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1. Introduction 
 
1.1. The Immune System 
 

The immune system is a multifaceted host defence mechanism, which protects 

organisms against pathogen invasion. In vertebrates, two major branches of the 

immune response exist: the innate and the adaptive immune system (Figure 1). 

 
Figure 1 Several levels of defence against pathogens. The epithelial surface acts as a first anatomic 
barrier. In close proximity to this barrier, chemical and enzymatic systems act as a second, antimicrobial 
barrier. If these barriers are breached, the rapid innate immune cells and the slower but highly specialised 
adaptive immune system actively target the pathogen. (Fig. adapted from (1)) 

The innate immune system, which can be found in all multicellular organisms, rapidly 

acts as the first line of defence on a broad array of pathogens through recognition of 

distinct conserved foreign patterns, so-called pathogen-associated molecular patterns 

(PAMPs) (2, 3). This response is mediated mostly by monocytes, macrophages and 

dendritic cells, which directly interact with invading pathogens through germline-

encoded receptors that are termed pathogen recognition receptors (PRRs). Pathogen 

clearance occurs either directly - through specialised engulfing cells, which break apart 

internalised pathogen utilising low pH and digestive enzymes - or indirectly through the 

release of antimicrobial peptides as well as cytokines and chemokines (4). Macrophages 

and dendritic cells also act as antigen-presenting cells (APCs) to further facilitate an 

adaptive immune response (5). 

The adaptive immune response is primarily mediated by B- and T lymphocytes. Somatic 

recombination and clonal expansion processes lead to a great diversity of antigen 

receptors that can target specific epitopes present on invading microorganisms, infected 

cells or toxins (6). As no germline-encoded receptors are inherited, in contrast to the 

innate system, protection by the adaptive immune system takes days rather than hours. 

However, the adaptive immune system provides a specific and diverse long term 

immune-memory that is the basis of effective vaccination (7). B lymphocytes secrete the 
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antigen receptors in the form of antibodies, providing humoral protection, while T 

lymphocytes express antigen-receptors on their cell surface, contributing to the 

recognition of infected cells in a cell-based immune response. Antigen presentation 

through APCs and the presence of pro-inflammatory cytokines is necessary for the 

adaptive response, demonstrating the synergistic crosstalk between the innate and the 

adaptive immune system (8, 9). 

 

The ability of the immune system to differentiate self from non-self and to produce 

adequate protection against infection requires complex regulation. Dysregulation leads 

to disease: in most autoinflammatory diseases the innate immune system directly 

causes uncontrolled inflammation, whereas in autoimmune diseases the innate immune 

system generally activates the adaptive immunity which, in turn, is responsible for an 

unbeneficial inflammatory process (10). 

 

1.2. The Innate Immune System 
 

The role of the innate immune system is to prevent infection, respond to pathogens and 

to prepare and activate the adaptive immune system to provide long-lasting protection. 

 

As the first line of defence, our body utilises physical, chemical and physiological barriers 

that prevent the intrusion and colonisation of pathogens (Table 1) (11). Antimicrobial 

proteins present in mucosal barriers, and the pH value of the skin and the 

gastrointestinal tract combat microbes directly at these sites (12).  

 Skin Gut Lungs Eyes/nose/mouth 

 
Mechanical 

Epithelial cells joined by tight junctions 
Longitudinal flow 
of air or fluid 

Longitudinal flow 
of air or fluid 

Movement of 
mucus by cilia 

Tears  
Nasal cilia 

 
Chemical 

 
Fatty acids 

Low pH Pulmonary 
surfactant 

Enzymes in tears and 
saliva (lysozyme) Enzymes (pepsin) 

β-defensins, 
lamellar bodies, 
cathelicidin 

α-defensins, 
RegIII (lectidins), 
Cathelicidin 

α-defensins, 
cathelicidin 

β-defensins 
Histatins 

Microbiological Normal microbiota 

Table 1 Barriers preventing pathogens from entering. Epithelial barriers provide mechanical, chemical 
and microbiological barriers against infection. Modified from (1).  
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When pathogens overcome these barriers, they come in contact with the humoral and 

cellular components of the innate immune system. The humoral components such as 

ficolins, collectins and pentraxins recognise different elements on the surface of 

microorganisms, opsonising them and facilitating their uptake by effector cells (13). 

Specialised engulfing cells such as macrophages and dendritic cells break apart the 

internalised pathogens through low pH, the presence of acid hydrolases, reactive 

oxygen and nitrogen intermediates and digestive enzymes (4).  

 

Besides this immediate clearance of infectious agents, which is effective against 

bacteria, fungi, viruses and parasites; a broad mechanism of the innate immune system 

is the induction of cell death of infected cells, leading to the destruction of the habitat 

in which intracellular pathogens can proliferate. This cell-intrinsic cell death can be 

induced in the forms of apoptosis, pyroptosis or necroptosis, the latter two leading to 

the release of intracellular content and immune mediators which further activate 

bystander immune cells (14). Lytic cell death, tissue damage and infection lead to an 

immediate inflammatory response, termed acute phase response, driven primarily by 

macrophages (15). The subsequent secretion of a broad spectrum of cytokines and 

chemokines has profound effects on cellular function. These functions include the 

activation of granulopoiesis, which leads to the production of large numbers of 

granulocytes, such as neutrophils (16). Cytokines also lead to changes in expression 

patterns of immune and endothelial cells (17). Endothelial cells upregulate intracellular 

adhesion molecules (ICAMs) which interact with many leucocytes, slowing their rate of 

passage, thus facilitating migration in a process called leucocyte rolling (18, 19). 

