNLRC4, mNIrc4 or hNAIP (fl) into pACEBac1 and
pcDNA3.1 backbones via EcoR|l and BamH]I restriction enzyme recognition sites,
silent mutagenesis of sequence-encoded EcoRlI recognition sites was performed
(hNLRC4: c.756A>G, c.1974A>G, mNirc4: c.756A>G, c.1059A>G, c.1974G>A,
hNAIP: ¢.765G>C) using the previously published site-directed plasmid
mutagenesis protocol by Liu and colleagues (Liu et al., 2008). Using the same
protocol, pACEBac1-6xHis-SUMO-TEV-hNLRC44CARD gand hNLRC4ACARD/ ALoop,
pACEBac1-6xHis-GFP-TEV-hNLRC44CARD and hNLRC4ACARD/ ALoop ' nb ACEBac1-
6xHis-SUMO-TEV-mNIrc4cARD  and pcDNA5/FRT/TO NLRC4-SH with C-
terminal Strep2-HA (SH)-tag (kind gift from F. Schmidt, Institute of Innate
Immunity, University of Bonn) were mutated to introduce p.A160T (c.478G>A)
and p.S171F (c.512C>T) mutations, respectively.
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Introduction of ANLRC4 p.A160T (c.478G>A) and p.S171F (c.512C>T) mutations
into the pEF-BOS-mCitrine-hNLRC4 plasmid was performed using the
QuikChange Il site-directed mutagenesis kit (Agilent technologies) following the
manufacturer’'s recommendations. Similarly, this method was used to generate
plasmids encoding COPA syndrome patient mutations ¢.721G>A (p.E241K) and
c.698G>A (p.R233H) (Watkin et al., 2015). As template, the pCMV6Entry-COPA-
myc-DDK plasmid (Origene, kind gift from A. Shum, Department of Medicine,
University of California San Francisco) was used. All mutagenesis primers are
listed in Table 3.

242 Molecular cloning

Amplified PCR products were separated based on DNA fragment length during
agarose gel electrophoresis. Therefore, PCR samples were mixed with 6x DNA
gel loading dye (Cat. No. B7024S, NEB) and run on 1-2 % agarose gels
supplemented with UV-excitable DNA-binding dye (SYBR safe (Cat. No. S33102,
Invitrogen) or peqGREEN (Cat. No. 732-3196, PeqgLab, VWR)) in 1x TAE buffer
(Table 6). As molecular weight size markers 100 bp-DNA Ladder extended (Cat.
No. T835.1, Carl Roth) or GeneRuler 1 kilobase (kb) Plus DNA Ladder (Cat. No.
SM1331, Thermo Fisher Scientific) were used. Separated bands were visualized
using the ChemiDoc Touch Imaging System (BioRad). DNA fragments required
for downstream cloning applications were extracted and purified using the
ExtractMe DNA Clean-Up & Gel-Out-Kit (Cat. No. EM26.1, Blirt) following the
manufacturer’s instructions.

Subsequently, restriction digests of the amplified insert and target plasmid
(PACEBac1-6xHis-SUMO-TEV, pACEBac1-6xHis-GFP-TEV, pcDNA3.1-3xHA,
pcDNA3.1-3xFLAG, pcDNA3.1-myc) were performed to generated compatible
overhangs (sticky ends). The reaction mix containing BamHI-HF and EcoRI-HF
restriction enzymes (Cat. No. R3136, R3101, NEB) was prepared following the
manufacturer’'s recommendations. After 2 hours (hrs) incubation at 37 °C,
digested products were purified using the ExtractMe DNA Clean-Up & Gel-Out-

Kit (EM26.1,Blirt) to remove residual buffer and cleaved nucleotides. Digested
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target plasmid and insert were ligated at a 1:3 ratio, which was calculated based
on fragment size and concentration using the online tool NEBio Ligation
calculator (https://nebiocalculator.neb.com/#!/ligation, NEB). The ligation
reaction was performed using the T4 DNA ligase (Cat. No. M0202, NEB) following
the manufacturer’s protocol. After overnight incubation at 16 °C, the ligation mix
was transformed into 50 pl of chemically competent E. coli strains DH1083, DH5a.
or Stbl3. After initial incubation on ice for 10-15 minutes (min), cells were heat
shocked for 42 seconds at 42 °C, resuspended in 800 pl antibiotic-free Luria
Bertani (LB) medium (Carl Roth) and incubated for 1 hr at 37 °C and
800 revolutions per minute (rpm). Cells were plated on agar plates containing
appropriate selection antibiotics, e.g. ampicillin (100 pg/ml, Sigma-Aldrich),
kanamycin (50 pg/ml, Sigma-Aldrich) or spectinomycine (50 pg/ml, Sigma-
Aldrich) and incubated overnight at 37 °C. On the next day, colonies were picked
and incubated in 4 ml antibiotic-containing LB medium overnight, before DNA
was isolated using the ExtractMe Plasmid Mini Kit (Cat. No. EMO01.1, Blirt) or
Wizard™ PlusSV Miniprep Purification System (Cat. No. A1460, Promega).
Sanger sequencing was performed (see chapter 2.4.3) and correct bacterial
clones were further amplified in 100-300 ml antibiotics-containing LB medium
overnight for DNA isolation using the NucleoBond Xtra Midi Kit for transfection-
grade plasmid DNA (Cat. No. 740410.50, Machery-Nagel), GeneJET Plasmid
Maxiprep Kit (Cat. No., KO492, Thermo Fisher Scientific) or PureLink HiPure
Plasmid MaxiPrep Kit (Cat. No. K210006, Thermo Fisher Scientific) following the
manufacturer’s instructions. Concentration of purified DNA was measured at 260
nm absorbance using a NanoDrop spectrophotometer (Thermo Fisher Scientific).
Purity was assessed using the 260/280 nm and 260/230 nm ratio.

The pcDNAS/FRT/TO hNLRC4-SH plasmids (used in chapter 2.5.2) encoding
NLRC4 WT, A160T or S171F were cloned using the pENTR223-hNLRC4 plasmid
and pDEST MCS-SH gateway destination vector and LR Clonase |l enzyme mix
(Cat. No. 11791-020, Invitrogen) following the manufacturer recommendations
(plasmids and reagents were kindly provided by F. Schmidt, Institute of Innate

Immunity, University of Bonn).
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Used for CRISPR/Cas9 gene editing of THP-1 cells to introduce the
NLRC4 A160T mutation on genomic level (chapter 2.5.1.2), the EF1alpha-Cas9-
2A-EGFP/U6 plasmid (kind gift from T. Zillinger, Institute of Clinical Chemistry
and Clinical Pharmacology, University of Bonn) was linearized using Smil (Swal,
Cat. No. ER1241, Thermo Fisher Scientific) restriction enzyme digest following
the manufacturer’s instructions. The 20 nucleotide NLRC4-targeting sgRNA (see
sequence below and Table 11) was designed manually based on the localization
of the protospacer adjacent motif (PAM) proximal to the genomic site to be
modified. Off-targets were analysed using the IDT CRISPR-Cas9 guide RNA
design checker online tool (Integrated DNA Technologies). To generate the full
length CRISPR-oligo, the NLRC4-specific sgRNA (underlined) was flanked by 5’
and 3’ bridging sequences resulting in a total of 60 nucleotide (5'-
TGGAAAGGACGAAACACC —GACCCTGAATGGCCTCCTGC-
GTTTTAGAGCTAGAAATAGCA-3). Bridging sequences provided
complementary overhangs for the subsequent NEBuilder DNA assembly reaction
(Table 7), which was performed to ligate the NLRC4-specific sgRNA into the
Smil-digested EF1alpha-Cas9-2A-EGFP/U6 plasmid followed by 1 hr incubation

at 50 °C. Transformation into chemically competent E. coli Stbl3 bacteria and

DNA amplification (Miniprep, Maxiprep) were performed following the procedure
described above. For Sanger sequencing, the U6 forward primer was used
(Table 4).

Table 7 | NEBuilder DNA assembly reaction.

Reagent Volume
Smil-linearized EF1alpha-Cas9-2A-EGFP/U6 plasmid 1 ul (~ 30 ng)
Single strand sgRNA (5 umol) 0.5 ul

Water 1.5 ul

2x NEBuilder HiFi DNA assembly mix (Cat. No. E2621, NEB) 2.5

To generate CRISPR/Cas9 knockout cell lines (chapter 2.5.1.1), sgRNAs were
annealed and cloned into FgH1t_UTG (with GFP reporter) and _UTC (with CFP
reporter) plasmids (kind gift from M. Herold, Addgene plasmids #70183, #85551)
(Aubrey et al., 2015), which were linearized by BsmBIl (Cat. No. R0739, NEB)
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restriction digest following the manufacturer’s recommendations. sgRNA forward

and reverse oligos were annealed using the reaction mixture and temperature

protocol described in Table 8 and Table 9. Following ligation with T4 DNA ligase

(Cat. No. M0202, NEB), subsequent transformation and DNA purification steps

were performed according to the previously described procedures. sgRNA

sequences are listed in Table 10.

Table 8 | sgRNA annealin

reaction for subcloning into FgH1t plasmids.

Reagent Volume
forward oligo (100 uM) 3 ul
reverse oligo (100 uM) 3l

3 M NaCl 0.5 yl

1 M MgCl; 2 ul
1MTRISpH 7.5 2 ul
1XTE buffer 9.6 i

Table 9 | Temperature gradient for sgRNA annealing reaction.

Temperature Time

95 °C 5 min

gradual (0.1 °C/sec)

70 °C \ 20 min

gradual (0.1 °C/sec)

40 °C | 20 min

gradual (0.1 °C/sec)

25°C | 20 min

gradual (0.1 °C/sec)

4°C | hold

243 Sanger sequencing

Sanger sequences was performed by external services (Microsynth AG,

Gottingen, Germany or the Australian Genome Research Facility (AGRF),

Melbourne, Australia) using the listed sequencing primers (Table 4). Sanger

sequencing aimed to identify the bacterial clones containing plasmids encoding

the desired insert or point mutation and to confirm sequences of genomic DNA
and NLRC4 mRNA transcripts in THP-1 monoclonal cell lines (see 2.5.1.2).
Samples were prepared according to the recommendations of the service
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provider and analysis performed using ApE v2.0.61 and Snapgene 5.2.4

software.
2.5 Generation of stable cell lines
2.5.1 CRISPR/Cas9 gene editing

2511 CRISPR/Cas9-mediated knockout cell line generation

COPA-, COPG1-, COPG2-, COPD-, COPE-deficient as well as MAVS", PKR™,
UNC93B17, NLRP3", STING” and SURF4" cells lines were generated using
site-specific genetic editing via the clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 system as previously described (Baker et
al., 2018). Third generation lentivirus was generated in HEK293T cells following
the detailed protocol by Baker et al. using LipoFectMax™ Transfection Reagent
(Cat. No. FP311, Sapphire Bioscience). Lentiviral transduction was performed to
stably reconstitute the Cas9 endonuclease from S.pyogenes using the FU-Cas9-
mCherry plasmid (kind gift from M. Herold, Addgene plasmid #70182) (Aubrey et
al., 2015) or lentiCRISPR v2 Cas9 (kind gift from F. Zhang, Addgene plasmid #
52961) (Sanjana et al., 2014, Shalem et al., 2014) in WT THP-1 or HelLa cells,
respectively, via spin inoculation (3 hrs, 2200 rpm, 32 °C) (Figure 2.1).
Successfully transduced THP-1 or HelLa cells were sorted for medium mCherry
expression levels by fluorescence-activated cell sorting (FACS) or selected by
puromycin treatment (1 pg/ml), respectively (Figure 2.1 A). Subsequently, stably
Cas9-expressing THP-1 or HelLa cell lines were used as control cells in all
experiments and are referred to as parental cell line throughout this thesis. Using
the same method (Baker et al., 2018), lentivirus containing the previously cloned
(chapter 2.4.2) doxycycline (Dox)-inducible FgH1t-UTG (GFP-tagged) or FgH1t-
UTC (CFP-tagged) plasmid encoding target-specific sgRNAs (Table 10) was
generated and used to transduce parental THP-1 and HelLa cell lines via spin
inoculation (3 hrs, 2200 rpm, 32 °C). Two days post transduction, the cells were
sorted for the medium CFP- or GFP-positive population (Figure 2.1 A). Gene
deletion was induced by treatment with Dox (1 pg/ml) for 72 hrs followed by an

optional 24 hrs resting period in Dox-free complete growth medium depending on
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the downstream application, before experiments were performed (Figure 2.1 B).
Protein or gene deletion was assessed by western blotting (chapter 2.11) or
quantitative Real-Time PCR (qRT-PCR, chapter 2.12).

A
@ lentivirus carrying @ lentivirus carryin OFUCas9mCherry plasmid
FUCas9mCherry FgH1t-UTC-ng%JA ®Cas9
\ \ FgH1t sgRNA plasmid
sgRN
HEK293T : C§:> X DB

%Q transductlon %: FACS % transductlon% FACS
sort sort

WT cell line parental cell line Dox-inducible COPA
e.g. THP-1 syndrome model cell line

@@ .
@@ _*72 hrs Dox,_ 6%9% _24hrs rest % experiment

Dox-inducible COPA sgRNA expression Pool of cells which
syndrome model cell line Cas9-induced DSB is COPAdeficient

Figure 2.1 | Workflow to generate knockout cell lines using CRISPR/Cas9
gene editing technology. The generation of COPA syndrome model cell lines
in THP-1 cells using fluorescent protein-tagged plasmids is shown. A) Lentivirus
was generated by transient co-transfection of third generation lentiviral packaging
plasmids (pVSVg, pMDL and pRES-REV (Baker et al., 2018)) and FU-Cas9-
mCherry plasmid into HEK293T cells. Lentivirus particle-containing supernatant
was harvested and used to transduce THP-1 WT cells by spin inoculation. FACS
sorting selected a homogenous cell population expressing medium mCherry
levels (parental cell line, constitutive Cas9 and mCherry expression).
Subsequently, parental cell lines were transduced with lentiviral particles carrying
the FgH1t-UTC plasmid encoding target gene-specific single guide (sg) RNAs
controlled under a doxycycline (Dox)-inducible promoter together with a
fluorescent tag (CFP, constitutively expressed). FACS sorting for the medium
CFP-positive population resulted in a homogenous cell population, referred to as
COPA syndrome model cell line. B) Prior to every experiment, Dox treatment
(72 hrs, 1 pg/ml) induced sgRNA-guided Cas9-mediated double strand breaks
(DSB), resulting in COPA gene deletion and generation of a heterogeneous pool
of COPAdsficent cells (dark grey). A 24 hrs resting period was performed prior to
some experiments depending on the downstream application.
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Table 10 | Single guide RNAs for CRISPR/Cas9-mediated gene editing.
sgRNAs targeting human genes were designed using the CHOPCHOP online

tool (https://chopchop.cbu.uib.no/) (Labun et al., 2019, Montague et al., 2014).

Target gene sgRNA sequence (5‘23")
COPA (sgRNA1) TAGATTGCCAGTTCCACACT
COPA (sgRNA2) AATTCGAGACCAAGAGCGCG
COPA (sgRNA3) ACATCCGATTCCACCGCACC
STING AGAGCACACTCTCCGGTACC
NLRP3 TCCCGCTGGACCATCCTCGGCATG
MAVS AGTACTTCATTGCGGCACTG
PKR TAATACATACCGTCAGAAGC
COPG1 TGGTCAAGTAGCACATCCGA
COPG2 GGAAAAGAAGATGTATACCG
SURF4 (sgRNA 1) TCAGACAGAGGCGCGCCACG
SURF4 (sgRNA 2) AGTCGCGCTGCTCGCTCCAC
UNC93B1 GGGCGTGCTCAAGAACGTGC

2.5.1.2 Generation of monoclonal NLRC4 A160T-encoding THP-1 cell lines
via CRISPR/Cas9-mediated homology-directed repair

THP-1 WT cells were transiently electroporated (Neon Transfection system,
Thermo Fisher Scientific; 1250 V, 50 ms, 1 pulse, 5x10° THP-1 WT cells, 100 pl
tips) to deliver 10 ug of EF1alpha-Cas9-2A-EGFP/U6 plasmid-encoding a sgRNA
targeting hNLRC4 together with the oligo repair template (2.5 uM) encoding two
missense mutations within the NLRC4 coding sequence: 1) nucleotide exchange
c.468C>T (silent mutation on protein level) to introduce a Bsal recognition site
and 2) the patient mutation of interest, c.478G>A which encodes NLRC4 A160T
(Figure 4.7, sequences in Table 11). FACS sorting for EGFP-positive cells was
performed 18 hrs after electroporation. Sorted cells were culture for 1 week as
pool and used to generated monoclonal cell lines by limiting dilution (in 96-well
plates, round bottom). After 4-6 weeks, visible colonies appeared and total DNA
from single cell clones was isolated by Proteinase K lysis (200 pg/ml) in PBND
buffer (Table 6) and 1 hr incubation at 55 °C, followed by heat inactivation for
10 min at 95 °C. A subsequent PCR reaction (total 25 pl) was performed to
amplify the genomic NLRC4 locus using the DreamTaq polymerase (Cat. No.
EP0705, Thermo Fisher Scientific). 10 ul of the amplification product were
subjected to Bsal-HFv2 (Cat. No. R3733, NEB) enzymatic digest following the
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manufacturer’'s recommendations to screen for successful oligo repair template
integration as analysed by agarose gel electrophoresis (chapter 2.4.2) The
remaining PCR product of clones showing the expected band pattern following
Bsal digest was enzymatically purified with rSAP (Cat. No. M0371, NEB) and
Exo1 (Cat. No. M0568, NEB) digest and submitted for Sanger sequencing to
confirm genotypes on genomic level (chapter 2.4.3).

Sequences of active hNLRC4 mRNA transcripts were confirmed by Sanger
sequencing after RNA isolation and cDNA transcription (chapter 2.12), which
then served as template for hNLRC4-specific PCR with exon-spanning primers
and the product of this reaction was subsequently sequenced. Primers used for
PCR amplification and sequencing are listed in Table 2 and Table 4, respectively.

Table 11 | Oligonucleotide sequences used for CRISPR/Cas9-mediated site-
directed mutagenesis in THP-1 cells. Within the oligo repair template modified
nucleotides to introduce Bsal restriction enzyme recognition site (c.468C>T
underlined and bold) and ¢.478G>A mutation encoding p.A160T (italic and bold)
are highlighted.

Sequence (5’'23’)
hNLRC4-specific sgRNA GACCCTGAATGGCCTCCTGC
sequence
oligo repair template GACCAACACCATCACCGCGTGGAGCAGC
TGACCCTGAATGGTICTCCTGCAGACTCTT
CAGAGCCCCTGCATCATTGAAGGGGAAT
CTGGC

252 Generation of Flp-In 293 T-REXx cell lines stably expressing ASC-
EGFP and hNLRC4.

Unmodified Flp-In 293 T-REXx cells (control cell line) were maintained in complete
growth medium supplemented with 4 pg/ml blasticidin (InvivoGen) and 50 pg/ml
zeocin (InvivoGen). Stable ASC-EGFP-expressing monoclonal Flp-In 293 T-REx
were generated via lentiviral transduction (Cardona Gloria et al., 2018). For
lentivirus generation, HEK293T cells were seeded (6-well plate format) to reach
70 % confluency on the next day. Prior to transfection, the medium was replaced
to antibiotic-free DMEM/2% FBS. Second generation lentiviral plasmids psPax2
(0.65 pg) and pMD2.G (0.35 pg) were co-transfected with pRRL pUbC ASC-
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EGFP-Puro (1.5 pg, kind gift from F. Schmidt, Institute for Innate Immunity,
University of Bonn) using polyethylenimine (PEI) Max (1 mg/ml, Polysciences)
cellular transfection reagent at a DNA (ug) to PEI (ul) ratio of 1:1 and OptiMEM
(Thermo Fisher Scientific). After 6 hrs incubation, the medium was replaced with
complete growth medium and virus-containing supernatant harvested 48 hrs
later. Subsequently, Flp-In 293 T-REx cells were inoculated with 250 pl filtered
(0.45 pm) viral supernatant in presence of 10 pyg/ml polybrene (Sigma-Aldrich)
using a 24-well plate format. The cells were incubated overnight and transferred
into a 10 cm dish. One day later, puromycin selection was initiated (1 pg/mi,
InvivoGen) and cells continuously cultured until visible cell colonies appeared.
Multiple single colonies were picked and cultured to confluence. Following
screening of activation-induced versus baseline ASC specking by flow cytometry
(see chapter 2.9), the clone with the lowest background ASC speck assembly
was selected to generate isogenic human NLRC4-expressing Flp-In 293 T-REx-
ASC-EGFP cells lines using the Flp-In system following the manufacturer's
instructions (Thermo Fisher Scientific). Expression of human NLRC4 with C-
terminal Strep2-HA (SH) tag was induced by Dox treatment (1 pg/ml, Sigma-
Aldrich) for periods as indicated in respective figure legends. The cells were
maintained in complete growth medium (chapter 2.1) with addition of 4 pg/ml
blasticidin (InvivoGen), 50 ug/ml hygromycin B (InvivoGen), 1 pg/ml puromycin

(InvivoGen).

253 Generation of stable STING-GFP-expressing HEK293T and HelLa

cell lines

Stable STING-GFP expressing HEK293T, HelLa cell lines (parental (Cas9) and
COPAZeficent (expressing Cas9+Dox-inducible sgRNA1 targeting COPA sgRNA1)
were generated following the retroviral-based reconstitution method published by
Pokatayey and Yan (Pokatayev and Yan, 2017). Briefly, retrovirus-particles were
generated by co-transfection of pMRX-STING-GFP (6 pg, kind gift from N. Yan,
Department of Immunology and Department of Microbiology, University of

Texas), VSVg (4 ug) and gagpol (6 ug) plasmids into one 10 cm dish of HEK293T
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cells using LipoFectMax TM Transfection Reagent (Cat. No. FP311, Sapphire
Bioscience). Filtered (0.45 pm) supernatant was then used to infect HEK293T or
HelLa cell lines in presence of polybrene (8 pg/ml), which were subsequently

sorted for the low GFP-expressing population via FACS.

254 Reconstitution of the monoclonal cGAS” THP-1 cell line with GFP-
FLAG-cGAS

Following the previously described method (Baker et al., 2018), lentiviral
reconstitution of THP-1 cell lines (cGAS™ parental and cGAS”/COPAdeficient) with
third generation lentivirus particles encoding pTRIP-CMV-GFP-FLAG-cGAS (gift
from N. Manel, Addgene plasmid #86675) (Raab et al., 2016) was performed.
Therefore, 1x108 cells were incubated with 1ml virus-containing supernatant and
polybrene (8 ug/ml) and centrifuged for 3 hrs at 2200 rom and 32 °C. Following
24 hrs incubation, the cells were washed in 1x phosphate buffered saline (PBS)
and resuspended in full growth medium supplemented with STING inhibitor H-
151 (2.5 uM, Life Chemicals) in order to reduce cell death associated with cGAS-
STING pathway overactivation. After 24 hrs incubation, cells were subjected to
FACS sorting for the low GFP-expressing population and grown to confluence
under standard culture conditions (chapter 2.1).

255 Fluorescence-activated cell sorting for cell line generation

Sterile FACS sorting of cell lines generated in chapter 2.5.1.1, chapter 2.5.3 and
chapter 2.5.4 was performed by staff of the Walter and Eliza Hall Institute flow
cytometry core facility (Melbourne, Australia). Depending on the experimental
requirements and instrument availability, the BD FACSAria W (lasers: 375 nm,
405 nm, 488 nm, 561 nm and 640 nm), BD FACSAria C (lasers: 375 nm, 405 nm,
488 nm, 640 nm) or BD FACSAria Fusion (lasers: 405 nm, 488 nm, 561 nm and
640 nm) (BD Bioscience) were used.
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Sterile FACS sorting of GFP-expressing THP-1 cells following electroporation in
chapter 2.5.1.2 was performed by staff in the flow cytometry core facility of the
Medical Faculty at the University of Bonn using the BD FACSAria Ill (laser: 375
nm, 405 nm, 488 nm, 561 nm and 640 nm; BD Bioscience).

Prior to sorting, cells were resuspended in sterile 1xPBS/2% FBS and kept on
ice. Cells were sorted into 10 ml tubes containing 1 ml complete growth medium
supplemented with 20 % total FBS using the 100 ym nozzle. Subsequently, the
sorted homogenous cell population was centrifuged, resuspended in pre-warmed

complete growth medium and cultured to confluence.

2.6 Patient samples

2.6.1 Genetic investigations

Informed consent from the patient presented in chapter 4.2.1, healthy parents
and the brother was obtained for genetic investigations. Genomic DNA of study
subjects was sequenced at the Laboratory of Genetics and Genomics of Rare
Diseases “Giannina Gaslini” Institute (Genoa, Italy) for the analysis of selected
genes (Papa et al., 2020). Next generation sequencing (NGS) was performed,
using an Ampliseq design coupled with lon PGM™ parallel sequencing (Thermo
Fisher Scientific) and demonstrated the presence of a homozygous variant in the
NLRC4 gene that had only been reported as heterozygous genotype in the
healthy population (Genome Aggregation Database (GnomAD)). The variant was
confirmed and segregated by Sanger sequencing. Within the analysed panel of
target genes (Papa et al., 2020), only one other heterozygous variant was
identified in the ILTRN gene, resulting in a synonymous mutation (c.345C>T,
p.D115=).

2.6.2 Peripheral blood mononuclear cell isolation and differentiation

Informed consent (ethical review board of Institute Giannina Gaslini-Genoa-ltaly
N. BIOL 6/5/04) was obtained from two healthy control (HC) donors and one
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COPA syndrome patient (previously reported Volpi et al., 2018) prior to human
blood sample collection and PBMC isolation for STING inhibitor treatment
(method see chapter 2.7.3; Figure 3.6).

Following informed written consent, peripheral blood for serum cytokine analysis
(Figure 4.2 G) was collected from 21 unrelated healthy donors (HCs, 11 male/10
females; 35.4 + 13.4 years) and the here presented patient (chapter 4.2.1),
proceeding from the metropolitan area of S&do Paulo (SP, Brazil).

For inflammasome stimulation experiments using MDMs (Figure 4.4), 20 ml
peripheral blood was collected from 3 HCs (1 male/2 females; 24.7 + 23.3 years)
for PBMC isolation using Ficoll-Paque density gradient centrifugation (GE
Healthcare). Monocytes were separated from other PBMCs by adhesion in 96-
well culture plates (0.8x10% PBMCs/well) (Corning). After 2 hrs, non-adherent
cells (mainly lymphocytes) were removed by washing 3 times with PBS (Sigma-
Aldrich), while adherent cells (mainly monocytes) were cultured in RPMI-1640
(Gibco, Thermo Fisher Scientific) supplemented with 10 % FBS (Gibco, Thermo
Fisher Scientific at 37 °C in 5 % CO2. To obtain MDMs, monocytes were cultured
in RPMI-1640/10 % FBS with 25 ng/ml monocyte colony stimulating factor (M-
CSF; PeproTech) at 37 °C in 5 % CO: for 5 days.

2.7 In vitro stimulation experiments

2.7.1 Inflammasome stimulation in monocyte-derived macrophages

MDMs (isolation described in 2.6.2) were challenged with 1 pg/ml LPS (E. coli
strain O111:B4; Sigma-Aldrich, St. Louis, MO) for 4 hrs with subsequent addition
of 1 mM ATP (Sigma-Aldrich, St. Louis, MO) for 15 min or cytoplasmic delivery
of 5 yg/ml flagellin from S. typhimurium (FLA, InvivoGen, San Diego, CA) in
DOTAP liposomes (6 ug DOTAP (Roche)/1 ug FLA) for 2 hrs before supernatants
were collected. Long-term stimulation was performed with 1 pg/ml LPS or 5 ug/ml
FLA for 24 hrs.
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2.7.2 Inflammasome pathway stimulation in THP-1 cell lines

To stimulate NLRC4 inflammasome signalling in monoclonal THP-1 cell lines
(generated as described in chapter 2.5.1.2), 0.5x10° cells were seeded in a 96-
well plate format (flat bottom). Simultaneously, TLR1/2 agonist Pam3CSK4 (P3C,
100 ng/ml) (InvivoGen) and 1 pl retroviral supernatant of pMXsIG_Prgl_GFP
(plasmid was a kind gift from E. Miao, Department of Immunology, Duke
University School of Medicine, method following Miao et al., 2010) were added in
presence of polybrene (8 pg/ml) followed by spin inoculation (2200 rpm, 32 °C,
1 hr). Cells and supernatants were analysed after 24 hrs incubation (37 °C, 5 %
CO2). The NLRP3 inflammasome was stimulated with 10 uyM nigericin
(InvivoGen) for 1 hr after 3 hrs priming with P3C (100 ng/ml) using
0.5x10° cells/well (96-well flat bottom plate format).

To readout inflammasome formation, supernatants were collected for
quantification of released cytokines by ELISA (chapter 2.8). Cell death was
analysed by flow cytometry following propidium iodide (Pl) staining (1 pg/ml,
Sigma-Aldrich) of cells using the LSRFortessa (BD Bioscience) and the gating
strategy shown below (Figure 2.2). The percentage of Pl-positive cells
represents dead cells as percentage of the total single cell population (singlets),

analysed in FlowdJo 10.7.1 software.

Cells Singlets Live/Dead

SSC-A
FSC-H

Pl-positive

ol Nl Alive YG610_20
3 781

T T T T T T T T
50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K

FSC-A FSC-A FSC-A

Figure 2.2 | Gating strategy for cell death analysis by flow cytometry. To
analyse cell death after inflammasome stimulation, THP-1 cells were stained with
propidium iodide (PI, 1 pyg/ml) for 20 min on ice in 1XxPBS/2% FBS, washed and
analysed using the LSRFortessa flow cytometer. The percentage of dead cells
(Pl-positive, gated for as Boolean“NOT-alive” gate) was identified using the here
depicted gating strategy. Forward scatter, FSC; side scatter, SSC; area, A;
height, H.
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2.7.3 STING inhibitor treatment of COPA syndrome patient PBMCs.