Chemokines, a subclass of cytokines which attract leukocytes expressing the 

correspondent chemokine receptor, guide the cells to their destination. 

 

Increased blood flow enhances the recruitment of immune cells and leads to swelling, 

redness and heat, which comprise the hallmarks of inflammation (15). The cytokine 

influence upon the hypothalamus causes a distinct fever response (20, 21).  
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1.3. Pathogen Recognition Receptors 
 

The mounting of an appropriate immune response to pathogens depends on their 

detection (3). For this purpose, innate immune cells are equipped with a set of germline-

encoded pattern recognition receptors (PRRs), that can detect a variety of molecules 

(Figure 2). They can bind to and thus be activated by pathogen-associated molecular 

patterns (PAMPs) which consist of conserved microbial components such as 

lipopolysaccharide (LPS), a major component of the outer cell membrane of Gram-

negative bacteria (22, 23). 

PRRs also have the ability to detect damage-associated molecular patterns (DAMPs), 

which are released during cell damage or necrotic or programmed lytic cell death. For 

example, the catabolite uric acid can be released by injured tissue and form crystals that 

in turn can activate the NLRP3 inflammasome through cell membrane perturbation (24).  

PRRs can, therefore, react to “non-self” by detecting microbial molecular structures not 

shared by the host as well as “self” molecules that are mislocalised in pathological or 

stressful conditions (Figure 2). 

 
Figure 2 Activation of the innate immune system by PAMPs and DAMPs. Pathogens such as bacteria, 
fungi and viruses are recognised by detecting conserved structures called pathogen-associated molecular 
patterns (PAMPs). Likewise, danger stemming from the loss of cellular integrity can be sensed in the form 
of danger-associated molecular patterns (PAMPs). In both cases, germ-line encoded pattern recognition 
receptors (PRRs) recognise these ligands and induce an immune response. 

PRRs can be subdivided into two main classes based on their localisation in the cell: 

membrane-bound TLRs (Toll-Like Receptors) and CLRs (C-Type Lectin Receptors) 

monitor the extracellular space and the endolysosomal system. In contrast, 

cytoplasmatic PRRs such as Nod-Like Receptors (NLRs), RIG-I-Like Receptors (RLRs) and 

AIM2-Like Receptors (ALRs) monitor the intracellular environment (25, 26).  
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1.4. Membrane-bound PRRs  
 

The extensively studied TLRs are type I membrane proteins that detect an extensive 

range of extracellular pathogens. Binding and recognition of their ligands is mediated by 

an extracellular or luminal N-terminal leucine-rich repeat (LRR) domain. 

In humans, ten functional TLRs are known (Table 2) (22, 27). 

TLR3, TLR7/8 and TLR9 sense the presence of nucleic acid species in the endosome. TLR3 

recognises double-stranded (ds)RNA species, while TLR7 and eight heterodimers detect 

degradation products of single-stranded RNA, and TLR9 binds unmethylated CpGs found 

in bacterial DNA (28-32).  

TLR2 detects a variety of agents, ranging from acetylated lipoprotein and lipoteichoic 

aid to peptidoglycans and fungal cell wall components (33-35). It forms heterodimers 

with TLR6 and TLR1 for the recognition of triacylated and diacylated lipoproteins, 

respectively (33, 36, 37). The synthetic triacylated lipopeptide Pam3CSK4 is broadly used 

to specifically target TLR1/2 when studying the role of individual TLRs (38).  

Early work implicated TLR2 to also play a role in LPS binding (39). However Poltorak et 

al. and Hoshina et al. were able to show in independent experiments that this was not 

the case: TLR4, in association with myeloid differentiation factor 2 (MD2) is responsible 

for LPS binding (35, 40-44). The soluble and circulating LPS binding protein (LBP) 

facilitates the trafficking of LPS to the TLR4-MD-2 complex resulting in signal 

transduction (45, 46).  

The cell wall component of gram-negative bacteria LPS induces a rapid inflammatory 

response and is a key signal in early infection (47, 48). It is composed of a lipid A 

hydrophobic anchor, a nonrepeating oligosaccharide and a distal polysaccharide (48). 

TLR4 can directly recognise the lipid A moiety; however, some bacteria adapted to 

impair this binding through modifications such as acetylation and phosphorylation (49-

51).  

While TLR4 plays a key role in response to gram-negative bacteria, TLR5 recognises 

flagellin, which many gram-negative and positive bacteria use for mobility and 

adhesion (52, 53).  
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Localisation TLR Ligand Activating Pathogens 
 
 
Plasma 
membrane 

TLR1/TLR2 Triacyl lipoprotein Bacteria, mycoplasma 
TLR6/TLR2 Diacyl lipoprotein, Zymosan 

Lipoteichoic acid 
Bacteria, mycoplasma, parasites, 
fungi 

TLR4 LPS Bacteria, viruses 
TLR5 Flagellin Bacteria 
TLR6 Diacyl lipoprotein Bacteria, viruses 

 
 
Endosome 

TLR3 dsRNA Virus 
TLR7 RNA degradation products Virus, Bacteria 
TLR8 RNA degradation products Virus, Bacteria 
TLR9 CpG-DNA Virus, Bacteria, Protozoa 
TLR10 Unknown, possibly a negative regulator 

Table 2: Localisation and role of Toll-like receptors (TLRs). Individual TLRs with specific localisation and 
microbial ligand specificity. Modified from (54). 

 

TLR engagement initiates a complex downstream signalling pathway through 

interactions of the cytoplasmic Toll/Interleukin-1 (TIR) domain with the adaptor proteins 

(Figure 3). TLR2, 5, 7 and 9 recruits myeloid differentiation primary response gene 88 

(MyD88), while TLR3 recruits TIR-domain containing adaptor protein inducing IFNb 

(TRIF), both of which will be discussed in more detail below (55). TLR4 can bind both 

MyD88 and TRIF in the presence of adapter molecules. 

 

TLR dimerisation leads to MyD88 association via TIR-TIR domain interaction (56). The 

TIR domain-containing adaptor protein (TIRAP, also known as MAL) is also associated at 

the TIR upon TLR4, TLR1/2 and TLR2/5 activation (56-59). The large helical signal 

complex of multiple MyD88 molecules termed the myddosome can recruit the cytosolic 

interleukin-1 receptor-associated kinases (IRAK1,2,4) (60, 61). The phosphorylation of 

IRAK1 through IRAK4 leads to the activation of the E3-ubiquitin ligase TNF-receptor 

associated factor 6 (TRAF6) which in turn auto-ubiquitinates, forming long K63-linked 

chains which act as protein scaffolds for downstream recruitment of signalling 

molecules (62).  

 

Analogous to MyD88, TRIF, together with the adapter TRAM (TRIF-related adaptor 

molecule), binds TLR3 and TLR4 leading to the activation of TRAF3 and TRAF6 (58, 63, 

64). TRAF3 forms K63-linked ubiquitin chains and thus recruits the kinases TBK1 (TANK-

binding kinase1) and IKKε resulting in the phosphorylation of IRF3 and initiating type I 

interferon signalling (65).  
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Mediated by TAK1 binding proteins (TAB2 and TAB3), TGFβ-activated kinase (TAK1) 

binds to the ubiquitin scaffold on TRAF6 and triggers its activation (66). This activated 

kinase complex can drive both the transcription factor Nuclear Factor-κB (NF-κB) and 

mitogen-activated protein kinase (MAPK) signalling (67). For NF-κB signalling TAK1 

phosphorylates the IκB kinase (IKK) complex which is composed of Ikkα, IKKβ and IKKγ 

(also known as NF-κB essential modifier, NEMO) (68-70). NEMO binds to polyubiquitin 

chains bringing the complex into close proximity to TAK1. TAK1 is thought to 

phosphorylate IKKβ, which in turn phosphorylates IκBα resulting in its ubiquitination and 

degradation via the proteasome. The RelA-p50 heterodimer freed thereupon can 

translocate to the nucleus and induce gene expression (68). 

The MAPK pathway signals through JNK (c-Jun N-terminal kinase) and P38 resulting in 

the nuclear translocation of the transcription factor AP-1 (Activating protein-1), 

promoting pro-inflammatory and pro-survival genes (71, 72). 

 

These transcription factors, with their binding specificity to distinct DNA motifs, induce 

the expression of various pro-inflammatory genes, including those coding for cytokines 

and chemokines, and also the regulation of inflammasomes. Tight regulation of their 

activity, as described for NF-κB in the following section, is therefore essential. 
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Figure 3 TLR signalling pathways. Upon respective ligand binding, TLRs form dimers and recruit adaptor 
proteins to the cytoplasmic domains of the receptor. Downstream signalling leads to the translocation of 
transcription factors to the nucleus. One of the main pathways, the NF-κB signalling, is highly regulated 
by kinases (TAK1, IKKs) and ubiquitinases, which provide the scaffolding for the signalling complexes.  

 

1.5. NF-κB signalling and the IKK family Kinases  
 

As observed in the previous chapter, TLR engagement often leads to downstream NF-κB 

activation. In vertebrates, the NF-κB transcription factor family consists of a 

heterogeneous group of proteins (Figure 4), including the TAD containing RELA (p65),  

and RELB (RelB) and REL (c-Rel) as well as ankyrin repeat containing NF-κB1 (p50/p105) 

and  NF-κB2 (p52/p100) (73). In unstimulated cells, NF-κB dimers are tightly bound by 

inhibitory proteins (IκBs), restraining them to the cytosol and thus inhibiting DNA 

binding, only to be freed upon stimulation.  