Ex vivo, PBMCs isolated from a COPA syndrome patient and 2 HCs (chapter
2.6.2) were treated with STING inhibitor H-151 (5 uM, Life Chemicals) at 37 °C
for 4 hrs. Cells were fixed with pre-warmed fixation buffer (BioLegend) at 37 °C
for 15 min and permeabilized with pre-chilled True-Phos™ perm buffer
(BioLegend) for 1 hr at —20 °C. Cells were then stained with CD3-APC mAb (SK7,
BD Biosciences), CD14-FITC mAb (M5E2, BD Biosciences) and phospho-
TBK1/NAK (Ser172) (D52C2, Cell Signaling Technology), XP Rabbit mAb-PE
(Cell Signaling Technology) or Rabbit mAb 1gG XP Isotype Control-PE (DA1E,
Cell Signaling Technology) at room temperature (RT) for 30 min. Samples were
analysed using the FACSCanto A (BD Biosciences) flow cytometer and data
analysis performed in Flowdo 10.7.1 software. The monocyte population was
firstly identified based on cell size and granularity and subsequently confirmed by
gating for the CD14-positive/CD3-negative subpopulation. Data for
phosphorylated TBK1 (pTBK1) is presented as histogram showing mean
fluorescence intensity (MFI) for the CD14-expressing monocyte population.
Quantification (Figure 3.6) shows fold change of MFI (representing pTBK1) after
H-151 treatment and was calculated using this formula:

1H—151 _ MFIisotype ctrl

fOld change (pTBKl) = MF /MFIuntreated — MF]isotype ctrl

274 cGAS/STING activator and inhibitor treatment in THP-1 and HelLa

cell lines.

THP-1 cells were stimulated with activators of the cGAS-STING pathway, e.g.
HT-DNA (DNA sodium salt from herring testes, 2 pg/ml, transfected (Sigma-
Aldrich)), poly (dA:dT) (1 pg/ml, transfected (InvivoGen) or cyclic di-AMP
analogue 2'3’-c-di-AM(PS)2 (Rp,Rp) (c-di-AM(PS)2 in figure legend; 20 uM,
InvivoGen). Transfections were performed using Lipofectamine 2000 transfection
reagent (Life Technologies) and OptiMEM (Invitrogen) according to the

manufacturer’s instructions.
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STING inhibitor studies were performed during Dox-induced sgRNA-mediated
target gene deletion. Therefore, THP-1 cells were seeded at 8x10* cells/well in
2 ml complete growth medium and cultured in presence of Dox (1 ug/ml, 6-well
plate format) for 34 hrs. Then, STING inhibitor H-151 (2.5 pM, Life Chemicals) or
DMSO (Vehicle control, Veh ctrl) was added and allowed to incubate for 11 hrs.
Subsequently, cells were washed and incubation continued without inhibitor in
complete growth medium (+Dox) until 72 hrs time point was reached.

To assess induction of spontaneous STING signalling following cytosolic
phospholipase A2 alpha (cPLA2a.) inhibition in iBMDMSs, 2x10° cells were seeded
in 400 yl complete DMEM (24-well plate format) and incubated with arachidonyl
trifluoromethyl ketone (AACOCF3, 10 or 20 yM, Sapphire Bioscience) or DMSO
for 6 hrs. To confirm inhibitor functionality at the used concentrations, inducible
nitric oxide synthase (iNOS) expression levels were investigated after overnight
priming with IFNy (50 ng/ml, 485-MI R&D Systems), followed by addition of
AACOCF3 (10 or 20 pM, Sapphire Bioscience) or DMSO for 30 min before
stimulation with LPS (25 ng/ml, LPS-SM Ultrapure, # tlrl-smlps, InvivoGen) for 6

hrs. Immunoblot analysis was performed as described in chapter 2.11.

2.8 Cytokine measurements by ELISA

Experimental supernatants (generated as described in 2.7.1 and 2.7.2) were
immediately used or stored at -20 °C prior to ELISA analysis. IL-13 (Biolegend,
Cat. No. 557953), total IL-18 (R&D Systems, Cat. No. DY318-05), TNF (R&D
Systems, Cat No. DY210-05) and IL-8 (BD Bioscience, Cat. No. 555244) were
measured in cell-free culture supernatants of THP-1 cells and MDMs according
to the manufacturer’s protocol.

To analyse protein levels of CXCL10 and IFNB, THP-1 cells were seeded at
1.5x10° cells per well into a 96-well plate (flat bottom) after 48 hrs after Dox
addition. 24 hrs later, culture supernatants were collected to perform
CXCL10/IP10 (Human CXCL10/IP-10 Quantikine ELISA Kit, Cat. No. DIP100,
R&D Systems,) and IFN (VeriKine-HS Human IFN Beta Serum ELISA Kit, Cat.
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No. 41415, PBL Bioscience) ELISAs following the manufacturer's
recommendations.

Released IFNA was measured following stimulation of the cGAS-STING pathway
in THP-1 cells. Therefore, cells were cultured for 72 hrs in presence of Dox before
being reseeded at 0.5x10° cells/well into a 96-well plate (flat bottom). After 24 hrs
stimulation with cGAS-STING pathway activators as described above (chapter
2.7.4), cell-free supernatants were collected to measure the IFNA concentration
using the IL-29/IL-28B ELISA (IFN-lamda 1/3) DuoSet ELISA, Cat. No. DY 1598B,
R&D Systems) according to the manufacturer’s instructions.

To quantify the 2’3’-cGAMP concentration at baseline or following cGAS
activation (chapter 2.7.4), 1x10° or 0.5x10° cells were lysed in 50 ul pre-cooled
Thermo M-PER mammalian protein extraction reagent (Cat. No. 78503, Thermo
Fisher Scientific), respectively. Lysis was performed for 10 min at 4 °C with
subsequent centrifugation for 15 min at top speed and 4 °C. Samples were
analysed using the 2'3’-cGAMP ELISA Kit (Cat. No. 501700, Cayman Chemical)

following the manufacturer’s instructions.

29 Time of flight inflammasome evaluation

To assess inflammasome activation, flow cytometry analysis by time of flight
inflammasome evaluation (TOFIE) was performed (Sester et al., 2016, Sester et
al., 2015). Throughout this study different ASC-expressing cell lines were used
including HEK293T ASC-RFP cells (Figure 4.5), HEK293T ASC-BFP cells
(Figure 5.7) and Flp-In 293 T-REx ASC-EGFP cells (Figure 4.6 and Figure
4.10). All experiments were performed in technical duplicates. Cells were seeded
into 24-well plates (500 pl medium/well) one day prior transfection or target gene
induction to reach 70 % confluence on the day of the experiment. Transient
transfection was performed with Lipofectamine 2000 transfection reagent (Life
Technologies) and OptiMEM (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Transfected DNA amounts were kept consistent
between all wells in one experiment, using EV plasmid DNA. HEK293T ASC-RFP
cells were transiently transfected with 50 ng of mCitrine-tagged pEF-BOS-
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hNLRC4 WT, A160T, S171F, backbone alone (empty vector, EV) or 25 ng of
each WT+A160T to mimic a heterozygous carrier. HEK293T ASC-BFP cells were
transfected with 250 ng pcDNA3.1-3xHA-mNLRC4 WT or A160T plasmid DNA
alone or co-transfected with pRP-mNAIP1-mCherry (kind gift from Rainer Stahl,
AG Latz, Institute of Innate Immunity, University of Bonn) in absence or presence
of pcDNA3.1-myc-Prgl (100 ng per construct).

In Flp-In 293 T-REx ASC-EGFP cell lines (generated in chapter 2.5.2), NLRC4
expression was induced by Dox treatment (1 pg/ml) for indicated times and
inflammasome formation triggered by transient transfection of 250 ng pcDNA3.1-
3XFLAG-hNAIP and pcDNA3.1-myc-Prgl. The c-FLAG pcDNA3.1 plasmid (kind
gift from S. Smale, Addgene plasmid # 20011) (Sanjabi et al., 2005) was used as
EV control for experiments performed in HEK293T ASC-BFP and Flp-In 293 T-
REx ASC-EGFP cell lines. Flow cytometry using the FACSCanto (BD Bioscience)
or LSRFortessa (BD Bioscience) to quantify ASC speck formation was performed
15 hrs to 27 hrs after transfection or Dox induction as indicated in the respective
figure legends. Analysis was performed with FlowJo 10.7.1 software using the
gating strategy shown in Figure 2.3 (Sester et al., 2015).

Singlets GFP-positive ASC specks

SSCA
FSC-H
GFP'A:
GFPW

FSC-A FSC-A FSC-A GFP-A

Figure 2.3 | Gating strategy for ASC speck quantification by flow cytometry.
Representative FACS plots of Flp-In 293 T-REx ASC-EGFP cells expressing the
autoactivating mutant NLRC4 S171F are shown following 27 hrs treatment with
Dox (1 pg/ml). In this experiment, speck formation was quantified as percentage
of the parental population (ASC-EGFP-positive cells) using the depicted gating
strategy. Forward scatter, FSC; side scatter, SSC; area, A; height, H; width, W.

If a fluorescent-tagged plasmid was transfected, e.g. mCitrine-tagged pEF-BOS-

hNLRC4 and pRP-mNAIP1-mCherry, only fluorescence-expressing cells were
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included in the ASC speck analysis. In this case, gates were individually adjusted
for the not mCitrine/mCherry-expressing control plasmids (EV) in these

experiments.

210 Transient transfection of HEK293 and HEK293T cells for STING

and COPA co-expression.

For overexpression studies, HEK293, HEK293T or HEK293T-STING-GFP cells
were initially seeded at 2.5x10° or 2x10° cells/well in a 6-well plate format one
day before transfection to allow cell attachment. Transient transfection of 0.5-
1 yug total DNA was performed as stated in the figure or corresponding figure
legend. Transient transfection of all plasmids including the pCMV6-Entry-COPA-
myc-DDK plasmid (Origene, kind gift from A.Shum, Department of Medicine,
University of California San Francisco) expressing COPA WT or mutants E241K
and R233H (generated in chapter 2.4.1.2), pTRIP-CMV-GFP-FLAG-cGAS, pEF-
BOS-mCitrine-STING and pEF-BOS-FLAG EV control (kindly provided by
V.Hornung, LMU Munich), was performed using Lipofectamine 2000 transfection
reagent (Life Technologies) following the manufacturer’s instructions. If not stated
otherwise, cells were routinely lysed for immunoblot analysis after 24 hrs
incubation. Transfected DNA amounts were kept consistent between all wells in
one experiment, using EV plasmid DNA.

211 Western blotting

To extract cytosolic proteins, 0.5-1x108 cells were lysed in 1 % NP-40 buffer
(Table 6) complemented with cOmplete™ Protease Inhibitor Cocktail (Roche
Biochemicals, Cat. No. 11697498001,) and 1 mM phenylmethylsulfonyl fluoride
(PMSF, Carl Roth). After 30 min incubation on ice, the cell lysates were clarified
by centrifugation for 15 min at 14000 xg and 4 °C. The cleared supernatant was
mixed with 4x Laemmli buffer (Table 6).

To analyse cytosolic, nuclear, membrane-bound or phosphorylated proteins, cells

were lysed in 1xRIPA buffer (Table 6) supplemented with cOmplete™ Protease
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Inhibitor Cocktail, 1 mM PMSF as well as phosphatase inhibitors (5 mM sodium
fluoride (NaF), 10 mM sodium pyrophosphate (NaPPi), 1 mM sodium
orthovanadate (Nas3VO4)) and incubated for 30 min on ice. Using Pierce
centrifuge columns (Thermo Fisher Scientific), protein lysates were purified of
DNA and subsequently mixed with 4x Laemmli buffer.

Before loading onto SDS-PAGE gels, samples were incubated at 95 °C for 5 min.
Size-based protein separation was achieved by use of 4-12 % SDS-PAGE gels
(Novex) and MES-running buffer (Thermo Fisher Scientific) or self-made 12 % or
15 % SDS-PAGE gels and 1x SDS-PAGE running buffer (Table 6, Table 12). As
molecular weight (MW) markers, Precision Plus Protein Kaleidoscope Prestained
Protein Standard (Cat. No. 1610375, BioRad), Precision Plus Protein All Blue
Prestained Protein Standard (Cat. No. 1610373, BioRad) or PageRuler Plus
Prestained Protein Ladder (Cat. No. 26619, Thermo Fisher Scientific) were used.

Table 12 | Recipe for self-made SDS-PAGE gels.

Stacking gel Separation gel
Reagent 5% 12 % 15 %
H20 1.8 ml 3.375 ml 2.325 ml
Rotiphorese Gel 30 (Carl Roth) 0.45 ml 4.2 mi 5.25 ml
Stacking gel buffer (Table 6) 0.35 ml - -
Separation gel buffer (Table 6) - 2.925 ml 2.925 ml
10 % APS 26.5 pl 117.75 pl 117.75 pl
TEMED (Merck) 2.65 pl 3.525 pl 3.525 ul

Proteins were then transferred onto a PVDF membrane (Immobilon®-P Transfer
Membrane, Millipore) via wet transfer and blocked in 5 % skim milk/Tris-buffered
saline (TBST) for 1 hr at RT. Membranes were probed with primary antibody
diluted in 5 % skim milk/TBST or 5 % Bovine Serum Albumin (BSA)/TBST
overnight at 4 °C. Used antibodies are listed in Table 13. On the next day,
membranes were incubated with species-specific secondary antibodies for 1 hr
at RT (1:10000, sheep-anti-mouse IgG-HRP (Cat. No. NXA931) or donkey-anti-
rabbit IgG-HRP (Cat. No. NA934), GE Healthcare). For development, Immobilon
Forte Western horseradish peroxidase (HRP) Substrate (Cat. No. WBLUF0500,
Millipore) and the ChemiDoc Touch Imaging System (BioRad) were used.
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Table 13 | List of antibodies, dilutions and dilution buffer used for
immunoblot analysis.

Antibody Cat. No. Supplier Dilution Dilution buffer
anti-COPA Santa Cruz 1:1000 PBST/5 %
clone H-3 5¢-398099 Biotechnology skim milk
anti-COPD Santa Cruz ] PBST/5 %
clone E-12 5¢-515549 Biotechnology 1:1000 skim milk
anti-COPE Santa Cruz ] PBST/5 %
clone A-4 5c-133195 Biotechnology 1:1000 skim milk
anti-COPG1 Santa Cruz . PBST/5 %
clone A-10 5¢-393977 Biotechnology 1:1000 skim milk
anti-phospho- : . o
STAT1 Tyr701 | #9167 el SIonaing | 41000 | faa' 0 ”
clone 58D6 9y
anti-phospho- : . o
TBK1 Ser172 | #5483 el Sionaling | 4:1000 | Loo 107
clone D52C2 9y
anti-phospho- . TBST/3 %
IRF3 Ser386 ab76493 Abcam 1:500 BSA
anti-STING Cell Signaling _ TBST/S %
clone D2p2F | #13647 Technology | 71990 | skim miilk
anti-STAT1 Cell Signaling _ TBST/S %
clone D1Kgy | #14994 Technology | 71990 | skim milk

. Cell Signaling _ TBST/S %
anti-TBK1/NAK | #3013 Technology 1:1000 skim milk
anti-cGAS, Cell Signaling . TBST/3 %
D1D3G #15102 Technology | 11990 | gga

: Life _ TBST/5 %
anti-GFP #A-11122 Technologies 1:1000 skirm milk

o
At-INOS/NOS | 4610320 | BD Bioscience | 1:1000 | Loo1/0 %
type Il skim milk
anti-Actin-HRP Santa Cruz ] PBST/5 %
clone C4, SC-47778 Biotechnology 1:1000 skim milk
anti-NLRC4 #12421 Cell Signaling 1:1000 TBST/3 %
(D5Y8E) Technology ] BSA
anti-FLAG M2- o
peroxidase ABS92 Sigma-Aldrich | 1:5000 spl?iri-rr/r?ilk/o
(HRP) antibody
anti-HA tag , : _ PBST/5 %
clone GT423 SAB2702196 | Sigma-Aldrich | 1:1000 skim milk
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212 RNA isolation and quantitative Real-Time PCR

For all experiments in chapter 3, RNA was isolated using the ISOLATE |l RNA
Mini Kit (Cat. No. BIO-52073, Bioline) following the manufacturer’s guidelines.
The Superscript 1l Reverse Transcriptase (Cat. No. 18080085, Life
Technologies) and oligo (dT) 15 primer (Cat. No. C110B-C, Promega) were used
to reverse transcribe 1 pg of total RNA. Quantitative Real-Time PCR (qRT-PCR)
was performed using 2x SYBR Green/ROX qPCR Master Mix (Cat. No. K0253,
Thermo Fisher Scientific) and the ViiA 7 Real-time PCR system (Thermo Fisher
Scientific).

The analysis of relative hNLRC4 mRNA transcript levels in monoclonal THP-1
cell lines in chapter 4.2.3.2 was performed by lysis of cells with RLT lysis buffer
(Cat. No. 158904, Qiagen). RNA was isolated using EconoSpin columns (Cat.
No. 1920-250, Epoche Life Science) with on-column DNA digest (DNasel, Cat.
No. EN0521, Thermo Fisher Scientic) following the manufacturer’s instructions.
Depending on the experiment, 300 to 500 ng RNA was reverse transcribed into
cDNA using the ReverseAid Transcriptase (Cat. No. EP0442, Thermo Fisher
Scientific,) according to the manufacturer's recommendations. Subsequently
gRT-PCR analysis was performed using my-Budget 5x Eva Green QPCR-Mix Il
(Cat. No. 80-5800200, Bio-Budget Technologies GmbH) and the ViiA 7 Real-time
PCR system (Thermo Fisher Scientific).qRT-PCR Primers used in this thesis are
listed in Table 5. Samples were run in duplicates, normalized to housekeeper
gene ACTIN and analysed using the AACt method. Data are presented as fold

change relative to vehicle control or parental cell line as indicated in the figure.

213 Immunofluorescence microscopy

Glass coverslips (18 mm x 18 mm, thickness 1'%, Zeiss) were sterilised in 80 %
ethanol, 2x washed in PBS and placed in 6-well plates. After 72 hrs of Dox
treatment, HelLa cells were seeded at 3x10° cells/well in 2 ml complete growth
medium and left to attach for 4-6 hrs. Following treatment with HT-DNA (2 pg/ml,
transfected) for 2 hrs, cells were washed in 1xPBS and fixed in 2 ml ice cold



94

methanol for 15 min at -20°C when stained for endogenous STING. Staining for
ER (KDEL) and Golgi (GM130) integrity was performed after fixation with 4 %
paraformaldehyde for 15 min at RT (Cat. No. 15710, Electron Microscopy
Sciences). The cells were thoroughly washed 3x in 1xPBS and blocked (5 %
normal goat serum, 0.3 % Triton X-100, 1xPBS) for 1 hr at RT. Primary antibodies
were diluted in antibody dilution buffer (1 % BSA, 0.3 % Triton X-100, 1xPBS)
and incubated overnight at 4°C in a wet chamber using the following dilutions:
anti-COPA (1:100, Santa Cruz Biotechnology, clone H-3, Cat. No. sc-398099),
anti-COPG (1:100, Cat. No. 12393-I-AP, ProteinTech), anti-COPD (1:100, Cat.
No. GTX630562, GeneTex), anti-GM130-AF647 (1:500, Cat. No. ab195303,
Abcam), anti-STING (1:100, Cell Signaling Technology, clone D2P2F, Cat. No.
#13647), anti-KDEL (1:200, clone 10C3, Cat. No. ab12223, Abcam (Figure 3.5
C) and anti-KDEL-AF568 (1:500, Cat. No. ab203421, Abcam (Figure 3.9 A). After
3 washes with 1xPBS, secondary antibodies (anti-rabbit-AF647, anti-mouse-
AF488 (BD Biosciences)) were diluted (1:1000) in antibody diluent and incubated
for 1 hr at RT in the dark. Considering the host species of antibodies used for co-
staining experiments, sequential or simultaneous staining was performed. Cover
slips were washed 3x in 1xPBS and mounted onto microscopy slides using
Fluoromount-G with DAPI (Cat. No. 00-4959-52, Thermo Fisher Scientific). Z-
stack images were acquired using the Leica SP8 Microscope (Figure 3.5 and
Suppl. Figure 2), the Zeiss 880 Airyscan Microscope (Figure 3.4 F) or the OMX-
SR system (GE Healthcare) using immersion oil with an index of refraction of
1.518 and an Olympus PlanApo oil immersion objective lens with 60x/1.42 NA
(Figure 3.9 A). Microscopical images were analysed with Fiji software version
21.0 and are presented as maximum intensity projections. Quantification
analysis (Figure 3.9 A) was performed using Fiji software by creation of surface
for KDEL and GM130 and subsequent calculation of spatial overlay resulting in
the percentage of KDEL signal inside the Golgi.
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214 Mass spectrometry

2141 Immunoprecipitation of mCitrine-STING for quantitative proteomics

analysis by mass spectrometry

This experiment was performed by Dr. Dominic De Nardo (Inflammation Division,
WEHI, Melbourne, Australia). Immunoprecipitation (IP) experiments were
performed as previously described (De Nardo et al., 2018b). Briefly, 3x10°
HEK293T cells were seeded in 10 cm culture dishes. The following morning cells
were transiently transfected with 10 ug of either pEF-BOS EV control or pEF-
BOS-mCitrine-hSTING plasmid DNA, performed in triplicates. After 48 hrs cells
were lysed in 750 pl 1 % NP-40 buffer supplemented with 10 mM NaPPi, 5 mM
NaF, 1 mM NaszVO4, 1 mM PMSF and 1x cOmplete™ Protease Inhibitor Cocktail
(Cat. No. 11697498001, Roche Biochemicals). Whole cell lysates were clarified
by centrifugation at 17000 xg for 10 min at 4 °C. For each IP sample, 1 pg of
mouse IgG2A monoclonal GFP antibody (Thermo Fisher Scientific, [E36] A-
11120) was crosslinked to 50 pl of Protein A Dynabeads® (Thermo Fisher
Scientific, 10002D) using 5 mM BS3 (Thermo Fisher Scientific) and incubated for
30 min at RT. The crosslinking reaction was quenched by adding 1 M Tris-HCI
[pH 7.4]. Antibody-crosslinked Protein A Dynabeads® were thoroughly washed
before 50 ul was then added to each IP sample and incubated on a rotator at 4
°C for 2 hrs. Beads were then washed 4x with 1 % NP-40 buffer using a
DynaMag-2 magnetic holder (Thermo Fisher Scientific) before proteins were
eluted with 0.5 % SDS in PBS. Further sample preparation and mass
spectrometry (MS) analysis was performed by Dr. Laura Dagley from the
Advanced Technology and Biology Division at WEHI (Melbourne, Australia).
Eluted protein material was subjected to trypsin digestion using the FASP method
as previously described (Delconte et al., 2016, Kedzierski et al., 2017, Wisniewski
et al., 2009). Peptides were lyophilised using CentriVap (Labconco) prior to
reconstitution in 60 pl 0.1 % formic acid/2 % acetonitrile. Peptide mixtures (2 pl)
were separated by reverse-phase chromatography on a C18 fused silica column
(I.D. 75 ym, O.D. 360 ym x 25 cm length) packed into an emitter tip (lonOpticks),
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using nano-flow high-performance liquid chromatography (HPLC) (M-class,
Waters). The HPLC was coupled to an Impact || UHR-QqTOF mass spectrometer
(Bruker) using a CaptiveSpray source and nanoBooster at 0.20 Bar using
acetonitrile. Peptides were loaded directly onto the column at a constant flow rate
of 400 nl/min with 0.1 % formic acid in MilliQ water and eluted with a 90 min linear
gradient from 2 to 34 % buffer B (99.9 % acetonitrile and 0.1 % formic acid). Mass
spectra were acquired in a data-dependent manner including an automatic switch
between MS and MS/MS scans using a 1.5 second duty cycle and 4 Hz MS1
spectra rate, followed by MS/MS scans at 8-20 Hz dependent on precursor
intensity for the remainder of the cycle. MS spectra were acquired between a
mass range of 200-2000 m/z. Peptide fragmentation was performed using
collision-induced dissociation. Raw files consisting of high-resolution MS/MS
spectra were processed with MaxQuant (version 1.6.6.0) for feature detection
and protein identification using the Andromeda search engine (Cox et al., 2011)
as previously described (Rautela et al., 2019). Extracted peak lists were searched
against the reviewed H. sapiens (UniProt, March 2019) database as well as a
separate reverse decoy database to empirically assess the false discovery rate
(FDR) using strict trypsin specificity, allowing up to 2 missed cleavages. LFQ
quantification was selected, with a minimum ratio count of 2. PSM and protein
identifications were filtered using a target-decoy approach at an FDR of 1 %. Only
unique and razor peptides were considered for quantification with intensity values
present in at least 2 out of 3 replicates per group.

Statistical analyses were performed using LFQAnalyst (Shah et al., 2020)
(https://bioinformatics.erc.monash.edu/apps/LFQ-Analyst/) whereby the LFQ

intensity values were used for protein quantification. Missing values were
replaced by values drawn from a normal distribution of 1.8 standard deviations
and a width of 0.3 for each sample (Perseus-type). Protein-wise linear models
combined with empirical Bayes statistics were used for differential expression
analysis using Bioconductor package Limma whereby the adjusted P-value cutoff
was set at 0.05 and log2 fold change cutoff set at 1. The Benjamini-Hochberg
(BH) method of FDR correction was used. The MS proteomics data have been
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deposited to the ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al., 2019) with the dataset identifier PXD023135.

2142 Mass spectrometry of recombinant S cell protein

Finger print mass spectrometry was performed to investigate PTMs on residue
A160 or T160 in recombinant WT and mutant hNLRC4 protein truncations purified
from SA cells. Therefore, recombinant hNLRC4 WT and A160T ACARD and
ACARD/ALoop protein produced in S cells (chapter 5.2.4) was separated by
SDS-PAGE (chapter 2.16.13) and gels stained with freshly prepared Coomassie
staining solution (Table 6). Bands representing recombinant protein were cut and
submitted to the analytical mass spectrometry facility at the Georg-August-
Universitat Gottingen/Max Planck Institute for Biophysical Chemistry in
collaboration with Monika Raabe, Annika Reinelt and Prof. Henning Urlaub.
Protein samples were processed as described by Shevchenko et al.
(Shevchenko et al., 1996). Peptides were then analysed by nano-HPLC coupled
with Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) using a linear
gradient (5—90% buffer B (80% acetonitrile and 0.08% formic acid)) at a flow rate
of 300 nl/min over a total gradient time of 58 min. The MS data were aquired by
scanning the precursors in mass range from 350 to 1600 m/z at a resolution of
60000 at m/z 200. Top 20 precursor ions were chosen for MS2 by using data-
dependent acquisition (DDA) mode at a resolution of 15000 at m/z 200 with
maximum IT of 50 ms. Data analysis and search was performed against the
amino acid sequence of recombinant protein truncations (WT (Uniprot: Q9NPP4)
and mutant hNLRC4) using MaxQuant Software (1.6.5.0) and Scaffold (5.0.0.).

215 Statistical analysis

Unless otherwise stated in the figure legends, data are presented as mean of
independent biological replicates + SEM (standard error of the mean). Using

GraphPad Prism 8 software, statistical comparison was made either by unpaired
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Student’s t-test, ratio paired Student’s t-test, one-way or two-way ANOVA with
subsequent multiple comparison testing as stated in the figure legends. P-values
are indicated by numbers or as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

2.16 Biochemical, biophysical and structural biology methods
2.16.1 Transformation and isolation of bacmid DNA

Baculovirus shuttle vectors (bacmids) are large plasmids encoding the
baculovirus genome and serve as a rapid and efficient tool for the generation of
recombinant baculovirus for large scale protein expression in insect cells. The
main components of this expression system include the bacterial host strain E.
coli DH10 MultiBac™™°, containing an improved baculovirus genome engineered
to reduce virus-dependent cell lysis and maintain integrity of cellular
compartments during protein production. Using electroporation (1700V, 1 pulse,
Eporator Eppendorf) or heat shock (42 °C, 42 seconds) 25-50 pl of
electrocompetent or chemically competent DH10 MultiBac™™ cells were
transformed with 100 ng of the acceptor plasmid (PACEBac1) encoding the gene
of interest under a polyhedrin (polh) promoter flanked by DNA elements required
for Tn7 transposition (Tn7L, Tn7R) and a gentamicin resistance gene. DH10
MultiBac™m™° cells additionally contain a helper plasmid encoding the Tn7
transposase that mediates transposition of the gene of interest from the
pACEBac1 vector to the bacmid-encoded mini Tn7 attachment site which leads
to the generation of the recombinant bacmid (Leusch et al., 1995, Mehalko et al.,
2016). Transformed cells were recovered by incubation at 37 °C for 2-3 hrs after
addition of 800 ul antibiotic-free LB medium. Subsequently, cells were plated on
agar plates containing ampicillin (100 pg/ml, Sigma-Aldrich), kanamycin
(50 pg/ml), tetracycline (10 pg/ml, Sigma-Aldrich), gentamycin (10 ug/ml, Sigma-
Aldrich) as well as isopropyl-p-D-thiogalacto-pyranoside (IPTG, 40 pg/ml, Carl
Roth) and BluoGal (100 pg/ml, Cat. No. B2904, Sigma-Aldrich) and incubated at
37 °C for 1-2 days. Colonies containing bacmid with the successfully integrated

gene of interest are identified by blue-white screening, as Tn7 transposition
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disrupts the LacZa subunit-coding sequence. LacZ encodes the enzyme (-
galactosidase, which hydrolyses its substrate BluoGal resulting in formation of
blue-coloured colonies after LacZ induction by IPTG. Consequently, bacterial
clones carrying the inserted DNA appeared white.