The strongly conserved RHD (Rel homology domain) enables the subunits to form 

various homo- and heterodimers and allows the binding of DNA as well as the 
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interaction with inhibitory proteins (74, 75). The IκB (Inhibitor of κB) proteins bind the 

RHD of the NF-κB dimers via their ankyrin repeats (ARD), masking their C-terminal NLS, 

thus preventing the translocation to the nucleus. Phosphorylation of the inhibitory 

factors following stimulation leads to rapid K48 polyubiquitination and proteasomal 

degradation. Once freed by this process, the transcription factors are able to translocate 

to the nucleus and induce gene expression. Indeed ubiquitination events on NF-κB 

proteins such as p65, p100 and p105 have also been reported, adding an additional layer 

of protection by limiting their availability and dimerization (76, 77) (78, 79).  

 

 
Figure 4 Schematic representation of the NF-κB/Rel family. The characteristic Rel homology domain 
(RHD) is found in all five family members. The p65, RelB and c-rel family members contain a 
Transactivation Domain (TAD) which confers positive regulation of gene expression. Only RelB contains 
an amino-terminal leucine zipper motif (LZ). The transcriptional suppressor family members p50 and p52 
contain glycine-rich regions (GRR) required for their proteolytic cleavage and ankyrin repeats, also found 
on IκB proteins, acting as cytoplasmic inhibitors of NF-κB. (Fig. adapted from (80)) 

 

While there are at least 12 possible NF-κB subunit combinations that can bind to DNA 

and potentially regulate transcription, two superordinate signalling pathways have been 

characterised as the primary NF-κB signalling.  

The canonical pathway is activated by a variety of cytokines (such as TNFα and IL-1) and 

PAMPS (such as LPS), which can signal through different pathways including TLR (cf. 

previous section) and NOD2 (cf. section 1.6). These pathways converge in the 

dissociation of canonical inhibitors of kB (IκB) IκBα, IκBβ and IκBɛ, which retain the 

transcription factors in the cytosol (81, 82).  

The activated IKK has been shown to lead to the degradation of these inhibitory 

proteins. 

p65 (RelA)

RelB

c-Rel

p100/p52 (NFκB2)

RHDLZ TAD

RHD TAD

RHD TAD

RHD GRR
Ankyrin Repeats

p105/p50 (NFκB1) RHD GRR
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Besides the classical, canonical NF-κB signalling, an alternative non-canonical route 

exists. It gets stimulated by a more restricted set of cytokines belonging to the TNF 

superfamily (such as lymphotoxin b). Signalling also differs from the classical pathway in 

that it does not utilise IκBs, but is held in an inactive state by the p52 precursor protein 

p100 which also contains the ARD domains found in IκB proteins (83). Phosphorylation 

and ubiquitination events lead to a degradation of the C-terminal structure on p100, 

resulting in the generation of the mature non-canonical NF-κB complex p52/RelB. Non-

canonical NF-κB signalling solely requires IKKα, but not NEMO or IKKβ (84-86). 

IKKα and IKKβ are ubiquitously expressed serine/threonine kinases that show high 

sequence homology (70%) and similarity in domain organisation and tertiary structure 

(87-89). In addition to their N-terminal kinase domain both contain a ULD (ubiquitin-like 

domain) as well as α helical scaffold/dimerisation domain (SDD) and a C-terminal NEMO-

binding domain (NBD) (Figure 5). In the formation of the IKK complex, the regulatory 

subunit IKKγ (or NEMO) binds the kinases via their NBDs. Despite their high structural 

similarity, IKKα and IKKβ differ significantly from each other in their function due to 

different substrate specificities.  

Activation of both kinases requires the phosphorylation of specific residues in the 

activation loop of their active sites: S176 and S180 for IKKα and S177, and S181 for IKKβ 

(90, 91). This activation is proposed to involve oligomerisation-mediated trans-

autophosphorylation of the subunits (89, 92). In the case of IKKβ, it is first 

phosphorylated by the apical kinase TAK1 at S177 which enables autophosphorylation 

at S181 thus leading to an active IKK complex capable of phosphorylating IκB proteins 

and promoting their K48-linked ubiquitination, preparing them for degradation and 

initiating NF-κB signalling (91-96).  

 

Besides the direct role in the NF-κB signalling, both IKKα and IKKβ phosphorylate ‘non-

classical’ substrates are involved in diverse biological processes (97). Some substrates, 

such as FOXO3a and TSC1, are involved in proliferative and pro-survival pathways, thus 

suggesting a role of IKKs in tumorigenesis (98, 99). 
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Figure 5 Schematic representation of IKK proteins. The IKK-family proteins (IKKα, IKKβ, IKKε and TBK1) all 
contain a C-terminal kinase domain, followed by a ULD (ubiquitin-like domain) and the central SDD 
(scaffold/dimerising domain). The regulatory IKKγ (NEMO) subunit is composed of two HLX (helix 
domains), a LZ (leucine zipper domain) responsible for ubiquitin-binding, and a ZF (zinc finger-binding 
domain) facilitating interaction with IκBs. Upon IKK complex formation, the HLX domain of IKKγ interacts 
with the c-terminal NBD (NEMO binding domain). (Fig. adapted from (80)) 

 

The activation of NF-κB transcription factors is not only accompanied by a rapid 

transcriptional upregulation of pro-inflammatory cytokines such as TNFα (tumour 

necrosis factor α), IL-6 (Interleukin-6) and IL-1β. However, it has also been shown to 

regulate the expression of cytosolic PRRs such as NLRP3, NLRP2 and NOD2 (100, 101).  