White colonies were picked and incubated overnight in 4 ml LB medium
(supplemented with ampicillin, tetracycline, kanamycin, gentamycin at the
concentrations mentioned above) in a shaking incubator at 37 °C. Due to the
large size, bacmid DNA was purified by isopropanol precipitation rather than
using DNA-binding columns to avoid shear degradation. Therefore, bacteria were
harvested and lysed using resuspension, lysis and neutralization buffers from the
ExtractMe Plasmid Mini Kit (Cat. No. EM01.1, Blirt) following the manufacturer’'s
instructions. Lysates were cleared by two subsequent centrifugation steps at
14000 rpm at 4 °C for 5 min. Supernatants were then transferred into a new tube
containing 800 pl cold isopropanol (-20 °C) and centrifuged for 30 min at
14000 rpm and 4 °C. After two wash steps in 750 pl 70 % ethanol (-20 °C) and
centrifugation for 10 min at 14000 rpm and 4 °C, pellets were dried at RT and
resuspended in 20 pl nuclease-free water. Bacmid DNA was stored at 4 °C or

immediately used for transfection of S cells.

2.16.2 SR cell culture

S insect cells are derived from Spodoptera frugiperda pupal ovarian tissue and
a widely used cell line for insect cell-based recombinant protein expression. As a
significant advantage over bacterial- and yeast-based expression systems, insect
cells possess some of the PTM pathways described for mammalian cells (N- and
O-linked glycosylation, phosphorylation, acylation, palmitoylation) and are
capable to assemble multisubunit protein complexes (Berger et al., 2004, de
Carvalho et al., 1996, Klenk 1996, van Oers et al., 2015). Therefore, insect cells
offer a large scale and high yield expression systems to produce recombinant
protein with mammalian-like PTMs providing increased immunogenic similarity
and functionality to mammalian proteins (van Oers et al., 2015). Although
especially with regard to large scale manufacturing S cells offer many
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advantages over mammalian expression systems (lower cost, less energy
consumption, higher yield, lower safety requirements), however, crucial species-
specific differences persist and limit the ability to produce authentic human
recombinant protein using insect cell lines. Limitations include availability of
required co-factors, or some specialized PTMs that can alter protein function and
folding, which might be more or less relevant depending on the protein of interest
and the research question investigated and therefore need to be considered
individually (van Oers et al., 2015).

SA cells were cultured in serum-free Sf-900™ SFM Il culture medium (Cat. No.
12658019, Thermo Fisher Scientific) using reusable Erlenmeyer glass flasks in a
shaking incubator at 27 °C and 80 rpm. In contrast to mammalian cell lines, no
CO2 supplementation is required and cells were cultured in antibiotic-free
conditions. Cells were sub-cultured every three days and maintained at densities
between 0.3— 5x108 cells/ml. Cell numbers, size and viability were monitored
using an automatic cell counter (EVE™, NanoEnTek Inc) analysing 10 ul cell
suspension after mixing with 0.4 % trypan blue staining solution (Cat. No.
15250061, Gibco, Thermo Fisher Scientific). Viability between 90-99 % and cell
size of 10-12 ym was normally observed for healthy uninfected cells, whereas
baculovirus-infected cells were larger (13-15 ym) and often showed reduced
viability (60-80 %).

2.16.3 Transfection of S cells

S cells are naturally susceptible to baculovirus infections. Therefore, bacmid
DNA containing the gene of interest was generated (chapter 2.16.1) and used to
produce recombinant baculovirus as delivery system for heterologous
recombinant protein expression in SR cells. 0.35x108 SA cells/ml were seeded
into 6-well plates (2 ml/well) and incubated for 30 min at 27 °C (without shaking)
to allow attachment. The transfection mix containing 1 pg purified bacmid DNA,
5 ul TransIT-LT1 transfection reagent (Cat. No. MIR2304, Mirus Bio) in 190 pl S
cell culture medium was incubated for 20 min at RT and then transferred onto
cells. After 72 hrs to 96 hrs incubation at 27 °C (without shaking), virus-containing
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supernatant (termed Vo) was harvested, filtered (0.45 pym) to remove residual cell
debris and directly used for further virus amplification (chapter 2.16.4) or stored
at 4 °C.

2164 Amplification of baculovirus (V1 and V2) in SR cells

To generate high baculovirus titer for efficient infection of SR cells and large-
scale protein production, 2 ml of Vo were used to infect 15 ml SR cells seeded at
a density of 0.6x10° cells/ml in an Erlenmeyer glass flask. Cells were cultured in
suspension for 3 consecutive days and harvested by centrifugation at 2000 rpm
for 5 min. Cleared supernatant (V1) was filtered (0.45 ym) and stored at 4 °C or
directly used to continue virus amplification. In a second step, 1 % (v/v) of V4 was
used to infect 50 ml SR cells at a density of 1x108 cells/ml and incubated for 4
days in a shaking incubator at 27 °C and 80 rpm. Virus-containing supernatant
was harvested as previously described and yielded the viral stock V>, that was
used to infect cells for protein expression (chapter 2.16.5). V2 was stored at 4°C

for a maximum of 5 days.

2.16.5 Protein expression in SO cells

The protein expression and purification conditions used in this study were
adapted from Hu et al. (Hu et al., 2013). 0.5 to 2 liters S cell culture volume
were used at a cell density of 2.5x108 cells/ml, infected with 1 % (v/v) of V2 and
incubated in a shaking incubator at 27 °C for 48 hrs. Upon harvest, cell viability
was typically reduced to 70 % viable cells and cell size was increased to 13-
14 ym. The cell suspension was centrifuged for 20 min at 2000 rpm and 10 °C
(Avanti J-26S XP centrifuge, Beckman Coulter) and the supernatant discarded.
The pellet was washed in 1x PBS, transferred into a 50 ml Falcon tube,
centrifuged for 20 min at 2000 rpm and 4 °C and snap-frozen in liquid nitrogen
for storage at -80 °C or directly lysed for subsequent protein purification (chapter
2.16.6).
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2.16.6 S cell lysis and sonication

All steps of the purification process were performed on ice and using pre-cooled
equipment and solutions. S cell pellets were resuspended in 3-5 ml cold lysis
buffer (Table 6; supplemented with 1 mM PMSF, 1 uyg/ml DNase) per 1 g of SO
cell pellet and incubated on a magnetic stirrer at 4 °C until completely
resuspended. Subsequently, cells were lysed by sonication on ice (amplitude
30 %, 5 min alternating between 5 sec pulse and 5 sec pause) and lysates
cleared by centrifugation at 25000 rpm for 45 min at 10 °C (Avanti J-26S XP
centrifuge, JA 25.50 rotor, Beckman Coulter). The cleared supernatant was
filtered (0.45 ym) to remove residual cellular debris and used for subsequent
affinity chromatography purification (see 2.16.7). 10 yl samples of supernatant

and pellet were taken for analysis by SDS-PAGE and Coomassie staining.

2.16.7 Affinity chromatography

To separate the protein of interest from other proteins, nucleic acids and
metabolites present in the whole cell lysate, it was expressed as fusion protein
tagged with a N-terminal 6xHistidine (6xHis)-affinity tag. Gravity-flow affinity
chromatography using HisPur™ Ni-NTA Resin (Cat. No. 88222, Thermo Fisher
Scientific) was performed to specifically enrich His-tagged proteins on an
immobilized resin, while unspecific binders were washed away during
subsequent wash steps. In detail, clarified lysates were mixed with lysis-buffer-
equilibrated HisPur™ Ni-NTA Resin and incubated for 1-2 hrs at 4 °C on a tube
roller. Subsequently, the mixture was applied to an empty gravity-flow column
and flow-through collected. The resin was washed 3x with at least two resin-bed
volumes of wash buffer (Table 6). The His-tagged protein was eluted in 4
consecutive elution steps using 2 resin-bed volumes of elution buffer with 3 min
incubation. Flow-through, wash and elution fractions were collected and a 10 pl
sample analysed by SDS-PAGE. All elution fractions were pooled and
concentrated before proteolytic cleavage of the affinity tag was performed
(chapter 2.16.10).
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2.16.8 Concentration of recombinant protein

Amicon Ultra Centrifugal Filter Units (Merck Millipore) were used to increase the
protein concentration by centrifugation-mediated ultrafiltration. Depending on the
MW of the recombinant protein, a filter unit with smaller pore size was selected,
which allowed smaller proteins and buffer to pass through the membrane during
centrifugation, but retained larger proteins, including the protein of interest.
Centrifugation at 4 °C and 4000 rpm was performed until protein concentration or

the volume required for downstream applications were reached.

2.16.9 Measurement of protein concentration

Protein concentrations were determined by measurement of absorbance at
280 nm using a NanoDrop spectrophotometer (Thermo Fisher Scientific) under
consideration of MW and extinction coefficient of the protein of interest. Both
parameters were determined wusing the Expasy ProtParam tool
(https://web.expasy.org/protparam/) based on the amino acid sequence of the
recombinant protein. Absorbance at 260 nm was monitored as a measure for

nucleic acid contamination.

2.16.10 Tobacco Etch Virus protease digestion

Although affinity tags are valuable tools during protein expression and
purification, they may influence functionality and behaviour of the purified
recombinant protein in downstream applications. Therefore, a Tobacco Etch
Virus (TEV) protease cleavage site (amino acid sequence: ENLYFQGS (Nam et
al., 2020)) was engineered between the N-terminal 6xHis-SUMO-tag or 6xHis-
GFP-tag and the protein of interest. Self-made TEV protease was used at
1 mg/100 mg protein solution and incubated overnight at 4 °C. TEV cleavage was
performed after Ni-NTA affinity chromatography while the protein was dissolved
in affinity chromatography elution buffer (Table 6).
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2.16.11  Anion exchange chromatography

During ion exchange chromatography, proteins are separated based on
differences in net surface charge and subsequent reversible binding to the
oppositely charged column resin, which is determined by the protein-specific
isoelectric point (pl) and the pH of the surrounding buffer. Here, anion exchange
chromatography (AIEX) was performed using the HiTrap QXL column (5 ml, GE
Healthcare) attached to a fast protein liquid chromatography (FPLC) Akta Pure
system (GE Healthcare) with buffers A (no salt) and B (high salt) listed in Table
6. The column was equilibrated using both buffers before the first run. Prior to
sample loading, protein was concentrated to a maximal volume of 500 ul and
subsequently diluted with 4.5 ml AIEX buffer A. The diluted protein sample (5 ml)
was then loaded onto the column via capillary loop injection using the 5 ml loop.
AIEX was performed in two steps at a flow rate of 2 ml/min: initial 16 column
volumes (CV) linear elution gradient with 0-50 % of high salt buffer B addition,
followed by 50-100 % buffer B addition over 4 CV. Elution fractions were collected
in 2 ml fractions and subsequently analysed by SDS-PAGE (10 ul sample per
fraction). AIEX was routinely performed to purify mNLRC4 truncations prior to
SEC (chapter 5.2.3). Due to yield limitations, AIEX was not part of the standard
purification protocol to purify recombinant hNLRC4 (chapter 5.2.4).

2.16.12  Size exclusion chromatography

Size exclusion chromatography (SEC) was performed to separate the purified
recombinant protein according to size following affinity chromatography, TEV
digest (for hNLRC4) or subsequent of AIEX (for mNLRC4). Methodically, the
protein sample is applied to a column containing a porous matrix. Proteins larger
than the beads elute first, as they are unable to diffuse into pores, whereas
smaller proteins penetrate the pores to varying degrees based on their size,
which results in a size-specific elution profile. This separation method is solely
based on the size of the molecules and does not require binding or interaction

with the column matrix. The concentrated protein solution was loaded onto a
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Superdex (SD) 200 column of different sizes (Cytiva, column sizes: 10/300
Increase or 16/600 pg HiLoad) connected to an FPLC Akta Pure System (GE
Healthcare). The column was equilibrated with 1.2 CV of SEC buffer (Table 6).
Depending on the column format, the protein sample was applied using a 500 pl
or 5 ml loop connected to the FPLC system performing an isocratic elution over
1.2 CV. Elution fractions were collected in volumes between 0.1-2 ml, samples
(10 pl) of which were subsequently analysed by SDS-PAGE based on the
recorded elution profile.

Fractions containing the protein of interest at high purity were pooled,
concentrated as described earlier (chapter 2.16.8) and snap-frozen in liquid
nitrogen before stored at -80°C.

2.16.13 SDS-PAGE and Coomassie blue staining

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed to separate purified proteins according to MW and monitor samples
for purity along all steps of protein purification. In this procedure, proteins are
denatured by addition of SDS-containing Laemmli buffer (Table 6) and a
subsequent boiling step (95 °C, 5 min). Samples were loaded onto self-made
12 % or 15 % SDS-PAGE gels and electrophoresis performed using constant
current at 40 milliampere (mA). Subsequently, SDS-PAGE gels were covered in
Coomassie staining solution (Table 6) and brought to boil in a microwave,
followed by 10 to 20 min incubation on a shaking incubator. Afterwards, the
solution was exchanged to destain solution (Table 6), repeatedly brought to boil
and incubated for 10-20 min until protein bands were clearly visible. Gels were
documented using the ChemiDoc Touch Imaging System (BioRad).
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2.16.14  Protein crystallization

Protein crystallization screens were setup using purified recombinant
hNLRC44CARD gand hNLRC4ACARD/ALoop of \WWT and A160T mutant protein at
concentrations ranging between 3-5 mg/ml in SEC buffer containing 20 mM
HEPES, 100 mM NaCl, 1 mM ADP, 10 mM MgClz, 0.5 mM TCEP (pH 8.0) (Table
6). Several Molecular Dimensions crystallization screens including Morpheus
(Cat. No. MD1-46), PACT Premier™ (Cat. No. MD1-29), ProPlex™ (Cat. No.
MD1.38) and JCSG Plus™ (Cat. No. MD1-37) were setup using equal amounts
of well solution and protein (0.1-0.2 nl) by hanging-drop vapor-diffusion method
at different temperatures (4 °C, 10 °C, 15 °C, 20 °C). For setup, MRC2 well
polystyrene crystallization plates (Cat. No. CPL-153L, Jena Bioscience) were
pipetted manually or using the Crystal Gryphon LCP pipetting robot (Art Robbins
Instruments). Crystal formation was monitored using the Formulatrix RI-1000.
Potentially promising protein crystals were picked, cryopreserved and analysed
at a synchroton radiation source.

2.16.15 Thermal shift assays

Nano differential scanning fluorimetry (NanoDSF) determines protein stability by
measuring fluorescence of intrinsic aromatic amino acid residue tryptophan at
350 nm and 330 nm during thermal protein unfolding events (Alexander et al.,
2014). Under native conditions, tryptophan residues are packed inside the
hydrophobic core of the protein, however increasing temperature progressively
induces protein denaturation and exposes tryptophane residues to the surface.
The fluorescence signal intensity at both wavelengths is recorded and used to
calculate the 350 nm/330 nm ratio. Mathematical transformation into the first
derivative of the ratio curve reveals the maximal point of the curve, which
indicates the melting Temperature Tm (inflection point) of the protein under the
tested conditions. NanoDSF measurements in this thesis were performed using
the using the Prometheus NT.48 nanoDSF device and PR.ThermControl
software (NanoTemper Technologies).
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2.16.15.1 Thermal stability in presence of ADP/ATP

To identify a potential effect of the hNLRC4 A160T mutation on protein folding
and thermal stability, nanoDSF measurements were performed.

Recombinant hNLRC44CARD and hNLRC4ACARD/ALoop tryncations were purified as
described above and stored at -80 °C in SEC buffer (containing 1 mM ADP, Table
6). Prior to the experiment, proteins were thawed on ice. To remove excess ADP,
which was supplemented during the purification process, a buffer exchange to
20 mM HEPES, 100 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP (pH 8.0) was
performed using ZeBa spin desalting columns (7K MWCO, Cat. No. 89882,
Thermo Fisher Scientific) according to the manufacturer’s instructions. Thermal
stability of recombinant protein (10 yM) was assessed at baseline and in
presence of 500x molar excess of ADP or ATP (5 mM, Sigma-Aldrich) after
30 min incubation at RT. 10 ul protein sample was loaded per capillary
(Prometheus NT.48 Capillaries, Cat. No. PR-C002, NanoTemper) and thermal
unfolding was induced using a gradual temperature ramp ranging from 20-95 °C
(1.5 °C/min). Fluorescence emission was measured at 350 nm and 330 nm and
analysed using the PR.ThermControl Software (NanoTemper). Data are
presented as emission ratio [Emssonm/Emaszonm] and first derivative thereof.

Different batches of recombinant protein were used for replicate experiments.

2.16.15.2 Buffer screen

To identify optimal buffer conditions for purification of hNLRC4, conformational
stability of WT hNLRC42CARD and hNLRC4ACARD/ALoop \gg gassessed by nanoDSF
measurements in presence of different buffers and additives. Therefore, 0.5 pl
protein (10 uM) was incubated with 9.5 pl buffer/additive for 30 min at RT and
analysed using a 20-95 °C temperature ramp (1.5 °C/min). Different NaCl
concentrations (50 mM, 100 mM, 150 mM, 200 mM, 300 mM, 500 mM) and the
following buffers (at different pH) and additives were tested and compared to
protein-specific Tm when dissolved in standard SEC buffer (Table 6): 1x PBS
(pH6.0,6.5,7.0,7.5,8.0), 50 mM MOPS (pH 6.5, 7.0, 7.5, 8.0), 50 mM MES (pH



108

6.0, 6.5), 50 mM HEPES (pH 7.0, 7.5, 8.0), 50 mM Citrate (pH 4, 6, 6.5), 50 mM
Tris-HCI (pH 7.0, 7.5, 8.0, 9.0), 50 mM CAPS (pH 10.0), 50 mM Acetate (pH 5.0),
50 mM glycine (pH 3.0), 1 % CHAPS, 1 % NP-40, 0.1 % Triton-X-100, 5 % and
10 % glycerol, 50 % glucose, 200 mM CaClz, 50 mM ZnClz, 1 M LiSO4, 100 mM
CuSO04, 100 mM NiSO4, 100 mM MgClz2, 50 mM EDTA, 0.5 M L-Arginine.

217 Phylogenetic analysis

A Clustal W alignment of NLRC4 amino acid sequences from selected species
was performed to construct a phylogenetic tree comparing 1058 aa positions
using the Maximum Likelihood method and the JTT matrix-based model (Jones
et al., 1992) with bootstrap analysis (100 repeats). Sequence alignment and
phylogenetic tree construction were performed using the MegaX software
(version 10.2.6) (Felsenstein 1985, Kumar et al., 2018, Stecher et al., 2020).
The following Uniprot database accession numbers were used for the Clustal W
alignment: M. musculus (mouse: Q3UP24), H. sapiens (human: Q9NPP4), R.
norvegicus (rat: F1M649), B. taurus (cattle: FIMHT9), X. fropicalis (western
clawed frog: F6R2G2), P. troglodytes (chimpanzee: AOA2J8L1X5), F. catus (cat:
M3W537), O. aries (sheep: W5PLT9), M. mulatta (rhesus macaque: F7DWV6),
G. gorilla (gorilla: G3QJV1), P. anubis (olive baboon): AOAO96NWZ9, M.
lucifugus (little brown bat): G1PV27, E. caballus (horse: F7CBZ7), C. hircus (goat:
AOA452EBWS), D. leucas (beluga whale: AOA2Y9N554).
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3 Aberrant STING signalling causes innate immune

system activation in COPA syndrome

3.1 Introduction

3.1.1 COPA syndrome

COPA syndrome is a recently discovered novel rare Mendelian monogenic
disease presenting with features of autoinflammation and autoimmunity (Watkin
et al.,, 2015), which was classified as autoinfammatory disorder by the
International Union of Immunological Societies (Bousfiha et al., 2018). Using an
alternative terminology, it is also known as Autoimmune Interstitial Lung, Joint
and Kidney disease (AIKLJK) (Patwardhan et al., 2019).

Since the first description of COPA syndrome in 2015, 25 families have been
reported worldwide (Suppl. Table 1) (Watkin et al., 2015, Boulisfane-El Khalifi et
al., 2019, Fremond et al., 2020, Guan et al., 2021, Jensson et al., 2017, Kato et
al., 2021, Krutzke et al., 2019, Mallea et al., 2020, Noorelahi et al., 2018, Taveira-
DaSilva et al., 2019, Thaivalappil et al., 2021, Volpi et al., 2018, Lepelley et al.,
2020, Patwardhan et al., 2019, Prenzel et al., 2020, Psarianos et al., 2021).

The coatomer alpha subunit (COPA) is encoded on chromosome 1 location
1923.2 (Chow et al., 1996). Interestingly, across all known COPA syndrome
patients, a total of only 14 LoF missense mutations have been identified, almost
all within exon 8 and 9 of the COPA gene, which translates into a highly
conserved 14 amino acid stretch (aa 230-243) (Figure 3.1 A, B). Two recent case
reports described the first mutations outside this region, H199R, which maps to
exon 7, and R281W in exon 9, adjacent to the previously identified mutation
hotspot (Guan et al., 2021, Prenzel et al., 2020). All mutations lie within the
functionally important and conserved WD40 domain of COPA, which is
composed of repeated 40 amino acid-long motifs terminating in tryptophan (W)
and aspartate (D), that assemble into a circular structure and mediate protein-
protein interactions (Figure 3.1 C). COPA is ubiquitously expressed in all cell
types and if tested, expression levels of identified mutants were not altered
(Watkin et al., 2015).
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As previously mentioned, COPA recognizes dilysine motifs for packing into COPI
vesicles for retrograde transport from Golgi to ER or trafficking within Golgi
compartments (chapter 1.4.1.2). COPA mutants have impaired binding efficiency
to cargo proteins, therefore causing defective retrograde transport through
dominant-negative effects (Watkin et al., 2015). As a consequence, ER stress,
UPR, NF-«B pathway activation and Th17 cell-mediated autoimmunity were
initially suggested pathomechanisms (Thaivalappil et al., 2021, Watkin et al.,
2015), which have already been linked to lung disease and autoimmunity in other
studies (Hasnain et al., 2012, Tanjore et al., 2012, Todd et al., 2008).

Clinically, the majority of patients present in early childhood (<five years of age)
with symptoms including fever, arthralgia, arthritis, shortness of breath, cough,
tachypnea that develop into inflammatory polyarticular arthritis, flares of diffuse
alveolar hemorrhage (DAH) and/or ILD. During an uncontrolled and severe
clinical course, lung disease can progress into fibrosis and end-stage pulmonary
failure and require transplantation. Development of autoantibodies (anti-nuclear
(ANA), anti-neutrophil cytoplasmic (ANCA), rheumatoid factor (RF)) has also
been reported for a large number of patients (Suppl. Table 1). Less frequently,
anti-cyclic citrullinated peptide (CPP) antibodies were detected, which may be
associated with bone destructions observed in some patients (Frémond et al.,
2021a, Taveira-DaSilva et al., 2019, Volpi et al., 2018, Watkin et al., 2015).
Kidney pathology, including impaired renal function, immunoglobulin (lg) A
nephropathy or lupus-like nephritis were reported in individual cases, two of which
required kidney transplantation (Suppl. Table 1) (Boulisfane-El Khalifi et al.,
2019, Guan et al., 2021, Mallea et al., 2020, Patwardhan et al., 2019, Watkin et
al., 2015). However, the clinical presentation is highly variable between patients
and differs with regard to severity of symptoms and organ involvement and cases
of adult onset have also been reported (Suppl. Table 1) (Boulisfane-El Khalifi et
al., 2019, Jensson et al., 2017, Kato et al., 2021, Mallea et al., 2020, Taveira-
DaSilva et al., 2019).
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Figure 3.1 | Heterozygous missense mutations causative of COPA
syndrome. Mutation-affected residues are highly conserved between species
and located within the WD40 repeat domain. A) Schematic illustration of reported
COPA mutations and their localization within the COPA gene and COPA protein.
Exons (boxed numbers, top panel) and functional domains within the COPA
protein are indicated (lower panel). B) Clustal Omega multiple sequence
alignment of COPA amino acid sequences from indicated species. Residues
affected by missense mutations are highlighted (red, bold) and numbered
according to the human reference sequence. Sequences were obtained from
Uniprot: H. sapiens (human, P53621), S. cerevisiae (yeast, P53622), M.
musculus (mouse, Q8CIE6), B. taurus (cattle, Q27954), P. troglodytes
(chimpanzee, H2QO0E3), D. melanogaster (fruit fly, QO9WO0B8), F. catus (cat,
M3W182). C) Ribbon structure presentation of the assembled COPI complex
(PDB: 5ZNR, without COPE) and the COPA WD40 repeat domain (PDB: 6PBG)
showing the location of residues affected by mutations (pink spheres). Figure
adapted from Lepelley et al., 2020.

Atypical less commonly observed features in some patients include kidney and
liver cysts, recurrent respiratory infections, malignancies, growth retardation,
MAS, skin manifestation or neurological phenotypes, which expand the
phenotypic spectrum of COPA syndrome (Brennan et al., 2017, Fremond et al.,
2020, Jensson et al., 2017, Kato et al., 2021, Psarianos et al., 2021, Taveira-
DaSilva et al., 2019, Thaivalappil et al., 2021, Watkin et al., 2015). Recently, the
A239P mutation was linked to a clinical phenotype including interstitial
pneumonitis and persistent transaminitis, which was not previously reported
(Thaivalappil et al., 2021). Transaminases, including alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), are enzymes required for amino
acid synthesis in the liver and therefore released into the blood stream upon
hepatocellular damage, which can occur as a consequence of a range of different
conditions (Oh et al., 2017). Extensive clinical evaluation was not able to establish
a link to autoinflammatory or autoimmune dysregulation in the reported patient,
however a liver biopsy identified nonspecific patches of intraparenchymal
neutrophils (Thaivalappil et al., 2021).

In an unrelated patient carrying the same COPA mutation, ALT levels were only
transiently and mildly elevated (Psarianos et al., 2021). As per clinical definition,

mildly elevated transaminase levels are within five times the upper limit of the
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reference range, which was estimated to occur in 10 % of the US population.
Less than 5 % of these patients were diagnosed with liver disease, whereas the
majority of individuals remained asymptomatic (Oh et al., 2017). Levels of ALT
and AST measured for the index patients reported by Thaivalappil and colleagues
varied between normal and 10-fold increased levels (Thaivalappil et al., 2021).
Therefore, it remains unclear whether the liver-prone phenotype potentially
associated with the A239P mutation is co-incidental, due to a yet unidentified
autoimmune process, or a direct result of exacerbated ER stress on hepatocytes,
which would further highlight the heterogeneous clinical presentation of COPA
syndrome (Psarianos et al., 2021, Thaivalappil et al., 2021).

Despite the increasing number of COPA syndrome patient case reports since the
first description in 2015, the phenotypic heterogeneity and the non-specific
clinical manifestation impede the diagnosis of this disease. Sequencing-based
genetic analysis of the patient and (if available) family members is required to
identify familial or de novo COPA gene mutations. Future identification and
analysis of more COPA syndrome patients will yield a better understanding of the
clinical presentation and will be essential to stratify diagnostic procedures and
therapies to improve early intervention and delay disease progression.

To date, a genotype-phenotype correlation in COPA syndrome could not be
established (Taveira-DaSilva et al., 2019). The most commonly observed R233H
mutation was found in eight families (Suppl. Table 1). All patients developed lung
disease, but inflammation of joint and kidneys was observed to various degrees
(Boulisfane-El Khalifi et al., 2019, Fremond et al., 2020, Krutzke et al., 2019,
Taveira-DaSilva et al., 2019, Volpi et al., 2018, Watkin et al., 2015).

The E241K variant has only been identified in two families with severe lung
disease, however no reports of inflammatory kidney disease exist to date
(Jensson et al., 2017, Watkin et al., 2015). Remarkably, lung and joint
involvement without kidney phenotype was also reported for another family with
two affected patients carrying a different mutation of the same residue (E241A)
(Patwardhan et al., 2019). However, since the renal phenotype might develop

later in life, no conclusion about a possible correlation can be drawn and long-
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term follow up of COPA syndrome patients is required. Although speculative, liver
involvement has only been reported for the above-described A239P mutation and
might be a phenotype specifically associated with mutations of this particular
residue (Psarianos et al., 2021, Thaivalappil et al., 2021).

The majority of COPA syndrome patients are of Caucasian ethnic decent, but
case reports of Asian and one African-American patient exist, which therefore
does not indicate the contribution of a specific genetic background to disease
development (Noorelahi et al., 2018, Watkin et al., 2015).

The disease is characterized by incomplete penetrance, leaving some individuals
unaffected, despite carrying the mutation (Watkin et al., 2015). Consideration of
67 reported mutation carriers to date, including 53 affected patients and
14 asymptomatic individuals, reveals a clinical penetrance of 84.4 % and 74.3 %
in female and male individuals, respectively (Suppl. Table 1). Therefore, other
genetic variants, epigenetic differences and/or environmental risk factors such as
infections or stress may influence disease onset and phenotypic variability.
Overall, a female predominance to develop the disease appears to exist
(Patwardhan et al., 2019).