 
 

1.6. Cytosolic PRRs 
 

The cytosolic receptor families RLHs (RIG-I-Like Receptors), OLRs (OAS-Like Receptors), 

NLRs (Nod-Like Receptors) and ALRs (AIM2-Like Receptors) monitor the intracellular 

environment (102-104).  

The RLHs such as RIG-I (retinoic-acid inducible gene I) and MDA5 (melanoma 

differentiation-associated protein 5) sense viral RNA inducing NF-κB and interferon 

signalling through MAVS (mitochondrial antiviral signalling protein) (102). The 

prominent OLR STING (Stimulator of interferon genes) together with its adapter cGAS 

(cyclic GMP-AMP synthase) is involved in the response to cytosolic DNA leading to a type 

I interferon response (105, 106).  

 

NLRs form the largest family of intracellular PRRs, consisting of 22 known proteins that 

generally feature an N-terminal effector domain, a central nucleotide-binding domain 

(NACHT) and a C-terminal leucine-rich repeat (LRR) domain responsible for ligand 

recognition (104, 107). Depending on their N-terminal domain, NLRs are classified as 
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either NLRA (AD), NLRB (BIR), NLRC (CARD) or NLRP (PYD) proteins (Table 3). Among 

these, individual members of the NLRC and NLRP subfamily—that harbour the N-

terminal death fold domains CARD or PYD, respectively—have been shown to act as 

PRRs. NLRCs and NLRPs can recruit CARD- and PYD- containing proteins and initiate the 

formation of multiprotein oligomers referred to as NODosomes or inflammasomes, 

respectively (Figure 6) (108, 109).  While only conclusively shown for the NAIP/NLRC4 

inflammasome, it is believed that ligand engagement by these NLRs results in the 

unfolding of an auto-inhibited receptor, which allows the central NACHT to bind ATP 

which promotes oligomerisation (104, 110, 111). Subsequently, ATP hydrolysis is 

believed to revert the active receptor complex to its ground state. Oligomerisation 

results in the formation of a wheel-like structure that serves as a seed-like structure to 

initiate signal transduction. 

Table 3 NOD-like receptor family. Varying N-terminal effector domains allow classification in sub-families. 

Modified from (112). 

 

The NODosome is formed upon recognition of the cell wall component muramyl 

dipeptide (MDP), present in most Gram-negative and Gram-positive bacteria, by NOD2. 

This leads to the recruitment and ubiquitination of the adaptor kinase receptor-

interacting protein kinase 2 (RIPK2) driving NF-κB and MAPK signalling (113, 114). The 

ubiquitin chains on RIPK2 serve as binding platforms for NF-κB activation similar to the 

TLR induced NF-κB signalling shown in Figure 3.   

 

 

NLR family N-terminal effector domain Name 
NLRA acid transactivation domain (AD) Class II transactivator (CIITA) 

NLRBs baculovirus inhibitor repeat (BIR) NAIPs 
NLRCs caspase recruitment domain (CARD) NODs 
NLRPs pyrin (PYD) NALPs 
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Figure 6 NLR signalling proteins. (A) Schematic representation of a subset of NLR family proteins. All 
human NLRs contain a central NACHT domain and a C-terminal ligand-sensing LRR domain (except 
NLRP10). (B) NOD2 oligomerisation recruits the adaptor protein RIPK2 via CARD–CARD interactions, which 
activate NF-κB and MAPK signalling. (C) Inflammasome forming receptors recruit the bipartite adaptor 
protein ASC via homotypic PYD–PYD (NLRP3) or CARD–CARD interactions (NLRP1B and NLRC4). CARD-
CARD interactions lead to the recruitment of pro-caspase 1, leading to its proximity-induced 
autoproteolytic activation.  

Inflammasome formation leads to the recruitment of the adaptor molecule ASC (an 

apoptosis-associated speck-like protein containing CARD) through pyrin-pyrin 

homotypic interactions resulting in the formation of ASC filaments (115). This facilitates 

the recruitment of the cysteine protease caspase-1, through CARD-CARD 

interactions (116, 117). Autocatalytically activated caspase-1 cleaves the pro-

inflammatory cytokines pro-IL-1β and IL-18 into their mature forms, as well as the death 

effector molecule gasdermin D (GSDMS) (108, 118, 119). N-terminally cleaved GSDMD 

binds to phosphatidylinositol phosphates and phosphoserine of the plasma membrane 

forming pores that allow IL-1β secretion and rapid cell lysis (120-122). Lysis is evoked by 

a change of the ion gradient at the plasma membrane, driving an increase in osmotic 

pressure and characteristic swelling and rupturing of the cells (120, 123).  

This lytic form of cell death is termed pyroptosis. In addition to releasing cytokines and 

destroying the potential habitat of intracellular bacteria, pyroptosis also releases 

cytosolic DAMPS, such as ATP, which further propagate the inflammatory response (124, 

125). GSDMD maturation and pore formation can also precede and lead to 

inflammasome formation, as it is the case for non-canonical NLRP3 signalling. 
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1.7. NLRP3  
 

Amongst all inflammasome sensors, NLRP3 is the most widely studied, as it is associated 

with multiple inflammatory diseases. Monogenetic autoinflammatory pathologies of 

NLRP3, summarised as CAPS (cryopyrin-associated periodic syndromes) include FCAS 

(familial cold autoinflammatory syndrome), MWS (Muckle-Wells syndrome) and NOMID 

(neonatal-onset multisystem inflammatory disorder) (126-128). They all show a 

systemic IL-1 mediated inflammation and fever, caused by spontaneous, stimulus-

independent inflammasome activation (129). Furthermore, non-genetic dysregulation 

of NLRP3 has been implicated in diseases like type-2 diabetes, arteriosclerosis, 

Alzheimers and Parkinsons (130-136). 

 

Inflammasome activation is often referred to as a two-step process: Signal 1 (Figure 7A) 

consists of the activation of the NF-κB signalling pathway (Chapter 1.3.2) by an 

independent PRR, typically TLR4 or TLR2 (137, 138). In vitro, this priming step is required 

for the transcriptional upregulation of the pro-IL-1ß precursor. In the absence of this 

first signal, the inflammasome can still be activated, inducing pyroptosis but no IL-1ß 

secretion. NLRP3 also relies on signal 1 for transcriptional upregulation and post-

translational licensing (137, 139).  

A wide range of activators are known for signal 2 of NLRP3 activation (Figure 7B), 

including extracellular adenosine triphosphate (ATP), pore-forming bacterial toxins, 

crystalline structures such as monosodium urate (MSU), asbestos or silica or drugs such 

as Nigericin (108, 140-142). These activators do not associate directly with NLRP3 but 

instead are thought to be activated by a generic pathway facilitated by other proteins 

(143). 

In addition to these canonical stimuli, non-canonical inflammasome activation can occur 

through direct sensing of LPS by caspase 4/5 (human) or caspase 11 (mouse) (144-146). 

The activated caspases directly cleave GSDMD, thus activating pyroptotic cell death 

independent of caspase-1, which indirectly activates NLRP3 via potassium efflux through 

the formed pores (121, 146, 147).  

While many models for activation have previously been reported including the 

mitochondrial release of reactive oxygen species (ROS), calcium (Ca2+) signalling and 
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lysosomal disruption during incomplete phagocytosis, it was assumed for a long time 

that a drop in cytosolic potassium was necessary and for NLRP3 activation (141, 145, 

148-152). Downstream of potassium efflux, Nek7 (never in mitosis gene a – related 

expressed kinase 7) was identified as an upstream protein required for murine NLRP3 

activation (153-155).  

However, in recent studies the dispersal of the trans-Golgi network (TGN) was identified 

as the common denominator of both potassium-dependent and -independent 

activation (156-158). In this model, the polybasic regions of NLRP3 are thought to 

interact with negatively charged phosphatidylinositol-4-phosphate (PtdIns4P) on the 

dispersed TGN leading to heptameric NLRP3 aggregation. This causes polymerisation of 

ASC and inflammasome formation, which leads to downstream signalling described in 

the previous section. 

 

1.8. NLRC4  
 

In contrast to NLRP3, NLRC4 (also known as IPAF) is not a direct sensor of PAMPs but 

acts as an adapter with NAIPs (neuronal apoptosis inhibitory protein) that serve as 

receptors for a variety of different bacterial components.  

Among the seven NAIPs in mice, NAIP1 and NAIP2 detect components of the type III 

secretion system (T3SS), while NAIP5 and NAIP6 detect flagellin independent of TLR5 

(142, 160, 161). The only human orthologue, hNAIP, detects both flagellin and T3SS 

proteins (162, 163).  

NAIPs (NBD-domain-containing inhibitor of apoptosis proteins) are NLR proteins that 

contain baculoviral inhibitor of apoptosis protein repeat (BIR) domains at their N-

termini. To date, the exact mechanism of ligand recognition remains unclear but is 

thought to involve interactions with the helical domains adjacent to the LRR. It was 

further suggested that, in contrast to Toll-like receptors, the LRR itself does not 

determine substrate specificity (164). More so, the expression of a truncated version 

lacking the C-terminus, but not full-length NLRC4, leads to spontaneous caspase-1 

activation, suggesting a repressive role of the LRR (149). It is thought that NAIPs are 

released from an auto-inhibitory state upon ligand binding and allow interaction with 

NLRC4 (Figure 7C). This process then leads to a rotation of the LRR domain, causing the 

oligomerisation of 10-12 NLRC4 molecules in a disc-like structure (165-167). Instead of 
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a PYD domain, NLRC4 contains a CARD domain, which, upon oligomerisation, is capable 

of directly interacting with caspase-1, thus not requiring ASC for inflammasome 

assembly and downstream cell death. However, the production of IL-1β and IL-18 is 

dependent on ASC (142, 168). 