Varying immunological features have been identified in patients, but are not
consistently reported in the literature. In the initial study, Watkin and colleagues
found elevated transcript levels of proinflammatory cytokines IL1B, IL6 and IL23
(IL23p19, IL12p40) in B cell-derived lymphoblastoid cell lines (BLCLs) from two
patients, likely as the consequence of ER stress-driven NF-«kB signalling (Watkin
et al., 2015). Since the cytokine milieu during CD4+ T cell activation is crucial for
cell fate decisions during the development of specialized Th cell lineages (Li et
al., 2020a) and increased CD4+ T cell lymphocyte infiltrates were found in patient
lungs, subpopulations were analysed in this study. Patient PBMCs showed
reduced levels of peripheral Th1 cells and increased levels of Th17 cells, the
latter being implicated in autoimmunity (Brucklacher-Waldert et al., 2017, Leipe
et al., 2010). Normally, Th17 differentiation additionally depends on transforming

growth factor  (TGFp) signalling, transcripts of which were not elevated in patient
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BLCLs. However, ER stress activated transcription factor X-box binding protein
1 (XBP1) has been shown to directly promote Th17 differentiation in an
inflammatory environment, despite the absence of TGFf (Brucklacher-Waldert et
al., 2017), supporting the hypothesis of an ER stress driven pathology (Watkin et
al., 2015).

Subsequently, Volpi and colleagues were the first to describe elevated
transcription levels of type | IFNs and ISGs in the peripheral blood of COPA
syndrome patients, suggesting a role of type | IFN signalling and dysregulated
innate immune system activation in disease pathogenesis (Volpi et al., 2018). An
increasing number of subsequent case studies supported their findings and
interestingly, mildly elevated IFNa serum levels were reported in asymptomatic
mutation carriers (Lepelley et al., 2020).

Furthermore as previously mentioned, some clinical features of COPA syndrome,
such as systemic inflammation, ILD, or renal immunopathology overlap with
symptoms observed in SAVI and SLE, two type | IFN-driven inflammatory
diseases (Boulisfane-El Khalifi et al., 2019). Therefore, although not yet officially
classified as type | interferonopathy (d'Angelo et al., 2021), dysregulation of this
pathway has become the focus in the field, since targeted inhibition might
implement an opportunity for more effective treatment of COPA syndrome
patients (see below).

31.2 Current treatment

The initial treatment strategy was based on long-term immunosuppression using
a combination of systemic corticosteroids with mycophenolic acid,
hydroxychloroquine or other steroid-sparing agents including anti-CD20
monoclonal antibody rituximab, TNF blocker etanercept, azathioprine or
methotrexate to only name the most commonly used (Suppl. Table 1) (Guan et
al., 2021, Tsui et al.,, 2018). Although effective in controlling some disease
symptoms, progressive decline of pulmonary function was still observed in most
patients (Jensson et al., 2017, Kato et al., 2021, Mallea et al., 2020, Tsui et al.,
2018).
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The lung pathology in COPA syndrome was initially suggested to be mainly driven
by T cell-mediated autoimmunity following ER stress (Watkin et al., 2015) and
inhibition of ER stress-induced T cell proliferation with mammalian target of
rapamycin (mTOR) inhibitor sirolimus was successfully used to improve clinical
symptoms of two COPA syndrome patients, who presented at young age
(7.5 years, 3 months) with a pulmonary phenotype and additional joint pain or
proteinuria, respectively (Guan et al., 2021, Kato et al., 2012). To avoid severe
adverse effects during the course of the study, both patients were regularly
monitored for systemic sirolimus concentration and inflammatory markers.
Remarkably, long-term sirolimus treatment (1 year) resulted in reduced serum
levels of IL-6 and decreased the peripheral blood type | IFN signature (Guan et
al., 2021).

In another approach towards a more targeted therapy, three independent studies
demonstrated the therapeutic benefit of JAK1/2 inhibition (baricitinib, ruxolitinib)
or JAK1 inhibition (upadacitinib) in COPA syndrome patients (Fremond et al.,
2020, Kato et al., 2021, Krutzke et al., 2019).

However, the innate immune sensor driving type | IFN signalling as well as the
molecular mechanisms underlying COPA syndrome pathogenesis remained
unclear and were therefore investigated in this thesis.

The data presented in the following chapter are currently in revision following
peer review by Nature Communications. A preprint of this work was published on
bioRxiv on 9™ July 2020.

Of note, during the course of this thesis, several studies were published that
independently confirmed some of the here presented results using different
experimental models. Findings from these studies are included in the discussion
in chapter 3.3.
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3.2 Results

3.2.1 Generation of cellular model systems for COPA syndrome

Aiming to study the protein function of COPA in the context of innate immune
signalling, we used CRISPR/Cas9 genome editing to delete COPA in human
monocytic THP-1 and epithelial HelLa cell lines. This approach was based on the
assumption that the reduced target protein binding efficiency of LoF mutations
identified in COPA syndrome patients can be mimicked by reduction of WT COPA
protein levels. Using sgRNAs targeting exon 5 (sgRNA 1), exon 1 (sgRNA 2),
exon 7 (sgRNA 3) of the human COPA gene under a doxycycline (Dox)-inducible
promoter, we generated three COPA-deficient THP-1 cells lines. The reduction
of COPA protein levels coincided with spontaneous phosphorylation of STAT1
(pSTAT1), the transcription factor downstream of type | and Ill IFN signalling
(Figure 3.2 A). Using this experimental approach, complete deletion of COPA
could not be achieved long-term, because COPA is essential for cell survival
(Sudo et al., 2010). To circumvent this, we used Dox-induced COPA deletion
prior to every experiment and proceeded to use the THP-1 cell line with sgRNA
1 (subsequently termed COPAdsficent) g5 it demonstrated the greatest reduction
in COPA levels and concomitantly increased pSTAT1 signal (Figure 3.2 A).
Similar to the previously reported elevation of proinflammatory cytokine
transcripts and type | IFN signature in COPA syndrome patient PBMCs (Volpi et
al., 2018, Watkin et al., 2015), gRT-PCR analysis of the generated COPAdeficient
THP-1 cells revealed increased mRNA expression levels of proinflammatory
cytokines (TNF and IL6), type | IFN subtypes IFNA1 and IFNB1 as well as ISGs
including ISG15, IFIT1 and MX1 (Figure 3.2 B). Detailed analysis of inflammatory
cytokine transcription kinetics at several time points during Dox-induced COPA
deletion revealed sequential onset of TNF and type | IFN signalling (Figure 3.2
C), which may indicate subsequent activation of distinct inflammatory pathways.
Furthermore, increased protein levels of IFNS and the IFN-induced chemokine
CXCL10 (Buttmann et al., 2004, Buttmann et al., 2007) were measured by ELISA
in supernatants from COPAdficent THP-1 cells (Figure 3.2 D).
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Figure 3.2 | Cell line models of COPA syndrome. A) CRISPR/Cas9-mediated
generation of COPA-deficient THP-1 cell lines using three single guide (sg) RNAs
targeting COPA exon 5 (sgRNA 1), exon 1 (sgRNA 2) or exon 7 (sgRNA 3).
Baseline protein expression was analysed by immunoblot (after 72 hrs
Dox+24 hrs rest). B) gqRT-PCR analysis of transcription levels in COPAdsficient
THP-1 cells (sgRNA 1). Data are mean £+ SEM from n=3 replicate experiments
presented as fold change to the parental control cell line (THP-1 Cas9). C)
Representative qRT-PCR transcription kinetics of COPAdficient THP-1 cells during
Dox-induced COPA deletion. Technical duplicates are shown and error bars
represent SD, n=3. D) ELISA analysis of baseline IFNf and CXCL10 released
from THP-1 cells. Data are mean + SEM pooled from n=3 experiments. E)
Immunoblotting in COPA%ficent He| a cells generated by CRISPR/Cas9 targeting
of COPA with sgRNA 1. F) gRT-PCR analysis of cells generated in E). Data are
presented as described in B). Statistical analysis in B, D, F using ratio paired
Student’s t-test. P-values are indicated by numbers or as * P<0.05, ** P<0.01.
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In order to independently confirm these findings in a different cell line, we used
the same experimental approach and sgRNA 1 to delete COPA in epithelial HeLa
cells (Figure 3.2 E). Similar to THP-1 cells, the reduction of COPA protein levels
in HelLa cells resulted in increased transcription of proinflammatory cytokines and
type | IFN (Figure 3.2 F), as well as elevated baseline phosphorylation of TBK1
(pTBK1), which is activated downstream of several PRRs (chapter 1.3.4.1) (Liu
et al., 2015b, Liu et al., 2017a). Although silencing of the cGAS-STING pathway
due to immortalisation with viral oncogenes in HelLa cells has been reported (Lau
et al., 2015), we confirmed pathway activity in this particular cell line used here
by stimulation with synthetic DNA analogues (Suppl. Figure 1). Therefore, we
have successfully generated COPAdeficent THP-1 and Hela cell lines that model
inflammatory manifestations observed in COPA syndrome patients and present
a useful tool to investigate the molecular mechanisms underlying this disease.

3.2.2 Inflammatory signalling in COPA syndrome model cell lines is driven

by STING pathway overactivation

To identify the innate immune sensor that is driving the inflammatory response in
our in vitro model of COPA syndrome, we used a hypothesis-driven approach
and genetically co-deleted several candidate innate immune receptors in
COPAZeficent THP-1 cells (Figure 3.3).

The inflammasome sensor NLRP3 was shown to be activated by numerous
diverse stimuli, ranging from infections to cellular organelle dysfunction (reviewed
in (Kelley et al., 2019)). Furthermore, aberrant NLRP3 activation is implicated in
the autoinflammation observed in CAPS patients, as well as pathologies of other
immune-mediated disorders including neurodegeneration, autoimmunity and
metabolic syndrome (Li et al., 2020b, Pirzada et al., 2020). Interestingly, a recent
report showed trans-Golgi network dispersal in response to multiple NLRP3
stimuli, which was suggested to serve as platform for NLRP3 aggregation and
signalling (Chen et al., 2018). Since we observed spontaneous Golgi
fragmentation in COPAdeficent Hel g cells (Suppl. Figure 2), we hypothesized

these fragments as site of spontaneous NLRP3 activation following disturbed
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cellular homeostasis. However, upon co-deletion of COPA and NLRP3,
inflammatory signalling persisted (Figure 3.3 A).

The rationale behind investigating the involvement of cytoplasmic dsRNA sensor
PKR was based on its function as eukaryotic translation initiation factor 2 alpha
(elF2a) kinase. Besides PKR, three other kinases namely PERK, heme-regulated
inhibitor (HRI) and general control nonderepressible (GCNZ2), have been
identified to downregulate protein translation by elF2a phosphorylation in
response to different stimuli, such as viral infections, ER stress, heme deficiency
and nutritional stress, respectively (Donnelly et al., 2013). As previously
suggested, retrograde transport deficiency induces ER stress (Watkin et al.,
2015), which we also observed in our in vitro model (data not shown). Since PKR
is the only elF2a kinase that is known to induce type | IFN signalling
(Balachandran et al., 2000), we excluded its involvement in COPA syndrome
disease pathology (Figure 3.3 B).

RIG-I and MDAS are two cytoplasmic RNA sensors, that mediate proinflammatory
and type | IFN signalling in response to viral infections (chapter 1.3.2) (Kato et
al., 2011). Through genetic deletion of their shared adapter protein MAVS in
COPAZeficient THP-1 cells we were able to rule out inflammatory signalling via this
pathway, which could have been the consequence of protein mislocalization
caused by secretory pathway disturbances (Figure 3.3 C).

Based on its cellular localization, we investigated the ER-resident chaperone
Unc93 homolog B1 (UNC93B1) (Figure 3.3 D), which is essential for the stability
and signalling of nucleic acid sensing endosomal TLRs (TLR3, 7, 8, 9) and cell
surface TLRS (Huh et al.,, 2014, Pelka et al., 2018, Tabeta et al., 2006).
Interestingly, studies in human and mice suggested a regulatory role of UNC93B1
in balancing TLR7 and TLR9 signalling, which leads to aberrant TLR7 activation
and immune disease, if dysregulated (Fukui et al., 2009, Fukui et al., 2011, Lee
et al., 2013, Pelka et al., 2018). However, co-deletion of any of the above-
described immune receptors was not able to ameliorate the inflammatory
phenotype in COPAd%®ficent THP-1 cells (Figure 3.3).
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Figure 3.3 | Inflammatory signalling associated with COPA-deficiency is not
mediated through NLRP3-, PKR-, MAVS or UNC93B1-dependent pathways.
The effect of CRISPR/Cas9-mediated genetic co-deletion of NLRP3 (A), PKR
(B), MAVS (C) or UNC93B1 (D) in COPAdJficent THP_1 cells was assessed by
immunoblot analysis of phosphorylated STAT1 (pSTAT1) and gRT-PCR analysis
of TNF, IFNB1 and ISG15 transcription at baseline. Data are presented as mean
+ SEM from n=4 independent experiments. Due to the lack of a specific antibody,
deletion of UNC93B1 was confirmed via transcript analysis by gqRT-PCR (D).
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Another candidate immune sensor was STING, which triggers inflammation
downstream of multiple cytoplasmic nucleic acid sensors including cGAS
(Ablasser et al., 2013, Sun et al., 2013, Wu et al., 2013). As previously described
(chapter 1.3.4.3), inactive STING localizes on the ER membrane and requires
COPII-mediated anterograde trafficking to translocate to Golgi compartments
upon activation (Gui et al., 2019, Ogawa et al., 2018, Ran et al., 2019, Sun et al.,
2018). Although COPA is not part of the COPIl complex, all compartments of the
secretory pathway form a tightly regulated and interdependent network within the
cell (Szul et al., 2011). Therefore, we hypothesized that reduced functionality of
COPA-mediated retrograde transport might potentially interfere with STING
trafficking and cause aberrant signalling. In line with this, we identified COPA as
a potential interaction partner for STING in an unbiased mass spectrometry-
based quantitative proteomics experiment, where we analysed protein lysates
from HEK293T cells following pulldown of overexpressed mCitrine (mCit)-tagged
human STING (Figure 3.4 A). Furthermore, this screen identified surfeit locus
protein 4 (SURF4) as a potential STING interactor, which was recently shown to
act as adapter protein mediating STING-COPA interaction for subsequent
retrograde trafficking (Deng et al., 2020b, Mukai et al., 2021). Additionally, other
known STING-interacting proteins were found to be enriched in STING
pulldowns, including TBK1. Although not significant, other COPI/COPII subunit
proteins and ER- and Golgi-resident proteins were identified, highlighting the
importance of the secretory pathway for STING regulation (see chapter 2.14.1 for
data reposition). Interestingly, transmembrane protein 214 (TMEMZ214), involved
in ER stress-induced caspase-4 activation and induction of apoptosis (Li et al.,
2013a), was highly enriched in STING pulldowns, however a functional link to
STING has not yet been described in the literature and was not further
investigated in this thesis.

CRISPR/Cas9-mediated genetic deletion of STING ameliorated the spontaneous
pSTAT1 signal (Figure 3.4 B) as well as inflammatory gene expression in
COPAZeficent THP-1 cells (Figure 3.4 C). Interestingly, TNF transcription levels
remained high after STING deletion and are likely the result of NF-xB pathway

activation following ER stress, as previously suggested (Watkin et al., 2015).
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Figure 3.4 | Inflammation induced by COPA-deficiency is STING-dependent.
A) Volcano plot representing the log2 protein ratios of potential STING-interacting
proteins identified by mass spectrometry-based quantitative proteomics after
transient overexpression of mCitrine (mCit)-tagged STING and pulldown in



124

HEK293T cells relative to empty vector (EV) control (n=3 independent
pulldowns). B) Representative western blot of THP-1 cells of indicated genotypes
after 72 hrs Dox treatment. Representative result of n=3. C) gRT-PCR analysis
of transcription levels in THP-1 cells at baseline (72 hrs Dox). Data are means +
SEM of 3 independent experiments. Statistical significance was assessed by
one-way ANOVA and Dunnett’s multiple comparison test. D) Representative
western blot of parental and COPAdeficent THP-1 cells after treatment with STING
inhibitor H-151 (2.5 uM) or vehicle control (Veh ctrl). Representative result of n=3.
E) Analysis of proinflammatory gene and ISG transcription in THP-1 cells treated
as in D). Data are shown as mean + SEM from 3 independent experiments.
Statistical analysis by two-tailed ratio paired Student’s t-test comparing control
and H-151 treatment individually for each cell line. F) Super-resolution IF
microscopy of parental and COPA%ficent Hel a cells stained for COPA (cyan) and
endogenous STING (magenta). Parental cells transfected with HT-DNA (2 pg/ml,
2 hrs) show typical puncta formation which represents STING accumulation at
Golgi compartments and indicates STING activation. Representative experiment
shown of n=3; scale bar represents 20 ym. P-values are indicated by numbers or
as * P<0.05, ** P<0.01, *** P<0.001.

We independently confirmed this result by genetic deletion of STING in
COPAdeficent Ha| g cells, which ameliorated baseline proinflammatory and type |
IFN transcription and the pTBK1 signal (Suppl. Figure 3). Furthermore, in the
context of potential pharmaceutical intervention, treatment of COPAJficient THP.-1
cells with the small molecule STING inhibitor H-151 was able to markedly reduce
baseline STAT1 phosphorylation (Figure 3.4 D) and type | IFN-mediated gene
transcription (Figure 3.4 E), thus indicating a possible targeted treatment for
COPA syndrome patients.

ER-to-Golgi translocation of STING is a prerequisite for interaction with
downstream signalling molecules (Dobbs et al., 2015, Ishikawa et al., 2009,
Saitoh et al., 2009). We therefore aimed to investigate the cellular localization of
STING in COPA-deficiency and performed immunofluorescence (IF) staining of
endogenous STING in HelLa cells (Figure 3.4 F). As positive control, parental
Hela cells were stimulated with HT-DNA, a dsDNA molecule to activate cGAS-
induced STING ER-to-Golgi translocation which can be observed as puncta
formation (Figure 3.4 F). However, in COPAdfcent Hel a cells without further

stimulation, puncta formation of endogenous STING was not as clear and rather
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suggested formation of multiple smaller size specks distributed throughout the
cytoplasm (Figure 3.4 F).

Since the overall signal of stained endogenous STING was quite weak, we stably
overexpressed STING-GFP in these cell lines via retroviral transduction. Parental
cells showed diffuse cytoplasmic distribution of STING-GFP when untreated and
formation of puncta that co-localized with cis-Golgi marker GM130 following HT-
DNA transfection (Figure 3.5). In COPAd%ficent cells, multiple STING-GFP
speckles were observed, which largely co-localized with GM130 (Figure 3.5 A,
B). Co-localization with ER marker KDEL was not different when compared to
parental cells (Figure 3.5 C). Considering that loss of COPA is associated with
Golgi dispersal (Razi et al., 2009) (Suppl. Figure 2) and spontaneously
accumulated STING-GFP co-localized with Golgi but not ER markers, these
preliminary experiments suggest that STING signalling occurs due to
spontaneous accumulation at the dispersed Golgi in this in vitro model of COPA
syndrome.

Overall, these results suggest that spontaneous STING activation is driving the
inflammatory response in COPA syndrome model THP-1 and HelLa cell lines,
which is likely the result of STING accumulation at dispersed Golgi fragments.
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Figure 3.5 | STING-GFP co-localizes with the dispersed Golgi in COPAdeficient
HelLa cells. Parental and COPAdeficent Hg| a cells stably expressing STING-GFP
were Dox-treated for 72 hrs, fixed and stained for COPA (A), cis-Golgi marker
GM130 (B) or ER marker KDEL (C). Localization of activated STING-GFP (green)
in parental HelLa cells transfected with HT-DNA (2 pg/ml, 2 hrs) resulted in
STING-GFP accumulation at the Golgi, which is shown as positive control.
Representative images; n=1; scale bar represents 10 ym; white arrows indicate
COPAdeficient cg||s,

3.2.3 Mutations in COPA drive STING-dependent inflammation

In order to validate our findings in patient samples, we analysed PBMCs from a
COPA syndrome patient carrying the ¢.698G>A (R233H) mutation with clinical
presentation of severe polyarticular arthritis and lung disease (Volpi et al., 2018).
At the time of sample collection, the patient was treated with prednisone and
rituximab. Ex vivo flow cytometry analysis revealed elevated levels of pTBK1,
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particularly in CD14-expressing monocytes (Figure 3.6 A, B). Treatment with
STING inhibitor H-151 was able to ameliorate baseline TBK1 phosphorylation as
shown in representative histograms and quantified as fold change of pTBK1
levels after H-151 treatment, thereby suggesting basal STING activation in
patient PBMCs (Figure 3.6 C, D). Further experimental repeats would be
desirable to confirm this result.
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Figure 3.6 | STING inhibitor treatment ameliorates baseline TBK1

phosphorylation in COPA syndrome patient monocytes. Ex vivo flow
cytometry analysis of phosphorylated TBK1 (pTBK1) in the monocytic
subpopulation (CD14-positive, CD3-negative) isolated from COPA syndrome
patient PBMCs carrying the R233H mutation (blue) and 2 healthy individuals
(HCs: black, red). A) Analysis of pTBK1 levels without further stimulation.
Histogram shows data of a representative experiment, dotted line indicates the
isotype control. B) Column graph shows baseline pTBK1 signal quantified as
mean fluorescence intensity (MFI) of the experiment shown in A). Error bar
represents SD, n=1. C) pTBK1 signal before and after treatment with STING
inhibitor H-151 (5 uM) for 4 hours (green line). Dotted line represents isotype
control. n=1 D) Quantification of data shown in C). Bar graph represents fold
change in pTBK1 MFI following H-151 treatment relative to the untreated control.
Error bar represents SD.
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To further study inflammation in the context of COPA syndrome patient
mutations, we generated overexpression plasmids encoding the previously
published LoF mutations E241K and R233H (Watkin et al., 2015).

Initially, we overexpressed these constructs in HEK293T cells, which lack
detectable levels of endogenous STING (Suppl. Figure 4) (Reus et al., 2020,
Sun et al., 2013). Phosphorylation of TBK1 and IRF3 was only observed when
myc-tagged COPA mutant plasmids were co-expressed with mCit-tagged STING
(Figure 3.7 A). However, in this system, STING is transiently overexpressed at
high levels. This results in strong baseline activation of WT STING alone,
observed by above background pTBK1 and pIRF3 signals (Figure 3.7 A). This is
likely caused by spontaneous dimerization-induced Golgi translocation and
subsequent pathway activation (Ergun et al., 2019), which is a commonly
observed disadvantage of this experimental setup. STING signalling was slightly
elevated by co-expression with WT COPA. Rather than a specific effect of WT
COPA, this observation could be the result of high-level protein translation
following co-transfection, that overwhelms ER folding and retrograde transport
capacities and subsequently causes STING retention at the Golgi, which could
promote signalling. Interestingly, when co-expressed with COPA mutants, STING
activation was markedly increased (Figure 3.7 A). This indeed suggested that
impaired retrograde trafficking prevents Golgi-to-ER retrieval and promotes
STING accumulation at the Golgi compartment which results in increased
signalling.

To bypass the disadvantages associated with transient overexpression, we
tested a more physiological setting with lower, stable expression of STING-GFP
incorporated via lentiviral transduction of HEK293T cells and subsequent FACS
sorting for low expression close to endogenous level. Surprisingly, under these
conditions, transient overexpression of COPA mutants E241K and R233H was
not able to drive inflammation above EV control and COPA WT levels (Figure 3.7
B).
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Figure 3.7 | Mutations in COPA trigger STING-dependent inflammation. A)
Western blot analysis of HEK293T cells following co-overexpression of mCitrine-
tagged (mCit)-STING and myc-tagged COPA WT and mutants E241K and
R233H (0.5 uyg DNA per construct) 24 hrs after transfection. Representative result
of n=3. B) Immunoblot analysis of stably STING-GFP-expressing HEK293T cells
24 hrs after transient transfection with 0.5 pug plasmid DNA encoding myc-tagged
COPA WT or mutants. Untransfected cells stimulated with c-di-AM(PS)2 (20 pM,
2 hrs) are shown as control for ligand-mediated STING activation (last lane).
Lane 1 shows HEK293T WT cells as non-transduced control. Representative
result of n=3 experiments. C) HEK293 cells (express endogenous STING) were
transiently transfected with myc-tagged COPA WT or mutants (0.5 ug and 1 pg
DNA/well) and harvested for western blot analysis after 24 hrs. As positive
control, cell lysate of parental THP-1 cells (THP-1_Cas9) stimulated with HT-DNA
(2 pg/ml, 2 hrs) was loaded. Representative experiment of n=3 independent
repeats. Lipofectamine 2000, LF2000; empty vector, EV; untreated,
untransfected, UT; wildtype, WT.
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In order to independently confirm this finding, we transiently transfected COPA
WT, E241K and R233H using two different plasmid concentrations in HEK293
cells, which express endogenous STING at levels comparable to HelLa cells
(Suppl. Figure 4). Again, in this system, overexpression of COPA mutants was
not able to induce IRF3 phosphorylation over WT control levels (Figure 3.7 C).
Importantly, these experiments suggest that inflammation driven by COPA
mutations in HEK239T cells only occurs when STING is overexpressed.
However, with endogenous levels of STING expression, as in HEK293 cells or
HEK293T cells stably expressing STING-GFP, overexpressed COPA mutations
cannot induce spontaneous signalling, likely because an essential player of the
COPA syndrome pathology is lacking in these cell lines. Given that all the
downstream machinery required for STING signalling appears to be intact in
HEK293T cells (Figure 3.7 A, B) we wondered if the missing part of the pathway
was actually upstream, specifically the cytoplasmic DNA sensor cGAS, since it is
not endogenously expressed in HEK293T or HEK293 cell lines (Suppl. Figure
4).

324 Inflammatory signalling in COPAdfcent THP-1 cells is cGAS-

dependent

In order to investigate the involvement of cGAS in COPA syndrome pathology,
CRISPR/Cas9 gene editing was employed to delete COPA in a monoclonal cGAS
KO (cGAS”) THP-1 cell line (Mankan et al., 2014). Lack of cGAS completely
abolished spontaneous phosphorylation of STAT1, which was re-established
upon reconstitution with GFP-tagged cGAS via lentiviral transduction (Figure 3.8
A). Similarly, transcription levels of proinflammatory cytokines and ISGs were
ameliorated in COPAdeficent cells when cGAS was deleted (Figure 3.8 B).
Interestingly, co-deleted COPAdeficent/cGAS” THP-1 cells showed stronger
reduction in TNF gene transcription compared to STING-deleted COPAdeficient
THP-1 cells (Figure 3.4 C). One potential reason could be the monoclonal origin
of the used cGAS™ cell line, which completely lacks cGAS expression (Mankan
et al., 2014), whereas the STING’” THP-1 cells are a mixed population of
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CRISPR/Cas9-deleted cells, with some residual STING being expressed.
However, clonal cGAS deletion was still not able to fully reverse TNF transcription

to baseline levels, which supports the involvement of ER stress as additional NF-

kB activating pathway (Watkin et al., 2015).
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Figure 3.8 | Inflammatory signalling in COPAd¢ficient THP.1 cells requires
cGAS. A) Immunoblot analysis of parental and monoclonal cGAS” THP-1 cells
following deletion of COPA and reconstitution with cGAS-GFP via lentiviral
transduction. CRISPR/Cas9-mediated gene deletion was induced with Dox for
72 hrs. A representative experiment is shown (n=2). Endogenous, end. B) qRT-
PCR analysis of baseline ISGs and proinflammatory gene transcription in THP-1
cells with indicated genotypes. Data are mean + SEM from 3 independent
experiments. Statistical significance was assessed by one-way ANOVA with
Dunnett’'s multiple comparison test. C) Baseline analysis of 2°3’-cGAMP levels in
cell lysates of parental and COPAdeficent THP-1 cells by ELISA. Data are shown
as mean + SEM from 3 independent experiments. Statistical testing by unpaired
Student’s t-test. P-values are indicated by numbers or as * P<0.05, ** P<0.01,
*** P<0.001.
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Recently, the role of SURF4 as the adapter protein that mediates packaging of
STING into COPI vesicles was established (Deng et al., 2020b, Mukai et al.,
2021). In support of this, our mass spectrometry analysis identified SURF4 as an
interactor of STING after overexpression in HEK293T cells (Figure 3.4 A).
Assuming that lack of SURF4 specifically blocks Golgi-to-ER trafficking of STING
and other SURF4 target proteins, we found increased phosphorylation of STAT1
and elevated transcription of ISGs following genetic deletion of SURF4 in THP-1
WT cells (Suppl. Figure 5, preliminary data). This phenotype was ablated in
cGAS”/SURF47 THP-1 cells (Suppl. Figure 5, preliminary data), further
supporting the requirement of cGAS as the initial driver for STING accumulation
at the Golgi and subsequent inflammatory signalling in COPA syndrome.

To further confirm cGAS activation, we analysed cytoplasmic levels of cGAS-
produced second messenger 2’3’-cGAMP by ELISA. Surprisingly, 2'3’-cGAMP
levels in COPA%ficent THP-1 cells were significantly elevated over parental
controls (Figure 3.8 C). This result suggests cGAS activation above tonic levels
in COPA-deficiency, however whether this is the primary defect driving COPA
syndrome pathology remains to be validated in COPA mutant-expressing cells.
Together, this data demonstrates that cGAS is required for inflammatory
signalling driven by COPA-deficiency in THP-1 cells, and that the second
messenger 2’3’-cGAMP is elevated in these cells, indicating increased cGAS

activity.