 

 

 
Figure 7 Inflammasome dependent pyroptosis: a) TLR dependent priming: NF-κB activation leads to 
transcriptional upregulation of Pro-IL-1β and NLRP3 and post-translational licensing of NLRP3. b) NLRP3 
activation is mostly driven by stimuli leading to potassium efflux. These, as well as potassium-independent 
stimuli, can recruit NLRP3 to the dispersed TGN which serves as a scaffold for NLRP3 multimerisation. c) 
NAIP functions as a direct receptor for bacterial flagellin and the type 3 secretion system (T3SS) subunits. 
Binding results in NAIP activation, allowing it to recruit and activate NLRC4. d) Lethal factor (Lf) uptake is 
mediated via complex formation with protective antigen (PA) which binds to receptors on the cell leading 
to endocytic uptake. Internalised Lf leads to autolytic cleavage within the FIIND domain and removal of 
the auto-inhibitory PYD domain of NLRP1.  E) Activation of the different receptors (b-d) leads to 
autoproteolytic activation of caspase-1, which can process pro-IL-1ß and GSDMD. The N-terminal 
fragment of GSDMD forms pores in the cell membrane driving pyroptosis. (Fig. adapted from (159))  
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NLRC4 expression was reported to be upregulated by pro-inflammatory stimuli such as 

TNFα, Type I interferons such as IRF8 as well as genotoxic stress-mediated P53 activation 

(169-171). However, numerous studies propose basal levels of NLRC4 to be sufficient 

for inflammasome signalling and suggest a regulation primarily at the post-

transcriptional level (See chapter 1.9) (172). Activation of the NLRC4 in human cell-lines 

can be achieved using recombinant LFn-YscF protein (Needle Toxin protein). This protein 

contains the Burkholderia T3SS needle protein (YscF) that has been optimised to binding 

human NAIP and is fused to the anthrax lethal factor (LFn) transporter protein. LFn binds 

to Anthrax Protective Antigen (PA), which in turn binds to receptors on the cell surface 

(CMG2 or TEM8) leading to phosphorylation and ubiquitination events (173-175). These 

cause oligomerisation in lipid rafts and the internalisation of the receptor-toxin complex 

by endocytosis. 

 

Bacillus anthracis, of which this cargo delivery system is derived, naturally encodes for 

anthrax toxin lethal factor (LF).  LF is a metalloprotease that cleaves various host 

proteins (e.g. MAPKs) to subvert the innate immune response. At the same time, LF also 

cleaves murine NLRP1B in its N-region. This in turn results in the exposure of a neo N-

terminus that is detected by the N-end rule machinery, which subjects this molecule to 

K48-linked ubiquitination. As a result of this process, NLRP1 gets degraded by the 

proteasome up to the pre-cleaved FIIND domain. This, in turn, liberates the C-terminal 

fragment that then oligomerises to form a seed-like signalosome, allowing the C-

terminal CARD to trigger ASC filament formation (Figure 7D) (176, 177). This cleavage 

event is sufficient for Nlrp1b activation, emphasising the importance of post-

translational modifications in inflammasome signalling, which will be discussed in the 

next section. 
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1.9. Control of inflammasome activation by post-translational 
modifications 

 

As illustrated above, PTMs (post-translational modifications) are a central regulatory 

mechanism for inflammasome signalling. PTMs are covalent modifications of proteins 

to regulate their size, conformation, location, turnover and interaction with their target. 

Enzymes that catalyse these modifications can potentially be targeted pharmaceutically 

to fine-tune inflammatory signalling (178, 179). 

 

The NF-κB pathway and its transcriptional regulation, as well as many NLRs, heavily rely 

on post-translational modifications throughout their signalling cascades. One PTM of 

particular importance in this context is ubiquitin modifications that can change 

activation states, lead to proteasomal degradation, and act as indispensable scaffolding 

for the signal components. Thus, tight regulation of the ubiquitin system, not only 

through ubiquitin ligases but also through deubiquitinases (DUBs), is critical. The DUBs 

A20 (TNFAIP) and CYLD negatively regulate NF-κB signalling by cleaving K63 linked 

polyubiquitin from RIPK1, TRAF2/6 and NEMO (180, 181). Notably, although A20 is 

characterised as a DUB, it can also add ubiquitin to its substrate proteins (182).  

 

Besides the NF-κB priming step, the assembly and activation of inflammasomes are also 

directly controlled by PTMs. A variety of modifications of inflammasome components 

such as phosphorylation, ubiquitination, sumoylation and proteolytic processing are 

summarised in Figure 8. 
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Figure 8 Post-translational modifications (PTMs) regulate inflammasomes. Schematic structure and 
PTMs on different inflammasome compartments. Modifying enzymes and target region are indicated. 
Modifications that promote activation are shown as black arrows, whereas those that suppress 
inflammasome activation are shown as red blocks. Modified from (183, 184). 

 

Multiple E3 ligases have been shown to limit NLRP3 levels by targeting for proteasomal 

(TRIM3, FBXL2) or phagosomal (MARCH7) degradation. During priming, BRCC3, a Lys63-

specific deubiquitinase is thought to remove ubiquitination, enabling a shift of NLRP3 

from its inactive, monomeric state to an active form capable of multimerization. 

Recently, E3 ligases that positively regulate NLRP3 have also been discovered (Pellino2, 

TRAF6); however, their mechanism of NLRP3 activation still remains elusive.  