3.2.5 Spontaneous cGAS-STING signalling is activated by general

deficiency in COPI-mediated retrograde transport

As previously described, besides COPA, the COPI complex consists of six other
subunits similarly involved in functional retrograde trafficking (Figure 1.7) (Beck
et al.,, 2009). Here, we sought to determine whether activation of the cGAS-
STING signalling pathway is uniquely linked to a loss of COPA function, or
whether disruption of the retrograde trafficking route in general results in
inflammation via this pathway. Therefore, we selected COPI subunits COPG1

and COPD, which are part of the F-subcomplex and COPE, which similarly to
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COPA belongs to the B-subcomplex (see chapter 1.4.1.2). Using the
CRISPR/Cas9 technology we deleted these subunits in HeLa and THP-1 cells.
To confirm that retrograde transport is indeed impaired upon silencing of the
selected COPI subunits, we used IF super-resolution microscopy and
investigated localization and intensity of KDEL staining in COPI subunit-deficient
HelLa cells (Figure 3.9 A). As previously mentioned, the amino acid sequence
KDEL is an ER-specific retention signal encoded on the C-terminus of soluble
ER-resident proteins that undergo Golgi-to-ER retrieval through COPI-mediated
retrograde transport (chapter 1.4.1.2) (Munro et al., 1987). We therefore
hypothesized that impaired retrograde transport would result in accumulation of
KDEL signal within Golgi compartments. Overall, COPI subunit-deficient cells
showed increased KDEL signal intensity compared to parental controls (Figure
3.9 A), which is likely the consequence of increased expression of KDEL-tagged
ER chaperones following ER stress and activation of UPR pathways. Indeed,
when compared to parental cells with intact retrograde transport, a significant
shift in KDEL localization towards Golgi compartments was observed in
COPAdeficent  COPG1deficient gnd COPDYfcent Hela cells (Figure 3.9 A).
Quantification of this result is shown as the area ratio of KDEL signal overlaying
with cis-Golgi marker GM130 divided by the total area of KDEL staining per cell
(Figure 3.9 A). These results indicate that genetic deletion of COPA, COPG1 or
COPD results in impaired retrograde trafficking, which is similar to the functional
defect described for COPA mutants (Watkin et al., 2015). COPE%ficent cells were
not analysed in this experiment, since they did not show an inflammatory
phenotype (Figure 3.9 B, C). This observation is further discussed below.
Immunoblotting confirmed that unless intentionally deleted, only minor variability
was observed for COPA, COPG1 and COPD protein expression levels across
COPI subunit-deficient THP-1 cell lines (Figure 3.9 B). Therefore, despite
deletion of selected subunits, expression levels of tested residual COPI proteins
remained largely stable, suggesting that destabilization or complete co-depletion
of subunits does not occur. As one exception, COPE expression levels were
markedly reduced in COPAdfcent cells (Figure 3.7 B).
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Figure 3.9 | cGAS-STING pathway activation is caused by general
deficiency in COPI-mediated retrograde trafficking. A) Representative IF
images of HelLa cell lines presented as maximum intensity projection. Parental
cells (top) or cells CRISPR/Cas9-deleted for COPA (bottom left), COPG1 (bottom
middle) or COPD (bottom right) were co-stained for KDEL (green), GM130
(magenta), the indicated COPI subunit (cyan) and DAPI (blue). The bar chart
represents co-localized KDEL and GM130 signal quantified as % of KDEL area
inside cis-Golgi. Each dot represents one cell and parental cells stained for
different subunits were combined for quantification analysis. Statistical testing by
one-way ANOVA and Dunnett’s multiple comparison test, line at median. Scale
bar 10 ym. B) Representative immunoblot analysis of THP-1 cells of indicated
genotypes following treatment with STING inhibitor H-151 (2.5 yM), n=3 C) qRT-
PCR analysis of THP-1 cells treated as described in B). Data are shown as mean
+ SEM from n=3 independent experiments. Two-tailed ratio paired Student’s t-
test compared Veh ctrl and H-151 treatment individually for each cell line. P-
values are indicated by numbers or as * P<0.05, *** P<0.001, *** P<0.0001.
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In yeast, COPE was shown to be non-essential for functional retrograde
transport, but its role as a structural component to stabilize COPA at higher
temperatures has been described (Duden et al., 1998). Since COPE expression
levels are dependent on COPA binding and coatomer integration (Eugster et al.,
2000), co-depletion of both proteins in COPAdeficent cglls is not surprising,
however this was not observed when COPE was intentionally deleted. This
indicates that COPE is not required for COPA stability and functional retrograde
transport in human cells under the culture conditions used in this study. In line
with this, only deficiency in COPI complex proteins COPA, COPG1 and COPD
but not COPE resulted in spontaneous inflammatory signalling (Figure 3.9 B, C).
In order to determine whether the inflammatory phenotype can be ameliorated by
inhibition of cGAS-STING signalling, COPI subunit-deficient THP-1 cells were
treated with STING inhibitor H-151. Immunoblot as well as gqRT-PCR analysis
showed reduction of STAT1 phosphorylation and decreased transcription of
proinflammatory genes and ISGs after inhibitor treatment, respectively (Figure
3.9 B, C). These data demonstrate that indeed, the cGAS-STING pathway is
activated upon deletion of different COPI subunit proteins and therefore a general
defect in retrograde transport sufficiently induces inflammatory signalling.
Consequently, aberrant STING signalling is unlikely to be the unique result of
reduced COPA function.

3.2.6 Retrograde transport deficiency impairs DNA-induced cGAS

signalling

To further elucidate the involvement of retrograde transport in cGAS-STING
pathway regulation, we sought to investigate inflammatory signalling upon cGAS
stimulation with transfected DNA (HT-DNA and poly (dA:dT)) and analysed
cytoplasmic 2'3’-cGAMP production in THP-1 cells. Surprisingly, after stimulation,
lower 2'3’-cGAMP levels were detected in cells lacking COPA, suggesting
reduced cGAS activation following targeted stimulation (Figure 3.10 A). In order
to independently confirm this result, three different COPA-deficient THP-1 cell
lines (shown in Figure 3.2 A) were stimulated with cGAS and STING ligands and
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analysed for levels of IFNA production, a type Ill IFN which is similarly activated
to type | IFN upon PRR stimulation (Ank et al., 2006, Zhou et al., 2018a) (Figure
3.10 B). In line with the previous result, all tested COPA-deficient cell lines were
less responsive to cGAS stimulation when compared to parental controls. Yet
interestingly, direct STING stimulation by a cGAMP analogue was not impaired
and comparable across all cell lines (Figure 3.10 B). A similar result was
observed for COPG1deficent THP-1 cells (Figure 3.10 C), which suggests a break
point in the pathway, further highlighting the essential role of intact retrograde

transport for functional cellular defence in response to foreign DNA.
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Figure 3.10 | DNA-induced cGAS signalling is impaired in COPAd¢ficient gnd
COPG1¢eficient THP-1 cells. THP-1 cell lines of indicated genotypes were
stimulated with cGAS activators HT-DNA (2 pyg/ml) and poly (dA:dT) (1 pg/ml) (A,
B, C) and STING activator c-di-AM(PS). (20 uM) (B, C) and analysed after 24 hrs.
A) 2’3’-cGAMP levels in cell lysates measured by ELISA (n=2 experiments, error
bars represent SD). B) Supernatants of COPA-deficient THP-1 cell lines
generated in Figure 3.2 A were analysed for IFNA by ELISA (n=3, error bars
indicate SEM). C) ELISA analysis of IFNA levels in supernatants of THP-1 cells
(n=2, error bars indicate SD). A-C) Statistical analysis by two-way ANOVA and
Sidak (A) or Dunnett's (B, C) multiple comparison test using parental cells as
comparator group individually for each stimulus. P-values are indicated by
numbers or as * P<0.05, ** P<0.01, **** P<0.0001. Lipofectamine 2000, LF2000.
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3.2.7 Retrograde trafficking between Golgi and ER is the transport
direction underlying STING mislocalization in COPI-deficiency

Besides retrieval of proteins from the Golgi to ER, the COPI complex is also
required for trafficking within Golgi compartments (Letourneur et al., 1994,
Martinez-Menarguez et al., 1999, Pellett et al., 2013, Popoff et al., 2011,
Rothman et al., 1996). Disruption of which of these transport directions causes
defective STING regulation in COPA syndrome has not yet been experimentally
examined.

Within cells, trafficking of cargo proteins via different COPI transport routes may
be regulated through multiple COPIl complex isotypes, containing different sets
of COPG and COPZ paralog combinations (Blagitko et al., 1999, Futatsumori et
al., 2000, Wegmann et al., 2004). However as previously mentioned, whether
functional heterogeneity exists has not yet been conclusively determined. Based
on the spatial segregation and predominant enrichment at cis- or trans-Golgi
compartments, respectively, COPG1-containing COPI coat vesicles were
suggested to be more likely involved in mediating retrograde transport between
Golgi and ER, while COPG2 may predominantly serve intra-Golgi transport
(chapter 1.4.1.2) (Moelleken et al., 2007). Taking advantage of this proposed
localization-dependent and perhaps functional distinction, we used
CRISPR/Cas9 gene editing to specifically delete COPG1 or COPG2 in THP-1
cells to determine functional consequences for STING activation. Deletion
efficiency was confirmed by immunoblotting for COPG1 and COPG2 transcript
analysis by gRT-PCR due to the lack of a specific antibody (Figure 3.11 A, B).
Interestingly, only deletion of COPG1 resulted in spontaneous phosphorylation of
STAT1 and inflammatory gene transcription, whereas this was not observed in
COPG2¢deficient cells (Figure 3.11 A, C). Our previous result showed amelioration
of inflammatory signalling in COPG1¢eficent cells by treatment with STING inhibitor
H-151 (Figure 3.9 B, C), indicating STING pathway activation in COPG1deficient
THP-1 cells due to defective retrograde transport, whereas deletion of COPG2,
potentially implicated in intra-Golgi transport, had no effect.
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Figure 3.11 | Targeted inhibition of anterograde intra-Golgi transport does
not activate spontaneous STING signalling. A) Representative immunoblot
analysis of baseline signalling in THP-1 cells after targeted CRISPR/Cas9-
mediated deletion of COPG1 or COPG2 paralogs. n=2. B) gRT-PCR analysis of
COPG2 transcription in cell lines used in A). n=2, error bars represent SD. C)
gRT-PCR analysis of baseline inflammatory cytokine transcripts in COPG1- and
COPG2-depleted THP-1 cells. Data were pooled from n=2 independent
experiments, error bars represent SD. D) Representative western blot analysis of
iBMDMs after treatment with cPLA2a inhibitor AACOCF3. Inhibitor activity was
analysed by its effect on INOS expression levels following IFNy priming (50 ng/ml,
overnight) and LPS stimulation (25 ng/ml, 6 hrs) in absence or presence of
AACOCF3 (30 min pre-incubation). A representative experiment of n=3 is shown.
B-C) Statistical analysis by one-way ANOVA with Dunnett’s multiple comparison
test. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

However, given that functional redundancy between COPG1 and COPG2 has
been proposed (Adolf et al., 2019), this result was not conclusive.

Therefore, in an alternative approach, we specifically blocked intra-Golgi
trafficking by pharmacological inhibition of the calcium-dependent cytosolic
phospholipase A2 alpha (cPLA2a) (San Pietro et al., 2009). cPLA2a is required
for the formation of intercisternal tubules that connect Golgi stacks and are
essential for intra-Golgi transport (de Figueiredo et al., 1999, de Figueiredo et al.,
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1998, San Pietro et al., 2009). Treatment of iBMDMs with cPLA2qa inhibitor
arachidony! trifluoromethyl ketone (AACOCF3) did not result in spontaneous
phosphorylation of TBK1, indicating that defective intra-Golgi trafficking does not
sufficiently activate spontaneous STING signalling. Since cPLA2a was shown to
be involved in regulating INOS (Chuang et al., 2015), we confirmed AACOCF3
activity by evaluating expression levels of iINOS in response to IFNy and LPS
stimulation. Pre-treatment with cPLA2a. inhibitor reduced iNOS levels (Figure
3.11 D), thereby validating inhibitor functionality at the used concentrations (Ng
et al., 2017, Paloschi et al., 2020).

Additionally, COPI-mediated formation of early endosome has been shown to
play a role in autophagy induction (Razi et al., 2009). Importantly, functional
autophagy and lysosomal degradation pathways are required for termination of
STING signalling (Gonugunta et al., 2017, Gui et al., 2019, Liu et al., 2019).
Therefore, a possible defect in those pathways caused by COPA-deficiency was
excluded by monitoring STING expression levels during Dox-induced COPA
depletion for 72 hrs in THP-1 cells. Progressive loss of COPA did not coincide
with robust accumulation of STING in the here shown experiment and
independent repeats, suggesting normal functionality of STING degradation
pathways (Figure 3.12).
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Figure 3.12 | Loss of COPA does not alter STING expression levels. Western
blot analysis of STING expression levels in THP-1 cells during Dox treatment
when COPA protein levels gradually declined. A representative result of n=3
independent experiments is shown.
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Together, these findings suggest that although COPA mediates multiple transport
directions within the secretory pathway, the disease-causing mechanism in
COPA-deficiency likely relies on reduced Golgi-to-ER retrieval of the immune

sensor protein STING.

Collectively, our results demonstrate that aberrant STING signalling in cell lines
lacking COPA is the result of defective retrograde trafficking which impairs
steady-state Golgi-to-ER retrieval of STING and causes subsequent
accumulation at Golgi compartments. Spontaneous inflammation was dependent
on upstream dsDNA detector cGAS in THP-1 cell lines, which suggests the
requirement of a STING-activating stimulus to induce pathogenicity. However
interestingly, cGAS no longer responds sufficiently to cytoplasmic DNA
stimulation, suggesting a break in the cGAS-STING signalling axis due to COPA-
deficiency. The finding that deletion of other COPI subunits, such as COPG1 and
COPD, impart a similar cellular phenotype, suggests that immune-mediated

disorders associated with mutations in other COPI subunit proteins may exist.
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3.3 Discussion

In this study, we generated model cell lines that recapitulate the type | IFN
signature observed in PBMCs from COPA syndrome patients (Volpi et al., 2018)
and show that type | IFN signalling can be ablated by genetic deletion and
pharmacological inhibition of STING and its upstream regulator cGAS.
Interestingly, the clinical phenotype of COPA syndrome partially overlaps with
symptoms reported in SAVI, including severe systemic inflammation, interstitial
lung disease, arthritis, early onset in life and a predominant constitutive type | IFN
gene activation (Clarke et al. 2020, Frémond et al., 2021b, Lepelley et al., 2020,
Liu et al., 2014b). For SAVI, multiple case reports identified GoF mutations in
STING, causing spontaneous dimerization and therefore constitutive STING
pathway activation (Keskitalo et al., 2019, Melki et al., 2017, Saldanha et al.,
2018). However, STING activation in COPA syndrome is likely less pronounced,
since activated (phosphorylated) STING could not be detected in model cell lines
and patient PBMCs (data not shown). Similarly, Kato et al. described absence of
baseline pSTING and pTBK1 signals in bone marrow-derived dendritic cells
(BMDCs) from phenotypic COPA syndrome patient mutation-expressing mice
(COPAV242GMt) (Kato et al., 2021). In patients, this is supported by measurements
of plasma or serum IFNa levels, which were found to be higher in SAVI patients
when directly compared to patients with COPA syndrome (Lepelley et al., 2020).
However interestingly, in co-localization studies we found that endogenous
STING and reconstituted STING-GFP in COPAdeficent He| a cells spontaneously
accumulated in multiple small specks scattered throughout the cytosol, which
partially co-localized with dispersed Golgi fragments in preliminary experiments.
Partial Golgi dispersal and redistribution has previously been observed in COPA-
deficient cell lines (Razi et al., 2009) and also occurred after secretory pathway
inhibition by treatment with brefeldin A, a small GTPase inhibitor that prevents
initiation of COPI and Il vesicle formation (Wortzel et al., 2017). STING signalling
in COPA-depleted HelLa cells therefore likely occurs from smaller Golgi
fragments, rather than an intact Golgi complex. In line with our data, spontaneous
Golgi accumulation of STING in cell lines overexpressing COPA mutants and
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COPA syndrome patient cells has recently been confirmed by independent
studies (Deng et al., 2020b, Lepelley et al., 2020, Mukai et al., 2021), except in
BMDCs from COPAV242GMt mjice, where pronounced and more rapid STING
localization to the Golgi only occurred after STING stimulation (Kato et al., 2021).
Since Golgi dispersal was not observed in the complementary studies (Deng et
al., 2020b, Lepelley et al., 2020, Mukai et al., 2021), this is likely a distinct feature
of the COPA-deletion model system. Importantly, ligand-stimulated STING
activation is retained in our COPAd¢ficent cells, suggesting that Golgi fragmentation
does not impair STING signalling (Uhlorn et al., 2020).

In contrast to SAVI, where STING is spontaneously active, we have
demonstrated that aberrant type | IFN signalling in THP-1 cells lacking COPA and
COPA-STING-adapter protein SURF4 requires upstream activation by cGAS,
which normally protects cells from infections by sensing foreign DNA in the
cytoplasm. This is in line with a previous study, which observed cGAS-
dependence of the ISG signature in THP-1 cells after short hairpin (sh) RNA-
mediated COPA knockdown and proposed tonic cGAS activation by low levels of
cytoplasmic mitochondrial or genomic DNA as activator of STING translocation
during the steady-state (Lepelley et al., 2020). However, cGAS-dependence
appears to be a species- or cell-type specific effect, since overactive STING
signalling was retained in cGAS-deficient MEFs stably expressing COPA mutants
(Deng et al., 2020b, Mukai et al., 2021).

Our data indicate that retrograde trafficking by COPI retrieves STING from the
Golgi to prevent signalling as a key mechanism of negative regulation during
homeostatic conditions. Following activation, STING binding to SURF4 and
COPA is reduced (Mukai et al., 2021), which results in accumulation at the Golgi
and allows for interaction with downstream signalling molecules. Since LoF
mutations in COPA reduce the COPI cargo-binding efficiency, steady-state Golgi-
to-ER retrieval of the SURF4-STING complex is impaired and lowers the
threshold for STING accumulation and signalling (Deng et al., 2020b, Kato et al.,
2021, Lepelley et al., 2020, Mukai et al., 2021). This proposed mechanism is
supported by the relatively high incomplete penetrance of clinical symptoms in
individuals carrying COPA mutations (20-25 % (Suppl. Table 1) (Frémond et al.,
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2021a)), indicating the requirement of additional triggers or environmental factors
to disrupt the balance of homeostatic STING circulation and induce disease
onset. Although not yet identified, contributing co-factors could be infections or
additional predisposing mutations in genes regulating ER stress pathways or
encoding other molecules involved in inflammatory signalling via cGAS-STING.

Furthermore, we observed increased levels of 2'3'-cGAMP in COPAd®ficient THP-
1 cells indicative of cGAS activation. This could be a secondary consequence of
altered cellular homeostasis, such as disrupted mitochondrial integrity or
prolonged ER stress in COPA-deficiency (Bravo et al., 2012, Bravo et al., 2011,
Wang et al., 2011). Further validation of this finding in model systems expressing
COPA mutants is required to fully exclude the possibility of Cas9-mediated cGAS
activation in the here used experimental system (Pépin et al., 2016). cGAS
activation as the primary consequence of COPA-deficiency seems less likely,
since we and others showed that overexpression of COPA mutants in MEFs or
HEK293T cells induced aberrant STING signalling independent of cGAS (Deng
et al., 2020b, Lepelley et al., 2020, Mukai et al., 2021). This demonstrates that
the main pathway defect is caused by STING accumulation at the Golgi.
Importantly, based on these results, an activating stimulus appears to be required
and provided either by overexpression of STING or baseline cGAS signalling
(Lepelley et al., 2020). However, as previously mentioned, species-specific
differences in the case of murine cell lines cannot be excluded (Deng et al.,
2020b, Lepelley et al., 2020, Mukai et al., 2021).

Nevertheless, secondary activation of c¢GAS could further aggravate
inflammation in patients, since cGAS overactivation by self-DNA has now been
implicated in several inflammatory and autoimmune pathologies (Zhou et al.,
2020). For example, Aicardi-Goutieres syndrome and familial chilblain lupus are
caused by mutations in TREX1, RNaseH2 or SAMHD1 that result in accumulation
of genomic self-DNA in the cytoplasm via different mechanisms and therefore
trigger cGAS-dependent spontaneous type | IFN signalling (Crow et al., 2006a,
Fye et al., 2011, Kretschmer et al., 2015, Reijns et al., 2012). However, we do
not yet know if genomic DNA is the activating ligand for cGAS in COPA syndrome.
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Another possibility is that cGAS activation could be the result of leakage of
mitochondrial DNA into the cytoplasm (Li et al., 2018c, Rongvaux et al., 2014).
Within cells, ER and mitochondria form a structural and functional interactive
network and both organelles exchange metabolites, signalling molecules and
ions through so called mitochondrial-associated membranes (MAM) (Kornmann
et al., 2009, Malhotra et al., 2011, Vance 1990). COPA-deficiency-induced
alterations in ER and Golgi homeostasis may therefore impair mitochondrial
integrity, leading to release of mitochondrial DNA and subsequent cGAS
activation.

Intriguingly, cGAS has also been shown to undergo phase separation, which is
described as droplet-like compartment formation for subsequent signalling (Du et
al., 2018). It is believed that this phenomenon is highly dependent on the
availability of ions, such as zinc cations, which are mainly stored in mitochondria
and the ER (Lu et al., 2016b, Du et al., 2018, Singh et al., 2020). Therefore, it
may be possible that increased ER stress activated by COPI-deficiency could
result in uncontrolled release of zinc cations into the cytoplasm, which may
facilitate the phase separation of cGAS and induce subsequent signalling (Du et
al., 2018). Currently, the mechanism for cGAS activation in COPA syndrome
requires further investigation.

In our study we show that the cGAS-STING pathway is activated upon deletion
of different COPI subunit proteins COPA, COPG1 and COPD, whereas deficiency
of COPE does not induce inflammatory signalling. Therefore, one could speculate
that there may be other interferonopathies associated with defective retrograde
transport caused by reduced function of COPI subunits other than COPA, that
have not yet been described. Interestingly, LoF mutations in COPB2 (COPJ’) or
COPD (COPg, encoded by ARCN1 gene) are linked to diseases associated with
skeletal developmental defects and microcephalus formation (DiStasio et al.,
2017, lzumi et al., 2016). Given the manifestation of these conditions, an
underlying type | IFN signature may be present but undocumented. However,
similar to COPA syndrome, numerous other factors could be involved to
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determine whether a particular COPI-deficiency results in a more pronounced
developmental or inflammatory pathology.

A recent study identified a primary immunodeficiency disease associated with a
novel homozygous LoF mutation in COPG1 (K652E) in five siblings presenting
with recurrent bacterial and viral respiratory infections, T cell lymphopenia and
dysregulated B cell function (Bainter et al., 2021). Impaired retrograde trafficking
of KDELR-bound proteins and subsequently increased ER stress in activated B
and T cells was identified as the underlying disease-causing mechanism.
Treatment with the chemical chaperon tauroursodeoxycholic acid (TUDCA), an
ER stress relieving agent, was able to reverse the B and T cell dysfunction in
COPG1K8%2E mice upon exposure to pet store mice (which models daily
challenges of the human immune system). However, IL-6 serum levels remained
elevated (Bainter et al., 2021), which may suggest additional activation of an ER
stress-independent inflammatory pathway. In our in vitro model, CRISPR/Cas9-
mediated deletion of COPG1 resulted in spontaneous STING signalling.
However, since levels of type | IFN and ISGs were not measured in patients
carrying the COPG1 K652E mutation and the clinical presentation does not
overlap with symptoms of COPA syndrome, no conclusion about the contribution
of a STING-driven pathology can be drawn.

Interestingly, we demonstrated that deficiency of COPA and COPG1 subunits
results in strongly reduced cGAS activation following stimulation with synthetic
DNA ligands, whereas direct STING stimulation is not impaired. This suggests
defective innate immune defence mechanisms upon lost function of COPA and
COPG1, which could perhaps contribute to immunodeficiency of COPG1 K652E
patients. Although profound immunodeficiency has not been reported in COPA
syndrome patients, recurrent respiratory and opportunistic infections were
reported in individual cases (Jensson et al., 2017, Kato et al., 2021, Taveira-
DaSilva et al., 2019, Watkin et al., 2015).

Since immune deficiency due to loss of cGAS-STING signalling is not described
in the literature, it is not clear what pathology, if any, we should expect to see
associated with COPIl-mediated diseases.
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The underlying cause of impaired stimulation-induced cGAS signalling in
COPAdeficent gnd COPG1¢eficent THP-1 cells remains elusive and is somewhat
contradictory to elevated 2'3’-cGAMP baseline levels in COPA%®ficent THP-1 cells.
However, since dsDNA-induced second messenger production in parental
control cells was ~10-fold higher compared to baseline levels in cells lacking
COPA, cGAS activation may remain functional to some extent.

Secretory pathway defects may impact cGAS signalling on multiple levels, for
example through insufficient PTMs, mislocalization of cGAS itself or essential
regulatory proteins perhaps associated with phase separation. Recently, beside
cytoplasmic compartments, the localization of cGAS within the nucleus has been
established in various cell types, suggesting localization-dependent distinct
functions (Gentili et al., 2019, Lahaye et al., 2018, Liu et al., 2018a, Orzalli et al.,
2015, Sun et al., 2021, Volkman et al., 2019, Yang et al., 2017). Whereas nuclear
cGAS has reduced enzymatic activity (Gentili et al., 2019, Sun et al., 2013) and
may predominantly serve to control genomic DNA-related processes (Liu et al.,
2018a), cytoplasmic cGAS localization was shown to be essential for its function
as sensor of foreign DNA (Sun et al., 2021). Cytosolic shuttling is mediated
through the N-terminal nuclear export signal (NES) L'°EKLKL'74, which is
recognized by chromosome region maintenance 1 (CRM1, also known as
Exportin-1 or XPO1) following stimulation with exogenous DNA (Gentili et al.,
2019, Sun et al., 2021). Although neither cGAS nor CRM1 contain a C-terminal
dilysine motif, COPI pathway deficiency could have a yet unknown direct or
indirect impact on nucleocytoplasmic trafficking of cGAS, thereby limiting the
inflammatory response following cytoplasmic DNA delivery.

Furthermore, a recent study redefines the localization of resting cGAS to the
plasma membrane, where electrostatic interactions mediate binding to
membrane lipids (Barnett et al., 2019). Interestingly, N-terminal cGAS truncations
were unable to bind membranes, mislocalized within the cytoplasm, were
spontaneously activated by cytosolic self-DNA and more responsive to drug-
induced endogenous DNA damage. In contrast, type | IFN induction in response
to viral infection was reduced compared to membrane-bound cGAS (Barnett et
al., 2019).
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Therefore, these examples demonstrate the importance of steady-state cGAS
localization and the associated regulatory potential to prevent self-reactivity while
enabling responsiveness to foreign DNA. Thus, further studies will be required to
examine the subcellular localization of cGAS in COPI-deficient cells.

Although the previously discussed points are speculative and the mechanism
remains unclear, the fact that dsDNA-stimulated cGAS signalling is largely
impaired in the here used cell lines with defective retrograde transport remains a
striking observation and hints towards an impactful role of COPI trafficking in
cGAS pathway regulation. However as mentioned above, the physiological
relevance in context of COPA syndrome patient mutations remains to be
evaluated.

The involvement of STING in COPA syndrome has recently been further
confirmed in vivo, using mouse models with heterozygous germline expression
of COPA syndrome patient mutations E241K or V242G (COPAE?41KWt (Deng et
al., 2020a, Deng et al., 2020b) and COPAV2426Wt (Kato et al., 2021)), which
recapitulate the inflammatory lung phenotype observed in patients including
lymphocyte infiltration and follicle formation. Whereas the lung phenotype was
more pronounced in aged mice, signs of arthritis or kidney disease did not
develop spontaneously in these models. Importantly, genetic deletion or
pharmacological inhibition of STING completely abolished the ISG signature in
murine-derived cells and genetic STING ablation was also able to recover
embryonic lethality of homozygous COPAEF41KE241K mice when cross-bred with
STING?Yst animals (Deng et al., 2020b, Kato et al., 2021). Despite the phenotypic
and clinical similarities observed in both mouse models, immunological
phenotyping revealed increased levels of Th17 cells in COPAE241KWt mice, which
resembled findings in COPA syndrome patients carrying the E241K mutation
(Deng et al., 2020a, Deng et al., 2020b, Watkin et al., 2015). However, this was
not consistent in COPAV2426Mt mice (Kato et al., 2021). Furthermore, the
functional evaluation revealed that COPA V242G to STING binding was not
impaired in co-immunoprecipitation experiments, which is in contrast to reduced
STING or SURF4 binding observed for other COPA mutants and the general
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reduction in dilysine motif binding efficiency that was previously reported (Deng
et al., 2020b, Kato et al., 2021, Lepelley et al., 2020, Mukai et al., 2021, Watkin
et al., 2015). Nevertheless, inhibitor studies confirmed that inflammatory
signalling in COPAV2426™t mice-derived splenocytes was dependent on STING
(Kato et al., 2021). Therefore, despite the adjacent location of E241K and V242G
within the WD40 domain, the molecular consequences of certain COPA
syndrome patient mutations may differ, which could be reflected in variability of

phenotypic presentation and clinical manifestation.

Since functional retrograde trafficking is crucially important to maintain cellular
homeostasis, deficiency of this pathway likely results in several molecular
consequences leading to a complex disease pathology. To our knowledge today,
the pathomechanisms in COPA syndrome include dysregulated type | IFN
signalling, ER stress activation and T cell-mediated lung disease (Deng et al.,
2020a, Kato et al., 2021, Lepelley et al., 2020, Mukai et al., 2021, Watkin et al.,
2015). However, other yet unidentified pathways may be dysregulated and
perhaps cell-type specific, thus contributing to variable disease onset,
experienced symptoms and severity of the clinical course.

Notably, type | IFN production following stimulation of RNA sensor RIG-I and
nucleic acid sensing TLR7 and TLR9 was impaired in COPAV2426"t BMDCs (Kato
et al., 2021). Furthermore in our hands, CRISPR/Cas9-mediated deletion of
COPA in the human lymphoblastoid T cell line CEM and lung epithelial A549 cells
revealed mildly increased type | IFN signalling, that appeared to occur via STING-
independent pathways (data not shown). Although these findings require further
experimental validation, they may suggest a possible link between retrograde
trafficking deficiency and dysregulated RNA sensing pathways. In line with this,
COPI vesicles and in particular subunits COPA and COPB have been suggested
to interact with RNA and mediate long distance inter-compartmental trafficking in
dendrites of neuronal cells (Todd et al., 2013) and yeast (Trautwein et al., 2004).
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Involvement of STING-independent pathways is further supported by the
phenotypic differences between SAVI and COPA syndrome. Although ILD is a
predominant clinical manifestation of both diseases, DAH is commonly reported
in COPA syndrome patients but only one recent case study reported this
condition associated with SAVI (Tang et al., 2020b). Furthermore, cutaneous
vasculopathy is a typical feature of SAVI, while skin manifestation is rarely
reported in COPA syndrome (Guan et al., 2021, Jensson et al., 2017, Liu et al.,
2014b). Although different protein expression levels and strength of aberrant
STING signalling in disease-causing cell types may provide a possible
explanation for the observed phenotypic differences, additional pathways
activated by COPA-deficiency may additionally contribute.

Recently, the novel COPA variant, 1164V, was described. Despite its location
within the WD40 repeat domain, COPA 1164V does not impair dilysine motif
binding but rather acts as dominant variant with tumour-suppressing potential
(Song et al., 2021). In contrast to COPA syndrome-causing mutations, which
occur on genomic level, the 1164V mutation results from adenosine (A)-to-
inosine (1) dsRNA editing mediated by ADAR2 (Chan et al., 2014, Song et al.,
2021). Mechanistically, edited COPA 1164V was shown to be less stable and
undergo proteasomal degradation more rapidly compared to WT COPA. COPA
1164V-expressing cells expressed lower levels of caveolin-1 (CAV1), a protein
implicated in PIBK/AKT/mTOR pathway activation and cell proliferation (Yang et
al.,, 2016). Thus, during homeostasis, ADAR2-mediated editing of COPA
maintains the balance between growth-promoting WT COPA and COPA 1164V
(35-50% of transcripts), which functions as tumour suppressor. Analysis of
several cancer tissues revealed absence of COPA 1164V due to ADARZ2-
deficiency, associated with more aggressive tumour growth and poor prognosis
(Song et al., 2021). Similarly, other COPI subunits, including COPB2 and COPZ2
have been reported as oncogenes associated with several cancers (Feng et al.,
2021, Shtutman et al., 2011).

In general, these findings suggest a link between increased COPI function and
cancer development. Although renal, lung and thyroid carcinomas have been
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reported in individual COPA syndrome patients, this was mostly associated with
advanced patient age (Kato et al., 2021, Taveira-DaSilva et al., 2019). A tumour-
promoting potential of LoF mutations in COPA can therefore likely be excluded.

Identification of the innate immune pathway underlying aberrant type | IFN
signalling in COPA syndrome is particularly exciting in the context of
pharmacological intervention. Originally, COPA syndrome patients have been
treated with various combinations of immunosuppressive drugs including
steroids, DMARDSs, nonsteroidal anti-inflammatory drugs (NSAIDs) and biologics,
which were only able to partially control the disease (Boulisfane-El Khalifi et al.,
2019, Brennan et al., 2017, Fremond et al., 2020, Jensson et al., 2017, Noorelahi
et al., 2018, Taveira-DaSilva et al., 2019, Tsui et al., 2018, Volpi et al., 2018,
Watkin et al., 2015). For seven reported patients the severely progressing ILD
and DAH resulted in end-stage pulmonary failure prompting lung transplantation
and one additional patient has been reported as a listed candidate (Jensson et
al., 2017, Mallea et al., 2020, Tsui et al., 2018, Watkin et al., 2015, Kato et al.,
2021, Lepelley et al., 2020). Five patients underwent satisfying recovery at the
time of case report publication, whereas two patients deceased due to post-
transplant infections or respiratory failure (Kato et al., 2021). Importantly, post
mortem biopsy analysis of the transplanted lung from the latter patient showed
pathological findings similar to COPA-related ILD, which raises concerns
regarding disease relapse (Kato et al., 2021). This is in congruence with data
from in vivo models showing that the inflammatory cytokine milieu within the
thymus of COPAE?4'K* mjce impairs negative selection of developing T cells,
which results in T cell-mediated lung inflammation (Deng et al., 2020a).
Therefore, long-term follow-up studies of COPA syndrome patients following lung
transplantation are crucially important to establish an effective treatment strategy,
aiming to maintain graft survival and prevent infections and relapse of T cell-
mediated ILD. Further, early diagnosis and therapeutic intervention are crucial to
prevent detrimental irreversible lung damage during young age.

Importantly, inhibition of type | IFN signalling by JAK inhibitors baricitinib and
ruxolitinib has successfully improved disease and lung pathology in SAVI patients
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(Balci et al., 2020, Frémond et al., 2016, Sanchez et al., 2018, Volpi et al., 2019),
although transient or poor responders have also been reported (Tang et al.,
2020b, Volpi et al., 2019). Similarly, JAK inhibitors ruxolitinib, baricitinib and
upadacitinib successfully reduced the type | IFN signature and joint inflammation
in COPA syndrome patients, with limited improvement of lung function leading to
DAH relapse and fibrosis progression in one reported case (Fremond et al., 2020,
Kato et al., 2021, Krutzke et al., 2019).

Although the factors that determine JAK inhibitor efficacy in SAVI and COPA
syndrome patients remain unclear, type | IFN-independent and cell-type specific
functions of STING should be considered. In T cells, STING disturbs calcium
homeostasis, which increases the susceptibility to activation-induced ER stress
and apoptosis (Wu et al., 2019). Furthermore, STING activation triggers
autophagy (Gui et al., 2019), proinflammatory signalling through NF-«B and
MAPK activation (Abe et al., 2014) as well as lysosomal trafficking and cell death
(Gaidt et al., 2017). Future studies are required to elucidate the contribution of
these pathways to STING-mediated pathologies, however it is likely that links
exist.

Therefore, our study and complementary results from Deng et al. (Deng et al.,
2020b) provide hope that targeting the STING pathway directly, for example with
a STING inhibitor such as H-151, may be more specific and powerful to
simultaneously block multiple STING effector functions. Compared to JAK
inhibitor treatment, this approach may provide increased therapeutic benefit to
control STING-mediated symptoms in COPA syndrome.
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4 Recessive NLRC4-autoinflammatory disease reveals

an ulcerative colitis locus
4.1 Introduction

411 NLRC4 inflammasomopathies

Classified as inflammasomopathies, autoinflammatory diseases caused by
overactivation of NLRC4 signalling (NLRC4-AID) typically present very early in
life with a broad spectrum of clinical manifestations and varying severity (Duncan
et al., 2018).

Despite the first description of NLRC4 in 2001 (Geddes et al., 2001, Poyet et al.,
2001), an autoinflammatory syndrome caused by GoF mutations in this gene was
first reported in 2014 and originally described as a syndrome of enterocolitis and
autoinflammation associated with mutation in NLRC4 (SCAN4) or NLRC4
macrophage activation syndrome (NLRC4-MAS) with or without enterocolitis
(Canna et al., 2014, Romberg et al., 2014).

To date, the literature reports 19 unrelated families with 47 NLRC4-AID patients
harbouring one of 12 missense mutations or a 93 bp deletion in NLRC4, which
affect highly conserved amino acid residues within the nucleotide-binding domain
(NBD), helical domain 1 (HD1), winged helix domain (WHD) or leucine-rich repeat
domain (LRR) (Figure 4.1, Suppl. Table 2). Due to the observed spectrum of
clinical symptoms, NLRC4-AIDs are classified into four groups of phenotypes
which include familial cold autoinflammatory syndrome (FCAS4), neonatal-onset
multisystem inflammatory disease (NOMID), NLRC4-MAS and autoinflammation
with infantile enterocolitis (AIFEC); with NOMID, NLRC4-MAS and AIFEC being
associated with a more severe clinical course (Wang et al., 2021a, Barsalou et
al., 2018, Bracaglia et al., 2015, Canna et al., 2017, Canna et al., 2014, Goddard
2017, Jeskey et al., 2020, Kashiwagi et al., 2008, Kawasaki et al., 2017, Kitamura
et al., 2014, Liang et al., 2017, Moghaddas et al., 2018, Romberg et al., 2014,
Siahanidou et al., 2019, Volker-Touw et al., 2017).

Importantly, extremely elevated serum levels of IL-18 are commonly observed in
NLRC4-AID patients, which were found to remain high between inflammatory
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flares and during currently used methods of therapeutic intervention (Canna et
al., 2014, Romberg et al., 2014). Interestingly, this represents a special hallmark
of MAS and NLRC4-AID, since only moderately elevated IL-18 levels are
observed in other inflammasomopathies, such as those caused by NLRP3
mutations (in CAPS) (Almeida de Jesus et al.,, 2013, Weiss et al., 2018).
Furthermore, although inflammatory flares in both CAPS and NLRC4-AID are
associated with an elevation of systemic inflammation markers C-reactive protein
(CRP) and erythrocyte sedimentation rate (ESR) in patient blood, other
immunological and laboratory features differ. NLRC4-MAS coincides with an
increase of lactate dehydrogenase (LDH) and ferritin, which are used as clinical
markers of tissue damage (Kell et al., 2014, Sepulveda 2019), as well as reduced
thrombocyte and leucocyte counts. In contrast, in CAPS patients, LDH and ferritin
are mostly normal or only slightly elevated, whereas thrombocytosis and
leucocytosis are commonly observed (Alehashemi et al., 2020), thus suggesting
differences in disease pathogeneses. Furthermore, a gastrointestinal pathology
with varying severity is often reported for NLRC4-AID patients but does not
represent a typical feature of NLRP3-driven inflammasomopathies (Alehashemi
et al., 2020).

Suppl. Table 2 summarizes previously published NLRC4-AID case reports
highlighting the disease-causing mutation, diagnosis, symptoms, therapeutic
intervention, clinical outcome and experimental techniques used to validate the
pathogenic potential associated with the identified missense mutation. The
following more detailed description aims to introduce the overall phenotypic
presentation and highlights specific findings in individual cases as well as results
from in vitro and in vivo validation experiments. Structural consequences induced

by the identified missense mutations are further discussed in chapter 5.1.5.
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Figure 4.1 | Clinical diagnosis of NLRC4-AID and localization of gain of
function mutations within NLRC4 protein domains. The indicated clinical
diagnoses are adopted from respective case reports or following the clinical
classification by Wang et al. (Wang et al., 2021a): macrophage activation
syndrome (MAS; red), autoinflammation with infantile enterocolitis (AIFEC,
yellow), familial cold autoinflammatory syndrome 4 (FCAS4, green) and neonatal-
onset multisystem inflammatory disease (NOMID, blue). The purple outline
indicates additional gastrointestinal pathology, such as intestinal inflammation,
abdominal pain or diarrhea in patients with non-AIFEC diagnosis. Gradient colour
for R207K indicates no clear diagnosis in this patient who presented with
vasoplegic syndrome, systemic and early gastrointestinal inflammation and some
laboratory features of MAS (Bardet et al., 2021). Grey colour indicates mutations
in patients without distinct clinical diagnosis presenting with inflammatory flares
affecting the skin, joints and/or gastrointestinal symptoms including the first case
of late-onset NLRC4-AID (S171F**) (Chear et al., 2020, lonescu et al., 2021).
Within the family carrying the S445P mutation (brown outline), out of 13 affected
individuals without gastrointestinal symptoms, two patients developed late-onset
enterocolitis (ulcerative colitis, inflammatory bowel disease) (Volker-Touw et al.,
2017). The novel homozygous mutation NLRC4 A160T reported in this thesis
(chapter 4.2.1) is shown in orange. Asterisks indicate somatic mosaic mutations
with reported mutant allele frequencies (MAF). Not available, N/A. Numbers refer
to amino acid residues in hNLRC4 (Uniprot: QO9NPP4). Protein domain borders
are indicated according to Hu et al. 2013.

FCAS, also termed familial cold urticaria was originally associated with mutations
in NLRP3 and NLRP12, characterized by autosomal dominant inheritance and
recurrent episodes of cold-induced fever, rash, arthralgia, myalgia, nausea and
conjunctivitis and additional sensorineural hearing loss in some cases.
Presenting early in life, episodes typically occur within a few hours after cold
exposure and resolve within one day (Jéru et al., 2008, Hoffman et al., 2001,
Nakanishi et al., 2017). Interestingly, a similar phenotypic presentation was later
described in patients carrying mutations in NLRC4, termed FCAS4
(NLRP3/NLRP12 mutations were absent) (Jeskey et al., 2020, Volker-Touw et
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al., 2017). To date, the literature reports four families with FCAS4, all caused by
inherited NLRC4 GoF mutations (H443P, S445P, G172S, G753_L783del)
(Figure 4.1) (Kitamura et al., 2014, Wang et al., 2021a, Jeskey et al., 2020,
Volker-Touw et al., 2017). Of these missense mutations, H443P and S445P
localize within the WHD of NLRC4 and were inherited across several generations
affecting 13 family members of the respective kindreds (Kitamura et al., 2014,
Volker-Touw et al., 2017). In vitro studies validating NLRC4 H443P showed
spontaneous oligomerization, caspase-1 and IL-1p cleavage in HEK293T cells
following transient co-expression with pro-caspase-1 and pro-IL-13-encoding
plasmids, which confirmed the GoF phenotype (Kitamura et al., 2014).
Furthermore, patient-derived PBMCs stimulated with NLRC4-specific trigger Prgl
or exposed to 32 °C temperature released elevated levels of IL-1p. Pathogenicity
was further confirmed in transgenic mice with heterozygous expression of HA-
tagged mNLRC4™443P  which spontaneously developed dermatitis, severe
arthritis, splenomegaly and bone erosion. The inflammatory phenotype was
further triggered by cold exposure, however this was not essentially required for
disease onset (Kitamura et al., 2014). Injection of neutralizing antibodies
targeting immune cell activation markers or inflammatory cytokines identified IL-
1B and infiltrating neutrophils as crucial drivers of the inflammatory response.
Levels of IL-18 were not reported in this in vivo study (Kitamura et al., 2014).

In the family members carrying the NLRC4 S445P mutation, most patients
developed arthralgia and conjunctivitis. Interestingly, distinct skin phenotypes
were observed in adult and paediatric patients, described as erythematous nodes
(with or without urticarial patches) or isolated urticarial rash, respectively (Volker-
Touw et al., 2017). Besides cold-induced, episodes were also triggered by
emotional stress or infections in some patients (Volker-Touw et al., 2017).
Although unusual for FCAS4, additional gastrointestinal symptoms were
observed in two patients of this family, who developed late-age onset ulcerative
colitis (UC) or inflammatory bowel disease (IBD), respectively. However due to
the late onset it remains unclear whether these are directly linked to the NLRC4

mutation (Volker-Touw et al., 2017).
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The classical FCAS4 phenotype was further expanded by a recent case report of
a patient who presented with longer lasting inflammatory episodes (three to six
days), persistent facial skin rash and chronic ulcers, which were exacerbated
during cold exposure (Jeskey et al.,, 2020). Interestingly, genomic analysis
revealed a 93 bp in-frame deletion (c.2258_2350del; p.G753_L783del) in exon 5
within the LRR domain, which was observed in both affected family members,
who presented with similar symptoms (Jeskey et al., 2020). Additionally, the index
patient from this study and another FCAS4 patient carrying the NLRC4 S445P
mutation (Volker-Touw et al., 2017) experienced sensorineural hearing loss,
which is a typical feature of NLRP3-driven inflammasomopathies as mentioned
above (Goldbach-Mansky et al., 2006).

The recently identified G172S mutation mapped to the NBD of NLRC4 and
caused FCAS4-like symptoms in a mother and her son. Both individuals
presented with mild systemic inflammation including fever, arthralgia and
recurrent skin rashes, however disease onset following cold exposure was only
reported for the mother (Wang et al., 2021a).

If measured and reported, IL-18 serum levels were elevated in FCAS4 patients
(Volker-Touw et al., 2017, Wang et al., 2021a).

Originally, NOMID described the most severe form of CAPS (Prieur et al., 1987),
however one case study identified a patient with somatic mosaic heterozygous
GoF mutation in NLRC4, T177A, which was diagnosed as NOMID based on a
similar clinical manifestation (Figure 4.1). The patient presented with the typically
observed face morphology (saddle nose, frontal bossing), fever, skin and joint
inflammation as well as sensorineural hearing loss, aseptic meningitis and mental
retardation. MAS was not reported, however serum levels of IL-18 remained
consistently elevated, even when symptoms were successfully controlled by
treatment with recombinant IL-1 receptor antagonist anakinra (Kashiwagi et al.,
2008, Kawasaki et al., 2017, Kawashima et al., 2007). To date, this remains the
only report of a NLRC4 mutation associated with a classical phenotypic
presentation of NOMID.
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Both NLRC4-MAS and AIFEC are characterized by a more severe clinical course,
which frequently requires hospitalization during inflammatory episodes and may
have fatal consequences (Barsalou et al., 2018, Bracaglia et al., 2015, Canna et
al., 2017, Canna et al., 2014, Goddard 2017, Liang et al., 2017, Moghaddas et
al., 2018, Romberg et al., 2014, Siahanidou et al., 2019). Both conditions are
caused by overactivation of macrophages, NK cells and cytotoxic T cells that lead
to profound IL-1B-, IL-18- and IFNy-mediated hyperinflammation, which is
clinically diagnosed as MAS (chapter 1.3.3.2) (Canna et al., 2017, Canna et al.,
2014, Romberg et al.,, 2014). NLRC4-MAS does not typically present with
gastrointestinal pathology, whereas infantile secretory diarrhea, abdominal pain,
intestinal inflammatory infiltrates and enterocolitis are commonly observed in
AIFEC patients and represent a hallmark to discriminate both manifestations.
Several NLRC4-MAS patients have been reported with additional signs of
gastrointestinal inflammation, however laboratory tests, clinical examinations and
biopsies of the GIT are typically performed to confirm the diagnosis of AIFEC
(Canna et al., 2017, Canna et al., 2014, Romberg et al., 2014). NLRC4-MAS and
AIFEC patients develop symptoms very early in life (between days to months of
age), in fact one patient with MAS and enterocolitis carrying the S171F mutation
developed disease in utero (Liang et al., 2017). Stringent and early therapeutic
intervention using immunomodulatory therapy is required, however four reported
patients succumbed to the severe clinical course of the disease at very young
age (Liang et al., 2017, Moghaddas et al., 2018, Romberg et al., 2014).

To date, MAS and AIFEC are the most reported phenotypes associated with
NLRC4 overactivation, caused by GoF mutations within different functional
domains (Figure 4.1). One of the first reports of AIFEC identified the V341A
mutation within the HD1 in three affected family members (Romberg et al., 2014).
The index case in this study developed symptoms 10 days after birth and
succumbed at day 23 due to severe alveolar hemorrhage. A similar symptomatic
presentation was also reported for the five year old half-brother and the 43 year
old father, who are still alive. Interestingly, although the father developed
symptoms early in life and required frequent hospitalization, the gastrointestinal
manifestation resolved by one year of age. During later life, he presented with a
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more pronounced inflammatory phenotype affecting skin, joints and respiratory
abilities. Inflammatory episodes were frequently triggered by physical and
emotional stress (Romberg et al., 2014). Remarkably, despite carrying the same
mutation, individuals in this family experienced variable clinical presentations and
outcomes, emphasizing the heterogeneity @ of NLRC4-associated
autoinflammation. Pathogenicity of NLRC4 V341A was confirmed in vitro,
showing increased pro-caspase-1 cleavage and ASC speck formation in HEK293
overexpression assays as well as increased IL-1p, IL-18 release and cell death
after LPS priming of patient-derived macrophages (Romberg et al., 2014).

At the same time, Canna et al. independently described a seven year old patient
with recurrent periodic fevers, autoinflammation, mild gastrointestinal symptoms,
skin rash and splenomegaly who first developed symptoms at six months of age
caused by the heterozygous de novo T337S mutation in NLRC4 (Canna et al.,
2014). In vitro experiments using patient-derived monocytes or MDMs showed
increased cell death and elevated levels of released IL-18 at baseline. Increased
cytokine release and pyroptosis following stimulation with LPS and flagellin
confirmed NLRC4 inflammasome hyperactivation (Canna et al.,, 2014).
Inflammatory episodes were well controlled after treatment with anakinra was
initiated, despite remaining high levels of IL-13 and IL-18 (Canna et al., 2014).
Affecting the C-terminal LRR, the W655C mutation was described in two
unrelated patients with very early-onset MAS (11 days or 18 months of age) and
extremely high levels of serum IL-18 with gastrointestinal symptoms including
abdominal pain, secretory diarrhea, and mortality due to the severity of their
condition (Moghaddas et al., 2018). In vitro evaluation of monocytic THP-1 cells
reconstituted with NLRC4 W655C showed increased cytokine release and cell
death production following priming with TLR1/2 agonist Pam3CSK4, which
occurred in a caspase-1-dependent manner and suggested constitutive NLRC4
activation (Moghaddas et al., 2018).

In addition to the above-described cases identified with NLRC4 germline
mutations, three patients with mosaic somatic mutations have been reported

(lonescu et al., 2021, Kawasaki et al., 2017, Liang et al., 2017), which originate
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from de novo mutations during postzygotic development. Whether the mutation
occurs early or late during postzygotic stages determines the extent of affected
cell lineages and defines subsequent organ distribution (Freed et al., 2014).
Depending on the tissue distribution of the mutant allele, organ involvement,
clinical presentation and disease outcome may differ.

Interestingly, somatic mosaicism of the same mutation in NLRC4, S171F, was
identified in a patient with neonatal-onset presentation of MAS and enterocolitis
(Liang et al., 2017) and the first described patient of late-onset NLRC4-AID, who
initially developed clinical symptoms at age 47 (lonescu et al., 2021). A very
severe clinical course of MAS was observed in the child with in utero-onset (Liang
et al., 2017), manifesting as ascites, anemia and fetal thrombotic vasculopathy of
the placenta, the latter most likely being the consequence of the inflammatory
cytokine environment (Liang et al., 2017). Disease progression continued after
birth and the patient deceased after 60 days due to respiratory failure, acidosis
and hyperkalemia. Post mortem analysis identified fibrotic changes in several
organs including liver and pancreas, chronic bowel injury with necrotizing
enterocolitis-like pattern indicating severe organ inflammation. In patient blood,
the mutant allele was detected at a frequency of 25 %, however organ distribution
was not fully assessed and IL-1p and IL-18 levels were not measured (Liang et
al., 2017).

In the previously overall healthy patient with late-age disease onset, recurrent
episodes of fever and systemic inflammation developed at age 47 years and
occurred every six to eight weeks for two to three days without skin manifestation.
Increasing flare frequency was subsequently observed (at age 53 years), which
was initially well controlled by anakinra treatment, however progressed (55 years
of age) towards increased flare frequency, myalgia, arthralgia, gastrointestinal
symptoms, inflammation and anemia. MAS was not reported and elevation of
anakinra dose normalized inflammation (lonescu et al., 2021). Repeated genetic
analysis of peripheral blood revealed the somatic mosaic mutation NLRC4 S171F
at a mutant allele frequency between 2-4 %. Serum IL-18 levels remained
consistently high during anti-IL-1p treatment. The in vitro analysis of patient

PBMCs showed elevated baseline IL-18 release, which was not significantly
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increased following NLRC4 stimulation, suggesting stimulus-independent
maximal activation. However, stimulation of NLRP3 or NLRC4 in vitro only
triggered low IL-1p release from patient PBMCs. Additionally, LPS priming failed
to induce IL1B transcription, although /L6 transcription was normal (lonescu et
al., 2021). Given the responsiveness to anakinra treatment, the deficiency to
secrete IL-1B was surprising and explained by methodological differences
compared to ex vivo stimulation experiments in previous studies (use of PBMCs
and shorter stimulation time) (lonescu et al., 2021).

The differences regarding clinical course and disease onset between both
patients carrying the S171F mutation are striking and likely the result of different
mutant allele frequency and differentially affected cell lineages.

The second known somatic mosaic mutation NLRC4 T177A was identified in the
above-described patient with phenotypical presentation of NOMID (Kawasaki et
al., 2017). Somatic mosaicism was discovered experimentally when Kawasaki
and colleagues aimed to generate an in vitro disease model and derived induced
pluripotent stem cell (iPSC) lines from patient fibroblasts (Kawasaki et al., 2017).
Functional analysis of IL-1p release following LPS priming revealed phenotypic
heterogeneity between monocytes derived from multiple iPSC clones, which
could be separated into two groups: WT response or overactive inflammasome
signalling. Whole exome sequencing confirmed presence of the NLRC4 T177A
mutation only in cell lines with GoF phenotype, which was experimentally
demonstrated by caspase-1- and NLRC4-dependent cytokine release after LPS
stimulation (Kashiwagi et al., 2008, Kawasaki et al., 2017, Kawashima et al.,
2007).

Therefore, these examples illustrate the challenges of diagnosing NLRC4-AID
due to the heterogeneity of clinical manifestations. Diagnosis relies on the
measurement of clinical inflammatory markers, serum cytokine analysis and
genetic sequencing. Importantly, since the recent description of the first case of
late-onset NLRC4-AID (lonescu et al., 2021), this diagnosis should be considered

independent of the age of the presenting patient.
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4.1.2 Genotype-phenotype correlation

Based on the above description of identified mutations and associated clinical
manifestations (Figure 4.1, Suppl. Table 2), a clear genotype-phenotype
correlation has not yet been established and further studies are required to
understand functional consequences of NLRC4 mutations on the molecular level
(Liang et al., 2017). However interestingly, the only two described mutations
within the WHD were associated with the milder FCAS4 phenotype (Kitamura et
al., 2014, Volker-Touw et al., 2017), which may suggest mild NLRC4 activation
following structural changes in this domain. In contrast, mutations in NBD, HD1
and LRR caused predominantly severe clinical courses. Within the LRR, two
unrelated patients carrying the W655C mutation succumbed due to the severity
of NLRC4-MAS and gastrointestinal symptoms very early in life, which may
indicate a particularly severe disease progression upon disturbance of this
domain, as previously suggested (Moghaddas et al., 2018). However, a patient
carrying the Q657L mutations in a nearby residue experienced a less severe
clinical course and was alive at age 7, although due to the proximity of both
mutated residues a similar disease-causing mechanism of action was suggested
(Chear et al., 2020).

An additional level of heterogeneity is implicated by the previously mentioned
family of FCAS4 patients, where the NLRC4 S445P mutation caused distinct skin
phenotypes in paediatric and adult patients and varying efficacy of anakinra
treatment was observed (Volker-Touw et al., 2017).

Similarly, within one family, the V341A mutation caused AIFEC in three male
family members, however disease outcomes largely differed, with two surviving
individuals aged 7 and 46 years and one patient who succumbed to the disease
at 23 days of life (Romberg et al., 2014).

Based on these examples, the disease phenotype and severity associated with
mutations in NLRC4 cannot necessarily be predicted according to the affected
functional domain. Further understanding of NLRC4 inflammasome biology and
distinct molecular pathways is required to elucidate a possible genotype-
phenotype correlation. Additional contribution of environmental factors or genetic
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variants may further determine the time of disease onset, phenotypic
presentation and clinical outcome in NLRC4-AID patients.

413 Current treatment

The previously published case reports highlight the phenotypic diversity, which is
associated with challenges to treat NLRC4-mediated diseases. Whereas in some
patients with FCAS4, symptoms spontaneously resolved without treatment or
were manageable with NSAIDs or corticosteroids, other patients experienced
severe and life-threatening clinical courses and required hospitalization, intensive
care and therapeutic intervention with immunosuppressive drugs and biologics
(Suppl. Table 2). Blockade of IL-1p signalling with anakinra (IL-1 receptor
antagonist), canakinumab (anti-IL-13 monoclonal antibody) and rilonacept
(soluble IL-1B and IL-1a decoy receptor) has proven as a highly effective
treatment of inflammasomopathies caused by NLRP3 mutations (Gillespie et al.,
2010, Kullenberg et al., 2016, Yokota et al., 2017). However, in NLRC4-AID, the
response to anakinra treatment is variable and limited, especially in patients with
early disease onset and severe clinical course involving gastrointestinal
symptoms and MAS (Canna et al., 2017, Moghaddas et al., 2018) (Suppl. Table
2). These differences are largely attributed to the important role and contribution
of IL-18 signalling to NLRC4-AID pathology, which is emphasized by dramatically
elevated serum levels that are absent in CAPS patients (Suppl. Table 2) (Weiss
et al., 2018). Pro-IL-18 is broadly expressed in myeloid and epithelial cells and a
correlation between MAS, persistent elevation of total serum IL-18, IL-18BP and
highly elevated levels of biologically active free IL-18 during disease activity was
described, suggesting that IL-18 could be the predominantly disease-driving
cytokine in NLRC4-AID, at least in some patients (Weiss et al., 2018).

Therefore, neutralization of free IL-18 by treatment with recombinant human IL-
18 binding protein (rhIL-18BP) (tradekinig-a, A2 Biotherapeutics) has been
suggested as a promising treatment strategy for NLRC4-driven AlDs (Canna et
al., 2017). The evaluation of this drug is currently ongoing in phase 3 clinical trials
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(see below), but compassionate use in one AIFEC patient successfully controlled
disease symptoms, after anakinra treatment alone had no effect (Canna et al.,
2017). A second study reports rhiL-18BP treatment of a patient with NLRC4-MAS
and severe gastrointestinal phenotype presenting 11 days after birth. The patient
was unresponsive to anakinra, but rhlL-18BP treatment improved some clinical
parameters, however long-term effects could not be assessed because treatment
was terminated due to the severity of the disease and end-organ damage
following wishes of the patient's family (Moghaddas et al., 2018). This case
emphasizes that efficacy of rhIL-18BP treatment likely depends on the duration
and severity of the illness prior to therapy initiation.

RhIL-18BP tradekinig-a. is currently trialled for NLRC4-MAS, XIAP-deficiency
(NCT03113760, phase 3 ongoing) and AOSD (NCT02398435, phase 2
completed), which are diseases that commonly present with elevation of serum
IL-18 levels and do not yet have a potent standard of care (Colafrancesco et al.,
2012, Wada et al., 2014). Targeting the same pathway, a recombinant humanized
monoclonal anti-IL-18 antibody (GSK1070806, GlaxoSmithKline) is being
evaluated for several other conditions including IBD (NCT01035645, phase 1,
completed), type 2 diabetes mellitus (NCT01648153, phase 2, completed) and
Crohn’s disease (NCT03681067, phase 1 and 2, completed), since in vivo
evidence supports the important role of IL-18-driven proinflammatory signalling
in IBD and type 2 diabetes (Thorand et al., 2005, Williams et al., 2019). Inhibition
of this pathway may therefore provide a promising strategy for the treatment of
both rare autoinflammatory conditions as well as more common chronic intestinal
or metabolic disorders.

Additionally, alternative therapeutic approaches targeting signalling pathways
downstream of IL-18 have been trialled in NLRC4-AID patients with promising
results. Bracaglia and colleagues report a patient who developed NLRC4-MAS
20 days after birth (Bracaglia et al., 2015). Combination treatment of broad
immunosuppression and anti-human |FNy—neutralizing monoclonal antibody
emapalumab resulted in progressive improvement of all symptoms and full

recovery at 4.5 months. Interestingly, despite clinical recovery, serum levels of
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IL-18 and IFNy remained elevated, indicating that NLRC4 autoactivation
persisted (Bracaglia et al., 2015).

Combination therapy with anakinra and mTOR inhibitor rapamycin was able to
significantly improve clinical parameters and symptoms in one patient with MAS
and enterocolitis and additionally reduced IL-18 plasma levels (Barsalou et al.,
2018). In this study, the positive effect of rapamycin was suggested to be
attributable to prevention of IL-18-mediated activation of NK cells and T cell
differentiation by mTOR inhibition (Almutairi et al., 2019, Chi 2012). Furthermore,
in vitro analysis of patient-derived MDMs stimulated with LPS and NLRP3 or
NLRC4 activators showed reduced cytokine release and caspase-1 activity in
presence of rapamycin. This additional direct inhibitory effect on inflammasome
signalling requires further investigation but was proposed to be the result of
autophagy (Barsalou et al., 2018), which was previously shown to reduce NLRP3-
mediated cytokine release in macrophages (Ko et al., 2017).

These reports highlight alternative approaches targeting downstream effects of
IL-18 to prevent exacerbated systemic inflammation, which proved efficient in
combination with immunosuppressants or anti-IL-1 therapy.

Hematopoietic stem cell transplantation (HSCT) was established as the only
curative treatment for primary HLH, which resembles MAS regarding clinical
disease course and immunological characteristics as previously mentioned
(chapter 1.3.3.2) (Bergsten et al., 2017, Trottestam et al., 2011). Although not
peer-reviewed or published, a conference presentation at the 2017 Annual
Meeting of the Clinical Immunology Society reported an early-onset patient
carrying the NLRC4 GoF mutation R207K, who presented with HLH-like
syndrome classified as AIFEC by Wang et al. (Wang et al., 2021a). The clinical
manifestation included fever, thrombocytopenia, coagulopathy, enteropathy,
renal and respiratory failure, which was treated with bone marrow transplantation
at 4 months of age (conference presentation (Goddard 2017)). Successful
recovery allowed termination of anakinra treatment, however the long-term
outcome was not reported and therefore the therapeutic benefit remains unclear
to date and requires further studies (Goddard 2017). Notably, since experimental

evidence from murine studies suggests a significant contribution of NLRCA4-
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mediated release of IL-18 and eicosanoids from IEC or tissue-resident peritoneal
macrophages (Rauch et al., 2017, von Moltke et al., 2012, Weiss et al., 2018),
HSCT may only represent a partial cure of the myeloid cell-driven inflammation
in NLRC4-AID patients.

These case reports highlight that the clinical outcome of patients with a severe
clinical course largely depends on rapid diagnosis. Assessment of IL-18 levels
could serve as biomarker and together with genetic sequencing prompt the
diagnosis of NLRC4-AID. Although no standard treatment currently exists, early
therapeutic intervention by targeted inhibition of inflammation-mediating cytokine
pathways has shown promising results in individual cases and appears crucial to
prevent severe organ damage in NLRC4-MAS and AIFEC patients (Romberg et
al., 2017).

In contrast to the previously reported heterozygous genotypes associated with
NLRC4-AID, we here report the autoinfammatory phenotype of a patient
identified with the first homozygous mutation in NLRC4 (A160T) and validate the
pathogenic potential of this mutation in vitro using cell-based assays (chapter 4).
Furthermore, mutation-induced consequences on the protein structure and
biophysical behaviour were investigated using recombinant protein approaches
(chapter 5).

Results presented in chapter 4 (except Figure 4.10) have been published in the
Journal of Clinical Immunology (Steiner et al., 2021).

In this chapter, all annotations refer to human NLRC4 (hNLRC4) unless indicated

otherwise.
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4.2 Results

4.2.1 Case presentation

A 62 year old Brazilian female patient was evaluated for recurrent episodes of
systemic inflammation since six months of age. Episodes were characterized by
recurrent low-grade fever, chills, oral ulceration, uveitis, arthralgia (sometimes
arthritis), myalgia and abdominal pain followed by diarrhea with mucus and
variable erythematous macular rash. Several inflammatory episodes were
triggered by gastrointestinal and urinary tract infections, mainly caused by E. coli
or both E. coli and Klebsiella, respectively. The flares lasted from seven to ten
days and occurred on average three to four times per year, but more than ten
flares a year could be observed. Episodes of fever correlated with elevation of
acute phase markers in the patient’'s serum, including CRP, serum amyloid A
(SAA) and ESR, indicating inflammation (Figure 4.2 A-C). A whole-body PET-
CT scan realized during one of the flares while the patient suffered from
abdominal pain and diarrhea (in 2016) depicted heterogeneous and diffuse bowel
glycolytic activity (Figure 4.2 D).

Colon biopsies were performed and showed unspecific lymphocyte infiltration.
However, ulcers, abscesses or clear signs of inflammation could not be observed
during regular macroscopical examinations. Fecal calprotectin levels, a
commonly used marker to monitor neutrophil migration into gastrointestinal tissue
(Pathirana et al., 2018), measured 1293 mg/kg before anti-IL-1 therapy was
started, which was above normal range (<50 mg/kg) and indicated
gastrointestinal inflammation. Serum IgG was decreased, while IgA and IgM
levels were low but within reference ranges (Figure 4.2 E). Flow cytometry
analysis of total lymphocytes collected when the patient was not in flare showed
decreased levels of B cells (CD19+: patient 1.6% vs. reference 11%), as well as
low B memory cells (CD27+: patient 21.6% vs. reference >27%) and elevated
double negative T cells (CD4-/CD8-/TCR af: patient 2.1% vs. reference < 1.7%)
(data not shown). ANA testing fluctuated between negative (1:80) and positive
(1:320) values (data not shown).
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Figure 4.2 | Biochemical analysis of patient samples, treatment timeline and
serum cytokine levels. A-C) Patient blood analysis of clinical inflammation
markers over the indicated time period measuring A) C-reactive protein (CRP,
normal range (green): <5 mg/l), B) serum amyloid A (SAA, normal range
(green): <6.4 mg/l) and C) erythrocyte sedimentation rate (ESR, normal range
(green): <20 mm). D) Whole-body PET-CT scan performed during an
inflammatory episode in 2016. E) Measurement of serum levels of IgG (normal
range (green): 650-1600 mg/dl), IgA (normal range (green): 40-350 mg/dl) and
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IgM (normal range (green): 50-300 mg/dl) over several years. F) Timeline for
immunomodulatory treatments. Chloroquine: 400 mg daily, no effect.
Methotrexate: 20 mg weekly, no effect. Azathioprine: 50 mg daily, stopped after
concomitant viral infection was observed. Infliximab: 400 mg every 2 months, no
effect. Adalimumab: 40 mg every 2 weeks, no effect. IVIG: 40 g every month, no
effect. Canakinumab: 4 mg/kg every month, persistent flares but less severe in
symptoms and allowed corticosteroid taper. Corticosteroids: until 2017 the patient
had prescription of 60 mg for short periods (2-3 days but sometimes to 10 days)
and then stopped. Since 2017, 60 mg daily of prednisone was started after a
severe flare but canakinumab allowed tapering the dose of Corticosteroids to
10 mg daily. G) ELISA analysis of patient serum cytokine levels (IL-1 and IL-18)
performed in 2018 while on anti-IL-1f treatment (canakinumab); healthy controls,
HCs.

The patient had a long history of corticosteroid use on demand and did not
achieve control of clinical symptoms using any DMARDs including azathioprine,
chloroquine, methotrexate, anti-TNF therapies (adalimumab, infliximab) or
intravenous immunoglobulin (IVIG). Since 2017, due to the frequency and
severity of flares, high doses of corticosteroids were prescribed and somewhat
effective in controlling disease (Figure 4.2 F). Perhaps associated with prolonged
use of corticosteroids the patient developed diabetes, hypertension and
dyslipidaemia. As the patient had a decrease in renal function, a kidney biopsy
was performed and negative congo red staining ruled out renal amyloidosis (data
not shown). Because anakinra is not available in Brazil, therapy with anti-IL-1(3
monoclonal antibody canakinumab was started and able to partially control the
symptoms, which resulted in reduced number of flares, diminished
hospitalization, allowance for corticosteroid dose reduction and an overall
improved quality of life, but inflammatory flares still occurred.

Serum levels of IL-18 remained moderately elevated in the patient (mean
276.80 pg/ml) compared to healthy controls (HCs) (mean 85.82 pg/ml) while on
canakinumab treatment. Similarly, a slight increase in serum IL-1B8 levels
persisted (mean 46 pg/ml, healthy controls: mean 8.62 pg/ml), which provided
the first evidence towards an inflammasomopathy (Figure 4.2 G). However, at
the time of serum collection for cytokine measurements, the patient had already
received continuous canakinumab treatment for 8 months (1 injection of 4 mg/kg
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per month). Serum was collected just before another dose of canakinumab was
injected. Since no patient data on cytokine serum levels prior to canakinumab
treatment are available and canakinumab binding to circulating IL-1 has been
reported to prolong cytokine half-life (Lachmann et al., 2009), the interpretation
of serum IL-1B levels remains indicative. Nonetheless, elevated serum IL-18
levels, that are independent of canakinumab treatment suggested an
inflammasome-mediated disease.

Analysis of a target gene panel (Papa et al., 2020) and subsequent next
generation sequencing identified a homozygous mutation in exon 4 of the NLRC4
gene (NM_021209), c.478G>A encoding the A160T variant. Familial genetic
segregation analysis using standard Sanger sequencing identified the healthy
father, mother and brother to be heterozygous carriers of the mutant allele
(Figure 4.3 A, B). Parents were non-consanguineous, with the father and mother
of German or Syrian ancestry, respectively. The estimated allele frequency in the
general population is 0.00081 and there are no reported healthy homozygotes in
the Genome Aggregation Database (GnomAD). Alignment of NLRC4 amino acid
sequences of different species identified alanine (A) in position 160 as a
conserved residue in human, non-human primates (except gorilla) and rodents.
Interestingly, in ungulate species and cats, the wildtype sequence encodes a
threonine (T) in this position (Clustal Omega alignment (Madeira et al., 2019))
(Figure 4.3 C).

An in-depth analysis of the structural consequences associated with the A160T

substitution is described in Chapter 5.2.
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Figure 4.3 | Genetic sequencing identified a homozygous mutation in
NLRC4 affecting the conserved residue p.A160. A) Sanger sequencing
confirmed the ¢.478 G>A transition (indicated by arrow) in exon 4 of the NLRC4
gene, encoding the amino acid substitution p.A160T. Sequencing
chromatograms show homozygous or heterozygous genotypes for the patient
and healthy family members, respectively. B) Family pedigree with indicated
genotypes. Circle represents female subject, square represents male subject,
solid form represents affected individual. C) Clustal Omega multiple sequence
alignment of the NLRC4 amino acid sequence from indicated species. The amino
acid residue corresponding to position 160 in hNLRC4 is highlighted in bold red.
Full length NLRC4 amino acid sequences were obtained from UniProt (M.
musculus (mouse: Q3UP24), H. sapiens (human: QINPP4), R. norvegicus (rat:
F1M649), B. taurus (cattle: FIMHT9), X. tropicalis (western clawed frog:
F6R2G2), P. troglodytes (chimpanzee: AOA2J8L1X5), F. catus (cat: M3W537),
O. aries (sheep: W5PLT9), M. mulatta (rhesus macaque: F7DWV6), G. gorilla
(gorilla: G3QJV1), P. anubis (olive baboon: AOAO96NWZ9), M. lucifugus (little
brown bat: G1PV27), E. caballus (horse: F7CBZ7), C. hircus (goat:
AOA452EBWS), D. leucas (beluga whale: AOA2YON554).
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422 Patient MDMs show increased inflammasome signalling in vitro

In order to investigate the disease-causing potential of the NLRC4 A160T
mutation in vitro, peripheral blood from the patient and HC individuals was
collected to isolate the monocyte cell population. Subsequent to differentiation
into MDMs, cells were primed with TLR4 agonist LPS and stimulated with ATP or
transfected flagellin to activate NLRP3 and NLRC4 inflammasome formation,
respectively (Figure 4.4). Unstimulated patient MDMs secreted slightly more IL-
18 and treatment with cytoplasmic flagellin (DOTAP/FLA) alone did reveal some
differences in IL-1p3 and IL-18 release, suggesting increased baseline and ligand-
induced activity of NLRC4 A160T in patient cells without LPS priming (Figure
4.4 A). However, substantially elevated IL-1p3 and IL-18 levels were observed in
patient MDMs upon LPS priming and activation of both investigated
inflammasomes, with the most pronounced difference in IL-18 released following
stimulation of NLRC4 in primed cells (LPS+DOTAP/FLA) (Figure 4.4 A). TNF
levels, measured as inflammasome-independent priming control, were
comparable in most tested condition. Notably, only in the LPS alone treated
control, patient MDMs produced slightly more TNF than the HC donor cells
(Figure 4.4 B), which may indicate uneven cell numbers in this particular
condition that could be in part accountable for the observed increase in IL-13 and
IL-18 release in patient MDMs treated with LPS (Figure 4.4 A). Interestingly, we
found that longer-term (24 hrs) stimulation with LPS did not alter IL-18 production,
but 24 hrs flagellin (FLA, extracellular) showed an increase in IL-18 release for
the patient MDMs, which may suggest internalization of FLA and an increased
response of NLRC4 A160T at later time points.

Overall, these results suggested NLRC4 A160T autoactivation to some extent,
and that environment, infection or other triggers are able to exaggerate responses
due to NLRC4 A160T, which is consistent with flares of disease experienced by
the patient. Furthermore, patient-derived MDMs appeared to be more responsive
to NLRP3-specific stimuli (LPS+ATP), which is an interesting observation.

Increased responsiveness to short-term LPS stimulation (4 hrs) may suggest LPS
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internalization and non-canonical NLRP3 inflammasome activation, however

future experiments are required to evaluate the involvement of NLRP3 signalling.
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Figure 4.4 | Inflammasome-related cytokine secretion is increased in patient
MDMs. A) Monocyte-derived macrophages (MDMs) from the patient and healthy
donors (HCs, n=3) were challenged with LPS (1 ug/ml) or S. typhimurium flagellin
(FLA, 5 pg/ml) for indicated time periods and stimulated with ATP (1 mM, 15 min)
or transfected FLA in DOTAP liposomes (2 hours (hrs)). Supernatants were
analysed for IL-1p and IL-18 by ELISA. Error bars represent SD. n=1 B) ELISA
quantification of TNF levels for a subset of conditions shown in A). MDMs from
the patient and one HC are shown. n=1.

423 In vitro validation confirms the pathogenicity of NLRC4 A160T in

immortalized human cell lines

4.2.3.1 NLRC4 A160T results in increased ASC speck formation

As an in vitro readout for inflammasome assembly and activation on a single cell
level, the time of flight inflammasome evaluation (TOFIE) assay was performed,
which observes the cellular relocalization of inflammasome adapter protein ASC
(Sester et al., 2015). In the resting state, ASC is diffusely distributed within the

cytoplasm and forms distinct puncta following inflammasome sensor activation,
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which reflects recruitment into the inflammasome complex, referred to as ASC
speck (Martinon et al., 2002). When ASC is directly linked to a fluorescent tag,
speck formation can be observed microscopically or quantified by flow cytometry
based on a shift in the width-to-area ratio of the fluorescence signal (Sester et al.,
2016, Sester et al., 2015). This experimental setup has previously been used to
confirm the disease-causing potential of other autoactivating mutations in NLRC4
(lonescu et al., 2021, Moghaddas et al., 2018). HEK293T cells stably expressing
ASC linked to red fluorescent protein (ASC-RFP) were transiently transfected
with mCitrine-tagged NLRC4 WT or A160T-encoding plasmids, which resulted in
increased ASC speck formation by NLRC4 A160T, suggesting spontaneous
inflammasome assembly (Figure 4.5 A). To resemble a heterozygous carrier,
WT and A160T NLRC4 were co-transfected at a 50:50 ratio, which resulted in
slightly elevated ASC speck formation compared to WT NLRC4. The previously
described dominant autoactivating mutation NLRC4 S171F (lonescu et al., 2021,
Liang et al., 2017) resulted in stronger inflammasome activation than A160T,

which is recessively inherited in this case (Figure 4.5 A).
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Figure 4.5 | Time of flight inflammasome analysis in HEK293T ASC-RFP
cells after transient transfection. A) HEK293T ASC-RFP cells were transiently
transfected with empty vector (EV), mCitrine (mCit)-tagged hNLRC4 WT, A160T,
WT/A160T (heterozygous) or S171F (total 50 ng DNA/500 ul). ASC speck
formation was quantified by flow cytometry after 15 hrs incubation. Data are
presented as mean £ SEM from 3 independent experiments. Statistical testing by
Student’s t-test. B) Western blot analysis of HEK293T ASC-RFP cells in A) shown
as a representative result of 3 independent experiments. ** P<0.01; *** P<0.001;
**** P<0.0001.
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Protein levels of NLRC4 WT, WT/A160T and S171F were comparable following
overexpression in this assay, but slightly reduced for NLRC4 A160T (Figure
4.5 B). This finding was consistent between experimental repeats, which may
suggest that in some circumstances this mutant is less stable and degraded more
rapidly.

To independently confirm these results, Flp-In 293 T-REx cell lines stably
expressing ASC tagged with enhanced green fluorescent protein (ASC-EGFP)
and NLRC4 WT, A160T or S171F were generated. Site-specific genomic
integration of a single copy of NLRC4 under a Dox-inducible promoter yielded a
highly controlled and consistent experimental system (Figure 4.6 A). Importantly,
western blot analysis confirmed similar NLRC4 expression levels between
different cell lines (Figure 4.6 B), which leads us to speculate that reduced A160T
stability might only occur when expressed above endogenous levels (Figure 4.5
B). When NLRC4 expression in the Flp-In 293 T-REx ASC-EGFP system was
induced by Dox treatment, ASC speck formation was spontaneously initiated by
the autoactive NLRC4 S171F mutant, but not by A160T or WT NLRC4 (Figure
4.6 C). Interestingly, upon NLRC4 inflammasome stimulation by transient co-
transfection of plasmids encoding sensor protein hNAIP and S. typhimurium
T3SS needle protein Prgl, ASC speck formation by NLRC4 A160T was
significantly increased over WT levels (Figure 4.6 D). However in this
experiment, protein expression levels of NLRC4 A160T were slightly below WT
levels (Figure 4.6 E). This was attributable to a small difference in mRNA
transcript expression in this case (QRT-PCR data not shown), rather than intrinsic
defects in protein stability and may result in slight underestimation of the effect
caused by NLRC4 A160T.

Overall, these data suggest that NLRC4 A160T induces spontaneous
inflammasome assembly above WT levels when overexpressed. This effect was
dose-dependent and less pronounced but still significant when NLRC4 WT and
A160T were co-expressed to mimic a heterozygous carrier. However, in the
context of more endogenous expression levels in Flp-In 293 T-REXx cell lines,
NLRC4 A160T was not autoactive and only induced above WT ASC speck

formation in a ligand-dependent manner.
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Figure 4.6 | ASC speck formation in Fip-In 293 T-REx ASC-EGFP cell lines
with monogenic NLRC4 expression. A) Schematic diagram showing the
generation of stable Flp-In 293 T-REx ASC-EGFP cell lines with isogenic
expression of NLRC4 WT, A160T or S171F. Transient co-transfection of the
Flippase recombinase-expressing plasmid (pOG44) and an expression plasmid
encoding the Strep2-HA (SH)-tagged human NLRC4 gene (pcDNAS5/FRT/TO
NLRC4-SH) flanked by Flippase recognition sites (FRT) generated stable
isogenic cell lines. In this system, doxycycline (Dox) treatment induces NLRC4-
SH transcription and subsequent ASC specking by autoactivating NLRC4
mutants or WT NLRC4 following stimulation. Figure created with BioRender.com.
B) Western blot analysis of NLRC4 expression levels in cell lines generated in A)
after 27 hrs Dox treatment showing a representative result of n=3. C) Baseline
ASC speck formation of cell lines shown in B) analysed by flow cytometry after
27 hrs Dox treatment. Control (ctrl) cells did not contain an NLRC4 insert. Data
pooled from n=3 independent experiments shown as mean + SEM. Statistical
significance was assessed by one-way ANOVA and Dunnett's multiple
comparison test. D) Flow cytometry analysis of ASC speck formation in cell lines
generated in A) following Dox induction and transient transfection with FLAG-
hNAIP and myc-Prgl (250 ng DNA/500 pl, 16 hrs). Data are presented as mean
+ SEM, pooled from n=3 independent experiments. Statistical significance was
assessed by two-way ANOVA with Sidak’'s multiple comparison test. E)
Representative western blot of D), n=1. ** P<0.01; **** P<0.0001.
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4.2.3.2 Genome editing of THP-1 cells to express NLRC4 A160T

We next sought to investigate the effect of NLRC4 A160T in a human monocyte-
like cell line with endogenous expression of proteins relevant for inflammasome
activation and cytokine release. However, hematopoietic cell types are difficult to
transfect with lipid-based DNA delivery methods and prone to proinflammatory
pathway activation and cell death upon detection of cytoplasmic DNA by various
PRRs (Baker et al., 2018). The use of a lentiviral/retroviral system, where plasmid
DNA-carrying viral particles deliver DNA into target cells and mediate its genomic
integration, overcomes these hurdles (Baker et al., 2018), and yields a valuable
tool to produce stable cell lines with long-term expression of a particular gene of
interest. However, the genomic integration site varies dependent on the
preferences of the delivering virus and can lie within active transcription units or
near transcription start sites, which harbours the risk of insertional mutagenesis
and may alter the regulation of endogenous cellular genes (Ciuffi 2016,
Demeulemeester et al., 2015, Lewinski et al., 2006). Furthermore, the
concentration and quality of the generated plasmid-delivering virus particles used
for cell infection in combination with viral transduction rates determine the number
of integrated transgene copies per cell. A previous study showed that a linear
correlation between the multiplicity of infection (MOI, which indicates the number
of virions added per host cell), the number of transduced cells and gene
integration exists until the maximal transduction capacity is reached. Afterwards,
further increase of the MOI only increased the transgene copy number per cell,
whereas the number of transduced cells did not further improve (Kustikova et al.,
2003). Both quality and MOI of virus-containing supernatants can vary between
independent preparations (e.g. WT and mutant) and may therefore result in
variable transgene expression on the individual cell level, which is difficult to
determine and impacts comparability. Furthermore, genomic integration of
multiple transgene copies per cell controlled under an exogenous promoter
generates a rather artificial system, which may pose challenges in discovering
mild disease phenotypes, of course depending on the functional context.

To circumvent these effects, direct modification and nucleotide substitution in the
host cell genome can be undertaken via site-directed mutagenesis that employs
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CRISPR/Cas9-mediated generation of DNA double strand breaks (DSBs) and
homology-directed repair (HDR) (Biot-Pelletier et al., 2016). Within the cell,
CRISPR/Cas9-induced DSBs are resolved via two main mechanisms, non-
homologous end joining (NHEJ) or HDR and decisions of which pathway is
undertaken depend on several factors including cell cycle phase, expression of
regulatory proteins, structure of generated DNA ends at the break site and
availability of a repair template (Symington et al., 2011). Therefore, both
pathways occur at different rates in individual cells and cell types. In general,
NHEJ is the predominantly activated pathway, initiated upon recognition of
various DNA end structures, which quickly repairs lesions via direct ligation of
broken ends. The error-prone nature of this mechanism often generates gene
KOs as a consequence of frameshift mutations following random insertion and
deletion of nucleotides (indels) (reviewed in (Gu et al., 2008)). In contrast, HDR
requires an intact homologous sequence as template to repair the break aiming
to recover genetic information that was potentially lost (Liang et al., 1998).
Therefore, HDR represents the desired mechanism for precise genome editing,
realized via addition of a homologous oligo repair template encoding the
nucleotide exchange of interest (Biot-Pelletier et al., 2016, Jasin et al., 2013).
Maintaining endogenous transcriptional regulation and protein expression levels
highlight the ultimate advantages of this approach which are beneficial to
investigate the effects of a potentially disease-causing mutation in vitro.

In the case of NLRC4 A160T, the clinical features presented by the patient
together with the data generated from ASC speck inflammasome formation
assays (chapter 4.2.3.1), suggested a rather mild pathogenic effect. Therefore,
generating a human disease model using CRISPR/Cas9-mediated HDR and site
directed mutagenesis to introduce A160T into the THP-1 cell genome while
maintaining endogenous gene regulation and expression levels seemed a
rational approach, despite the low efficiency of this method, that has previously
been reported (Carroll 2014, Harrison et al., 2014, Lin et al., 2016).

Details of the methodology used are described in chapter 2.5.1.2. In brief, WT
THP-1 cells were electroporated to increase cellular membrane permeability and
deliver plasmid DNA encoding GFP, Cas9 and the NLRC4-specific sgRNA
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together with a single strand oligo repair template. The 45 bp long oligo repair
template encoded for the c.478G>A nucleotide exchange (encodes NLRC4
A160T) flanked by homology arms of symmetric length upstream and
downstream of the DNA cut site (Figure 4.7 A). Simultaneously, this mutation
disrupted the protospacer adjacent motif (PAM) site which avoids Cas9-mediated
DSB within the integrated HDR template. Additionally, a silent point mutation
(c.468C>T) was introduced to generate a Bsal restriction enzyme recognition site
(5-GGTCTC-3’) to facilitate the detection of successfully integrated oligo repair
templates by PCR and diagnostic restriction digest during the subsequent
screening process of single cell clones (see below).

Following electroporation and FACS sorting for the GFP-positive cell population,
cells were subsequently cultured as pool for one week to allow recovery. Then,
single cell clones were generated by limiting dilution. Upon formation of visible
colonies after four to six weeks, genomic DNA was isolated from all single cell
clones and screened for presence of the oligo repair template using NLRC4-
specific PCR ampilification (yielding 637 bp) followed by Bsal restriction digest
(Figure 4.7 B). Screening of over 1000 clones identified 16 clones that showed
the expected band pattern after Bsal digest (homozygous and heterozygous).
However, subsequent Sanger sequencing yielded only one clone carrying the
correctly edited sequence on one allele, whereas the second allele encoded the
WT sequence with -1 bp frameshift mutation inducing a premature termination
codon. The resulting heterozygous A160T/KO genotype was observed as a
double band after Bsal digest, reflecting the uncut WT allele (637 bp) and the cut
DNA fragments (317 bp + 320 bp) generated from the A160T-encoding edited
allele (Figure 4.7 B). As control cell line, a WT/KO clone with one intact WT allele
and 1 bp deletion on the second allele was chosen. Furthermore, a NLRC4
KO/KO cell line was selected with homozygous 143 bp deletion resulting in a
premature stop codon at residue position 166 with subsequent nonsense-
mediated decay of mRNA transcripts. The reduced amplicon size prior to Bsal
digest in the KO/KO cell line is indicative of the deletion (Figure 4.7 B).
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Figure 4.7 | Generation and validation of monoclonal THP-1 cell lines. A)
CRISPR/Cas9-mediated homology-directed repair (HDR) was employed to
introduce the A160T mutation (encoded by c.478G>A) on genomic level in WT
THP-1 cells. Binding site within exon 4, reverse PAM site (underlined, bold) and
sequence of the used single guide (sg) RNA are shown. The WT sequence
c.478G is highlighted in green (bold) and was edited to c.478A (orange) encoded
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in the DNA repair template. Additionally, a silent mutation at c.468C>T was
introduced to generate a Bsal restriction enzyme recognition site, which was
subsequently used to screen monoclonal cell lines for repair template integration.
B) Representative agarose gel showing the NLRC4-specific PCR amplification
product (637 bp) before and after Bsal digest for selected cell lines (genotypes
indicated). Only cell lines with successfully integrated oligo repair template are
sensitive to Bsal digest (fragment size:317 bp + 320 bp). C) Sanger sequencing
following RNA isolation, cDNA synthesis and NLRC4-specific PCR confirmed
presence of c.478G>A (A160T) and c.468C>T mutations in the actively
transcribed NLRC4 mRNA transcript in THP-1 cell clone A160T/KO. WT/KO and
WT/WT clone 1 are shown as representative reference for the WT sequence.
Amino acid position and corresponding residues are indicated. A homozygous
143 bp deletion was detected in the KO/KO cell line, inducing a frameshift (fs)
and premature stop codon at position 166. D) qRT-PCR analysis of NLRC4
mMRNA transcript levels in THP-1 cell clones with indicated genotypes shown as
mean = SEM pooled from n=3 independent experiments. P-values were
calculated using one-way ANOVA and Dunnett’'s multiple comparison test using
the THP-1 cell pool as comparator group. * P<0.05; ** P<0.01. double-strand
breaks, DSB; clone, cl.

Interestingly, restriction enzyme digest resulted in two smaller DNA fragments,
which suggested random DNA repair-mediated generation of a Bsal recognition
site (Figure 4.7 B). The complete KO phenotype of this cell line was also
confirmed in the NLRC4 stimulation assay, where the KO/KO cell line did not
respond (Figure 4.8). Further, three clonal cell lines with two functional NLRC4
WT alleles (WT/WT cl.1-3) and the original WT THP-1 cell pool were used as
control cell lines in all assays to monitor for inter-clonal variability.

Presence of the mutation in the actively transcribed NLRC4 mRNA transcript of
A160T/KO cells was confirmed by Sanger sequencing following RNA isolation,
cDNA synthesis and NLRC4-specific PCR (Figure 4.7 C). The sequencing
chromatogram showed single peaks for both introduced mutations, the silent
c.468C>T mutation (Bsal cut site) and the desired ¢.478G>A mutation encoding
NLRC4 A160T, indicating complete absence of WT transcripts, which therefore
confirmed the A160T/KO genotype. The correct NLRC4 WT sequence was
detected in transcripts of the WT/KO cell line and all WT/WT clones (Figure
4.7 C, data not shown). qRT-PCR analysis of relative NLRC4 transcription levels

compared to the THP-1 cell pool confirmed around 50 % reduction of transcription



181

levels in cell lines expressing one functional NLRC4 allele, e.g. A160T/KO and
WT/KO, whereas WT/WT cl. 1-3 showed levels similar to the pooled population
(Figure 4.7 D). Based on the similar genotype and comparable transcription
levels of NLRC4, the WT/KO cell line was used as direct comparator group for
A160T/KO cells in all subsequent stimulation assays.

4.2.3.3 Increased cytokine release and cell death caused by NLRC4 A160T is
ligand-dependent in THP-1 cells

To investigate the effect of the A160T mutation in THP-1 cells, we stimulated the
NAIP/NLRC4 inflammasome in the above generated cell lines (chapter 4.2.3.2).
As previously described, inflammasome activation requires two signals: signal 1
(priming) to induce NF-kB-mediated transcription of inflammasome machinery
and signal 2 which represents the actual inflammasome-specific stimulus
(chapter 1.3.3.1). To provide both signals, monoclonal THP-1 cells were primed
with TLR1/2 agonist Pam3CSK4 (P3C) and stimulated with retrovirus expressing
S. typhimurium Prgl needle protein. Cell death induction and cytokine (IL-13 and
IL-18) release were used as experimental readouts for inflammasome activation
(Figure 4.8). The KO/KO clone did not respond to NLRC4 stimulation, confirming
the specificity of the used stimulus. Overall, NLRC4 signalling appeared
comparable between WT/WT clones and the THP-1 pooled population, with a few
exceptions: IL-1p release was increased in WT/WT cl. 3 and all WT/WT clones
(cl. 1-3) were more susceptible to cell death than the THP-1 pool.

Interestingly, when compared to the WT/KO cell line, NLRC4 A160T-expressing
cells (A160T/KO) showed enhanced inflammasome signalling when treated with
P3C and Prgl, as observed by significantly elevated release of IL-1) (Figure 4.8
A), IL-18 (Figure 4.8 B) and increased cell death production (Figure 4.8 C).
Spontaneous signalling after P3C priming alone was not observed, indicating that
A160T does not cause NLRC4 autoactivation and requires a NLRC4-specific
stimulus to elicit pathogenicity. To exclude a differential response due to
variability in P3C-induced priming, levels of released IL-8, an inflammasome-

independent NF-«B-induced cytokine, were quantified (Figure 4.8 D). A small
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increase in IL-8 release by A160T/KO cells was observed in response to P3C
priming alone, however this was not consistent in the Prgl-treated samples.
Therefore, these results suggest that priming in the P3C + Prgl-treated cells was
overall similar and increased cytokine release and cell death observed in
A160T/KO cells was a direct consequence of more pronounced NLRC4 activation
and signalling.
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Figure 4.8 | NLRC4 inflammasome stimulation in monoclonal THP-1 cell
lines. Monoclonal THP-1 cell lines of indicated genotypes were analysed for
release of IL-1B (A) and IL-18 (B), cell death production (C) and IL-8 secretion
(D) after 24 hrs treatment with Pam3CSK4 (P3C, 100 ng/ml) and Prgl (1 pl
retroviral supernatant) by ELISA (cytokines) or flow cytometry of propidium iodide
(Pl)-positive cells (cell death). Data were pooled from n=3 independent
experiments and are shown as mean + SEM. Statistical testing by two-way
ANOVA with Tukey’s multiple comparison test was performed. For greater clarity
only statistical significances relevant for the study results are indicated. ****
P<0.0001, not significant, ns.

However, it should be noted that whereas a pool of cells is characterized by
genetic, epigenetic and phenotypic heterogeneity, a single cell-derived clonal cell
line does not capture this diversity (Giuliano et al., 2019). Therefore, ideally the
analysis of multiple single cell clones with the same genotype is required before
definite conclusions about an observed phenotype can be drawn. In the case of

NLRC4 A160T, we were not able to generate multiple single cell clones carrying
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this mutation. However, the concern that clonality of A160T/KO and WT/KO cell
lines is associated with fundamental differences in regulation or expression of
inflammasome pathway-related proteins remains valid.

To address this question and exclude such differences, we sought to activate the
NLRP3 inflammasome, since the majority of inflammasome machinery is shared
between NLRC4 and NLRP3. In this experiment, comparable levels of released
cytokines and cell death in all cell lines were expected. NLRP3 was stimulated
by P3C priming with subsequent addition of nigericin, a microbial toxin which
induces potassium efflux, triggering the key event of NLRP3 activation (Mufioz-
Planillo et al., 2013). In this experiment, cell death production was comparable
across all cell lines, whereas released cytokine levels showed higher variability
(Figure 4.9 A-C). The A160T/KO clone released more IL-1p3 and IL-18 compared
to the WT/KO control clone, however, levels were similar to WT/WT cl.1 in the
case of IL-1p and the THP-1 cell pool in the case of IL-18 release (Figure 4.9 A-
C). This data suggested that there are likely some clonal differences between the
A160T/KO and WT/KO cell lines, however the extent of the observed difference
was substantially lower after NLRP3 stimulation. Whereas NLRP3-stimulated
A160T/KO cells released 2.6-fold more IL-1p and 1.4-fold more IL-18 than
WT/KO cells, IL-1p and IL-18 levels were 4.3-fold and 2.5-fold increased in
A160T/KO cells after NLRC4 stimulation (Figure 4.8, Figure 4.9).

Together these findings suggest that NLRC4 A160T enhances stimulus-
dependent NLRC4 signalling in THP-1 cells. However, the effect observed in the
here generated monoclonal THP-1 cell line A160T/KO is likely not solely caused
by the mutation. Additional contributing factors specific to this clonal cell line may
include differences in NF-kB-mediated priming events or could be related to
processes involved in cytokine activation, since cytokine release was also
elevated in control experiments when NLRP3 was stimulated. Nonetheless,
based on the extent of the observed difference, these results provide evidence
for the pathogenicity of NLRC4 A160T, although confirmation of this result with
additional cell clones is desirable.
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Figure 4.9 | NLRP3 signalling in monoclonal THP-1 cell lines. Assessment of
IL-13 (A), IL-18 (B) release and cell death (C) following NLRP3 stimulation by
ELISA or flow cytometry measuring propidium iodide (Pl)-positive cells,
respectively. THP-1 cell clones were primed with Pam3CSK4 (P3C, 100 ng/ml)
for 3 hrs with subsequent nigericin treatment (10 yM, 1 hr). Data were pooled
from n=3 independent experiments and are shown as mean + SEM. Statistical
testing by two-way ANOVA and Tukey’s multiple comparison test. For greater
clarity only statistical significances relevant for the study results are indicated. P-
values: **P<0.01, ****P<0.0001.

4234 The A160T mutation does not synergistically enhance spontaneous

inflammasome formation of autoactive NLRC4 S171F

So far, our results suggested ligand-induced increased signalling by NLRC4
A160T, whereas spontaneous inflammasome activation was not observed in Flp-
In 293 T-REXx cells (Figure 4.6) or P3C-primed A160T/KO THP-1 cells without
NLRC4 stimulation (Figure 4.8).

This is in contrast to previously described heterozygous GoF mutations in
NLRC4, which spontaneously induce inflammasome signalling in vitro in a ligand-

independent manner (Barsalou et al., 2018, Canna et al., 2014, Kitamura et al.,
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2014, Moghaddas et al., 2018, Romberg et al., 2014, Wang et al., 2021a).
Mechanistically, it has been suggested that these mutations interrupt the
autoinhibited conformation of NLRC4, which promotes spontaneous
inflammasome assembly (further discussed in chapter 5.1.5). Therefore, ligand-
dependency of the A160T mutant suggests a distinct molecular mechanism,
which impacts the ligand-induced activation process and perhaps increases
binding affinities between NAIP and NLRC4 or between NLRC4 monomers,
thereby facilitating inflammasome oligomerization. Next, we were wondering
whether this effect specifically occurs following ligand-stimulation or could
enhance signalling of an autoactive mutant. To address this question, we
analysed ASC speck formation in Flp-In 293 T-REx ASC-EGFP cells stably
expressing NLRC4 S171F or the A160T/S171F double mutant. Since a potential
difference in the kinetics of NLRC4 oligomerization was expected, ASC speck
formation was monitored over a time course of 10 hrs where Dox treatment
induced NLRC4 expression without additional stimulation (Figure 4.10 A).
Interestingly, a difference was not observed which indicated that the
conformational change mediated by the S171F mutation results in maximal
NLRC4 oligomerization that could not be further enhanced by A160T. Western
blot analysis showed comparable NLRC4 expression levels in the used cell lines
(Figure 4.10 B).

Additional stimulation through co-transfection of plasmids encoding NAIP and
Prgl increased ASC speck formation by NLRC4 S171F and double mutant
NLRC4 A160T/S171F to similar extents (data not shown). These results indicate
that in the context of the autoactivating mutation S171F, A160T does not further
enhance inflammasome formation in presence and absence of a specific ligand.
This suggests that the conformational change induced by S171F and subsequent
NLRC4 autoactivation bypasses the effect that is mediated through the A160T
exchange in WT NLRC4 in its active conformation.

Since the previously described NLRC4 GoF mutations are associated with a
broad spectrum of clinical manifestations, the underlying molecular mechanisms
driving pathogenesis may differ depending on the mutational change, leaving the
possibility that A160T may exhibit synergistic effects in the context of some but
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not all NLRC4-AlID-causing mutations. Addressing this question in future studies
could be valuable to understand the molecular mechanism by which A160T elicits
pathogenicity.

Whether ligand-induced and GoF mutation-mediated NLRC4 signalling occur via
similar downstream pathways remains elusive today but provides an interesting
discussion point for the observation that A160T enhanced NLRC4 signalling in a
stimulation-dependent manner but not in context of the autoactivating mutation
S171F.
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Figure 4.10 | Kinetics of ASC speck formation by autoactive NLRC4 S171F
and double mutant A160T/S171F. ASC speck formation was assessed in Flp-
In 293 T-REx ASC-EGFP cells stably expressing Doxycycline (Dox)-inducible
autoactive mutant NLRC4 S171F or the double mutant A160T/S171F. A) Ligand-
independent spontaneous inflammasome formation was assessed as ASC speck
formation quantified by flow cytometry. Time points refer to hours (hrs) post Dox
induction. Data are pooled from n=3 independent experiments and presented as
mean + SEM. B) Representative western blot analysis of NLRC4 expression
levels in the whole cell lysate of cells analysed in A), n=1.

424 Heterozygous NLRC4 A160T allele carriers are at increased risk to

develop ulcerative colitis

The NLRC4 inflammasome is a crucial player of intestinal immune defence and
induces release of the proinflammatory cytokines IL-13 and IL-18 in response to
microbial invaders (Romberg et al., 2017). Unlike pro-IL-1p, which is a NF-«xB-

induced cytokine, the IL-18 precursor protein is constitutively expressed in
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various cell types, including IEC and was previously shown to be involved in
intestinal inflammation (Pizarro et al., 1999).

The umbrella term IBD describes a group of autoimmune diseases, comprised of
the most common subtypes Crohn’s diseases and ulcerative colitis (UC), which
are characterized by chronic inflammation of the GIT driven by the presence of
commensal bacteria. The exact cause of IBD remains unknown, however
aberrant intestinal immune system activation as well as defects in the epithelial
barrier function play an important role (Jostins et al., 2012, Podolsky 2002).
Whereas Crohn’s disease is characterized by inflammation that can affect the
lining of the entire digestive tract from the mucosa to deeper layers, inflammation
in UC is more restricted to the mucosa of the large intestine including parts of
rectum and colon (Fakhoury et al., 2014, Podolsky 2002). Several factors have
been suggested to contribute to the development of IBD including environmental
influences such as infections and diet as well as genetic susceptibility (Hou et al.,
2011, Lidar et al., 2009, Shoda et al., 1996). To date genome-wide association
studies (GWAS) have identified more than 200 genetic loci associated with an
increased risk for the development of IBD (Jostins et al., 2012, Liu et al., 2015a).
Interestingly, many of the identified IBD loci have also been implicated in immune-
mediated diseases (Jostins et al., 2012). Of note, clinical studies correlated the
severity of IBD with increased levels of IL-18 (Pizarro et al., 1999).

Since the NLRC4 A160T allele occurs at an estimated allele frequency of 0.00081
in the general population (GnomAD) and previously reported patients with GoF
mutations in NLRC4 showed high serum levels of circulating IL-18 and severe
intestinal inflammation and enterocolitis (Canna et al., 2014, Moghaddas et al.,
2018, Romberg et al., 2014), we aimed to investigate the genome-wide
association of the NLRC4 A160T allele with IBD.

As a resource, the IBD Exomes Browser (Broad Institute) was used, which
presents data from a meta-analysis association study in IBD patients and control
subjects from three population cohorts, namely European (Ashkenazi-Jewish),
non-Finnish European and European (Finnish), wherein the heterozygous
NLRC4 A160T allele was observed at frequencies of 0.088 %, 0.18 % and
0.23 %, respectively.
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In this analysis, the NLRC4 A160T allele was significantly enriched in UC patients
compared to healthy controls with an odds ratio (OR) of 2.546 ((95% confidence
interval (Cl) 1.778-3.644), P=0.01305), which indicates that carriers of this allele
have a 2.5-fold increased risk to develop UC (Table 14). Of note, the correlation
between NLRC4 A160T and Crohn’s disease was less clear (OR=1.62 (95% CI
1.119-2.346), P=0.2615) (data taken from IBD Exomes Browser, Cambridge, MA
http://ibd.broadinstitute.org, accessed October 2018), suggesting this locus as a
risk factor predominantly for the development of UC.

In general, the identification |BD-associated genetic variants allows for the
description of risk factors and genetic susceptibility loci associated with the
development of this disease and provides a promising strategy for the
identification of drug targets and diagnostic markers. Enrichment of NLRC4
A160T in UC patients therefore holds promise that targeted inhibition of NLRC4
signalling and downstream proinflammatory cytokines may provide a therapeutic
opportunity for these patients.

Table 14 | Association of NLRC4 (c.478G>A, p.A160T) with ulcerative colitis
in the genome across different populations. Data accessed from IBD Exomes
Browser, Cambridge, MA http://ibd.broadinstitute.org, accessed October 2018.
ulcerative colitis, UC; odds ratio, OR.

Population = Homozygous Heterozygous UC Allele non-UC OR P-value
Reference Alternate Frequency Allele [95%
Frequency Interval]

European

(Ashkenazi- 5680 5 0.0007184 0.0003292 1.035  0.9749
Jewish)

Non-

Finnish 7726 14 0.001161  0.000361 2.862  0.1707
European

European /-4 26 0.003589  0.001159 4.125  0.0392
(Finnish)

Total 2546  0.01305

[1.778,

3.644]
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In summary, NLRC4 (c.478G>A, p.A160T) is likely to be the first identified
recessive mutation in this gene causing a monogenic disease characterised by
autoinflammation and immune dysregulation. This allele is pathogenic in vitro and
enhances stimulus-dependent NLRC4 signalling, however with reduced strength
compared to dominant NLRC4 mutations and results in a modest increase in IL-
18 in vivo. Nevertheless, heterozygous carriers of NLRC4 A160T are at increased

risk of developing UC.



190

4.3 Discussion

Here we describe the first patient diagnosed with an autoinflammatory disease
caused by a recessive mutation in NLRC4 (c.478G>A, p.A160T). Clinically, the
patient presented with early-onset recurrent episodes of systemic inflammation,
characterized by fever, arthralgia, abdominal pain and diarrhea who is alive at
age 62 years and currently treated with corticosteroids and canakinumab.
Overall, the disease manifestation in this patient was milder compared to
previously reported cases of AIFEC or NLRC4-MAS caused by heterozygous
NLRC4 GoF mutations. The difference in the clinical course severity is also
reflected in serum levels of the proinflammatory cytokine IL-18, which were
extremely elevated in previously reported patients (total IL-18: ~103-10% pg/ml),
compared to modestly elevated levels in the here described patient (total IL-18:
276.8 pg/ml) (Barsalou et al., 2018, Bracaglia et al., 2015, Canna et al., 2017,
Canna et al., 2014, Chear et al., 2020, Kawasaki et al., 2017, Moghaddas et al.,
2018, Romberg et al., 2014, Siahanidou et al., 2019, Volker-Touw et al., 2017,
Wang et al., 2021a).

Importantly, our study measured serum levels of total IL-18, which includes both
free IL-18 and IL-18 bound to IL-18BP, the latter being neutralized and
biologically inactive (Novick et al., 1999). Based on this, elevated serum IL-18
levels in the here described patient demonstrate increased NLRC4 pathway
activity, however no conclusions about the extent of IL-18-mediated signalling
can be drawn, since accurate levels of free IL-18 were not determined.

As previously mentioned, the dramatic elevation of IL-18 levels is a special
hallmark of NLRC4-AID (Weiss et al., 2018). In CAPS, GoF mutations in NLRP3
appear to drive disease pathology mainly through aberrant IL-1 release, since
clinical symptoms in the majority of CAPS patients are efficiently controlled with
IL-1B signalling inhibitors such as anakinra, canakinumab or rilonacept (Hoffman
et al., 2008, Kullenberg et al., 2016, Lachmann et al., 2009). In contrast,
especially in NLRC4-AID patients with very early disease onset and severe
clinical course involving MAS and enterocolitis, IL-1p inhibition was less effective
and targeted antagonism of IL-18 signalling with rhIL-18BP or an anti-IFNy

monoclonal antibody showed promising results, highlighting the importance of
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these cytokines as crucial drivers for NLRC4-AID pathogenesis (Bracaglia et al.,
2015, Canna et al., 2017, Moghaddas et al., 2018).

In line, the here reported patient with homozygous NLRC4 A160T mutation
showed a partial response to canakinumab treatment, which resulted in reduced
number of flares, diminished hospitalization and an improved quality of life,
however inflammatory episodes still occurred on a regular basis. Since inhibitory
drugs targeting IL-18 are still undergoing clinical trials and have not yet been
approved (chapter 4.1.3), emergency compassionate use of rhiL-18BP was
considered and requested for this patient, however declined by the developing
pharmaceutical company.

Together these case reports illustrate a vast potential associated with a
combination therapy blocking both IL-1f and IL-18 signalling, which may
represent the most efficient strategy to treat NLRC4-AID patients.

Interestingly, all previously reported cases of NLRC4-AID were caused by
heterozygous GoF mutations affecting highly conserved residues located within
different functional domains of NLRC4, which were predicted to impair NLRC4
autoinhibition and induce ligand-independent inflammasome signalling (further
discussed in chapter 5.1.5). Experimental evidence to support this hypothesis is
limited to cell-based in vitro assays using patient-derived cells or
overexpression/reconstitution models as well as a limited number of in vivo
transgenic mouse models (Kitamura et al., 2014, Weiss et al., 2018). However,
structural studies analysing NLRC4 proteins carrying disease-causing mutations
are lacking to date, but required to elucidate the true structural impact of these
mutations. If, as suggested, GoF mutation-induced conformational changes
collectively converge to promote the open conformation of NLRC4, the
observation of variable disease manifestations and clinical course severity is
surprising. A potentially underlying genotype-phenotype correlation is not yet well
understood, which in turn reflects the complex NLRC4 inflammasome biology.
Pathway regulation occurs at multiple levels, including transcriptional regulation,
PTMs, variability of interacting inflammasome adapters and effectors (caspase-
1, caspase-8, ASC, and perhaps NLRP3) and downstream activated pathways
(cell death, cytokine release, eicosanoid production), a multifactorial interplay of
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which may provide the molecular foundation for diversity of NLRC4-AlD-induced
phenotypes. Additional contribution of environmental triggers, genetic
background and tissue-dependent variable expression patterns of regulatory
proteins may further influence disease pathology and determine the clinical
manifestation. Interesting in this context, a single-nucleotide polymorphism (SNP)
within the NLRC4 5’-untranslated region was identified by GWAS and correlated
with reduced serum levels of IL-18. Functionally, differences in NLRC4 isoform
usage and PU.1 transcription factor binding were suggested to alter NLRC4
expression levels and affect IL-18 production (Zeller et al., 2015). Therefore,
SNPs within NLRC4, other pathway-related genes or /L18 may result in a
susceptible genetic background and could promote the development of distinct
NLRC4-AID phenotypes (He et al., 2010).

In contrast to the previously described heterozygous NLRC4 autoactivating
mutations, the here presented experimental evidence suggests a different
mechanism of action for NLRC4 A160T. Pathogenicity of this mutation was
ligand-dependent in Flp-In 293 T-REx and THP-1 cell assays, where NLRC4
A160T was monogenic or endogenously expressed, respectively. Only when
overexpressed in HEK293T cells, A160T mediated increased inflammasome
formation without an additional ligand, however this is likely the result of high
expression levels and subsequent spontaneous oligomerization. In this
experiment, western blot analysis consistently showed reduced expression levels
of homozygously expressed A160T following transient transfection (Figure 4.5
B). This may either suggest reduced stability of the mutant protein or increased
cell death induction, the latter being commonly observed in reconstitution assays
with NLRC4 GoF mutations. However, the possibility of cell death is unlikely,
since HEK293T cells lack endogenous expression of caspase-1 (Agostini et al.,
2004), the microscopic examination did not reveal signs of cell death and the
expression levels of the B-actin loading control only showed minimal variation
between samples. Since equal expression levels of NLRC4 WT and A160T were
observed in Dox-induced FlpIn-293 T-REXx cells (Figure 4.6 B), we suggest that
perhaps the plasmid DNA, specifically used for transient transfection of HEK293T
cells in this experiment (Figure 4.5) might have been of lower quality. Therefore,
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reduced expression levels of NLRC4 A160T may result in an underestimation of
the effect in this assay.

Temperature-induced pathogenicity of NLRC4 A160T was not observed in in vitro
experiments (data not shown) and cold-induced inflammatory flares were not
reported by the patient, which therefore likely excludes a mechanism of action
similar to mutations associated with FCAS4.

Ligand-dependency of A160T pathogenicity is in line with the co-occurrence of
several inflammatory episodes with gastrointestinal and urinary tract infections in
the patient. As causative pathogens E. coli and Klebsiella were detected in most
cases, however a detailed analysis of Klebsiella species was not part of the
clinical diagnostic procedure. These pathogens are classified as Gram-negative
bacteria and belong to the family of Enterobacteriaceae which are generally rod-
shaped. It is well established that E. coli possess flagella to ensure motility and
enteropathogenic strains (EPEC, EHEC) contain a T3SS, thus providing
NAIP/NLRC4 inflammasome-specific ligands (Berg 2003, Fox et al., 2020, Slater
et al., 2018). In contrast, Klebsiella species were originally considered non-motile,
however emerging evidence now suggests presence of flagella under certain
conditions, as shown for one K. pneumoniae strain isolated from a paediatric
patient (Carabarin-Lima et al., 2016). Furthermore, K. pneumoniae has been
shown to trigger NLRC4 in human MDMs and mice after intratracheal delivery
(Cai et al., 2012), and although less frequently than E. coli, K. pneumoniae has
been identified as causative pathogen in urinary tract infections (Cristea et al.,
2017, Faoagali 1975, Fihn 2003, Gupta et al., 2001). However, K. pneumoniae is
typically non-flagellated and does not encode T3SS proteins, therefore the ligand
that activates NAIP is unclear but could be flagellin as mentioned above (Cai et
al., 2012, Carabarin-Lima et al., 2016, Fouts et al., 2008).

In contrast to the well-defined activating ligands of the NAIP/NLRC4
inflammasome, a wide spectrum of stimuli was shown to activate NLRP3, and an
interaction of both inflammasome proteins within the same signalling complex
has been described during S. typhimurium infections of murine macrophages,
when triggers for both inflammasomes were presented (Man et al., 2014a, Qu et
al., 2016). Additionally, a recent study suggested that canonical NLRP3
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inflammasomes can form directly in response to flagellin from S. typhimurium and
B. subtilis in PMA-differentiated THP-1 cells deficient for NLRC4, which was
dependent on ROS production and/or cathepsin B activity (Gram et al., 2020).
Therefore, although speculative, it is possible that NLRP3 signalling plays an
additional role in the pathogenesis of the here described patient, perhaps
dependent on the infectious trigger. In line with this hypothesis, patient MDMs
and clonal THP-1 (A160T/KO) cells showed higher cytokine release than control
cells when treated with NLRP3-specific stimuli. Interestingly, increased NLRP3
signalling following stimulation with LPS and ATP was also reported in PBMC-
derived macrophages from a previously described NLRC4-MAS patient (Canna
et al., 2014). Therefore, future studies are required to investigate the involvement
of NLRP3 in the context of NLRC4 GoF mutation-induced inflammasome
activation.

In clonal THP-1 cells carrying the A160T mutation (A160T/KO genotype),
increased NLRP3 activity following TLR1/2-priming and nigericin stimulation was
only apparent on the level of cytokine release, whereas cell death induction was
comparable to control cells. Therefore, synergistic effects of NLRC4 A160T and
NLRP3 may be confined to cytokine-processing pathways. However, the
observed near-maximum levels of induced cell death combined with the
limitations of an end point assay complicate the interpretation of this result. Dose-
dependency studies with NLRP3-specific ligands or real-time observation of cell
death induction kinetics are required before conclusions can be drawn.
Important to consider in this context is the variability associated with the analysis
of single cell-derived clonal cell lines, which is a major disadvantage of the here
used experimental THP-1 cell system. Despite the speculative effect of NLRC4
A160T on NLRP3 activation, all other clonal THP-1 cell lines were expected to
respond similarly to NLRP3 stimulation, since this pathway was not genetically
modified. However, levels of released IL-1 and IL-18 varied largely following
NLRP3 activation, whereas cell death induction was more homogenous. Most
noticeable was the increase in IL-1p release from WT/WT cl.1 and A160T/KO cell
lines, whereas the THP-1 cell pool and A160T/KO cells released more IL-18,

although this difference was less pronounced compared to all other clonal cell
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lines. Furthermore, some variability was observed when the NF-kB-induced but
inflammasome-independent cytokine IL-8 was measured to compare priming
efficiencies in the NLRC4-stimulation assay. This variability can be explained by
the previously described genetic, epigenetic and phenotypic heterogeneity of
single cells and consequently single cell-derived clonal cell lines (Giuliano et al.,
2019, Tian et al., 2020, Velazquez-Villarreal et al., 2020). Variable genetic
background and epigenetic regulation could alter the magnitude of the biological
effect induced by a mutation of interest. Bulk RNA-sequencing experiments could
be performed to identify such variability. However, this approach is costly and
correlating gene expression profiles to translated protein levels and pathway
activation is influenced by multiple other factors. Therefore, ideally multiple single
cell clones with the desired genotype should be analysed before concluding about
an observed mutation-specific phenotype. In this study, we were only able to
generate one THP-1 cell line carrying the A160T mutation via site-directed
mutagenesis using CRISPR/Cas9-mediated genome editing and HDR. Although
15 other clonal cell lines with repair template integration were detected through
PCR and restriction digest screening, Sanger sequencing of the genomic NLRC4
locus identified additional frameshift mutations, which highlights the previously
reported low efficiency of this methodical approach (Carroll 2014, Harrison et al.,
2014, Lin et al., 2016). Although without success, aiming to improve the HDR
efficiency in our experiment we used SCRY7, an inhibitor of DNA Ligase IV (LIG4)
which ligates compatible DNA ends, to block NHEJ and channel DNA repair
towards HDR (Hu et al., 2018). Multiple other approaches to indirectly and directly
increase HDR efficiency have been described. These include genetic
modification and overexpression of key HDR proteins (Vispé et al., 1998),
synchronization of HDR-permissive cell cycle phases (Lin et al., 2014, Maurissen
et al., 2020) or improved design and delivery of the DNA repair template (nuclear
localization (Han et al., 2020), tethering to Cas9-guide RNA-nucleoprotein
complex (Aird et al., 2018), use of chromatin-associated template DNA (Cruz-
Becerra et al., 2020)). The most promising strategies involve the use of small
molecules for targeted inhibition or enhancement of key proteins driving NHEJ or
HDR, respectively, due to their time efficient and reversible mode of action,
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concentration-dependent control of toxicity and applicability to cell lines (reviewed
in (Bischoff et al., 2020)). Using these compounds could prove useful to generate
additional THP-1 cell lines with genomic expression of NLRC4 A160T via
CRISPR/Cas9 and HDR for further evaluation of the mutation-associated
pathogenicity. A direct compar