Phosphorylation remains the most extensively studied PTM in inflammasome signalling, 

with over a dozen phosphorylation sites identified for NLRP3 alone (Table 5). Well- 

studied NLRP3 phosphorylation events include Ser198 by c-jun kinase (JNK) and Ser295 

by protein kinase D (PKD) and protein kinase A (PKA). Phosphorylation by JNK1 was 

suggested to play a critical role in the deubiquitination of NLRP3 during priming, 

facilitating the molecular interaction of NLRP3 with BRCC3 (185).  

The phosphorylation at Ser295 of NLRP3 has been extensively studied, with reports of 

both activation and inhibitory effects (186, 187).  

cAMP-activated PKA was reported to directly interact with NLRP3 and drive the 

phosphorylation of Ser295, preventing inflammasome formation. In contrast, a different 
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study showed that in response to the inflammasome activators ATP and Nigericin, PKD 

was activated, leading to an activating phosphorylation of the same Ser295 site. It was 

proposed that this modification leads to the release of NLRP3 from Golgi-associated 

MAMs (Mitochondria-associated ER membranes) to the cytosol, where it assembled a 

fully mature inflammasome. 

Table 4 Phosphorylation Sites on NLRP3. List of all phosphosites on NLRP3 published to date. Modified 

from (190). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human/Murine 
Residue 

Effect of 
Phosphorylation 

Kinase Validation/Source 

S5/S3 Inhibitory Unknown Yes (188) 

Y13/Y11 Unknown Unknown Yes (185) 
S161/S157 No effect Unknown Yes (188) 
S163/D159 Unknown/No effect Unknown Yes (185) 
S198/S194 Activation JNK1 Yes (185) 
T233/T229 Unknown Unknown No  
S295/S291 Activating 

Inhibitory 
PKD 
PKA 

Yes (186) 
Yes (187) 

S334/S330 No effect Unknown Yes (185) 
S387/S383 Unknown Unknown No 
S436/S432 Unknown Unknown No 
S728/S725 Unknown Unknown No(188) 
Y861/Y858 Inhibitory Unknown Yes (189) 
S975/N972 No effect Unknown Yes  (185) 
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2. Aims of this work 
 
As shown above, post-translational modifications play a significant role in 

inflammasome signalling. Nevertheless, the exact role and effects of PTMs are still 

poorly understood. In this study, we set out to analyse both the effect of ubiquitination 

and phosphorylation events in the context of different inflammasome signalling 

pathways.  

 

Broadly, the objectives of the study were: 

1. To determine the role of the deubiquitinase USP7 in NF-κB and inflammasome 

signalling. 

2. To understand the NF-κB-independent role of the kinase IKKβ on NLRP3 

signalling. 

 

Aim 1 is relevant to Chapter 4, while aim 2 is explored in Chapter 5. 
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3. Materials and Methods 
 

3.1. Materials 
 
If materials or reagents are not listed in this section, the information on the origin or 

manufacturer can be found in the Methods section. 

 
 
 

3.1.1. Consumables 
 
The consumables for sterile and non-sterile laboratory work were purchased from the 

following manufacturers: Bioplastics, Bio-Rad, Biozym, Corning, Greiner, Labomedic, 

Neolab, Sarstedt and VWR. 

Novex™ 8%/10%/12% Tris-Glycine Mini Gels, WedgeWell™ format, 12-well/15-well 

were obtained from Thermo Fisher Scientific 

Whatman Cellulose Blotting Papers (Grade GB005) and Amersham Protran 0.45 NC 

nitrocellulose Western blotting membranes were obtained from GE Healthcare. 

 

3.1.2. Chemicals and reagents 
 

Chemical/reagent Supplier 
6x loading dye Thermo Fisher Scientific 
Acetic Acid Carl Roth 
Agarose ultrapure Biozym  
Ammonium acetate Carl Roth 
Ammonium persulfate Carl Roth 
BD Pharma Lyse™ BD Biosciences 
Bromophenol blue Carl Roth 
ß-mercaptoethanol  Carl Roth 
Bovine Serum Albumin  Carl Roth 
CaCl2 Carl Roth 
Chloroform Carl Roth 
cOmplete™ Protease Inhibitor Cocktail Roche 
DMSO Carl Roth 
DNA Ladder Fermentas 
DNA stain G Serva 
dNTP-set Genaxxon 
Doxycycline hyclate Sigma-Aldrich 
DTT Carl Roth 
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EDTA (0.5 M solution, pH = 8,0) Life Technologies 
EDTA (Sodium salt) Carl Roth 
Ethanol (ultra pure) Carl Roth 
Ethanol (denatured) Carl Roth 
Biocoll (density 1,077g/ml) Merck Millipore 
Gene Ruler 1kb and 100bp Thermo Fisher Scientific 
Glycerol Carl Roth 
Glycin Carl Roth 
Guanidinium chloride Carl Roth 
HEPES Carl Roth 
H2O (sterile) Braun 
HCl Carl Roth 
Isopropanol Carl Roth 
Potassium acetate Carl Roth 
KCl Carl Roth 
LB Carl Roth 
LB agar Carl Roth 
Luminata Forte Western HRP substrate Merck 
Methanol Carl Roth 
MgCl2 Carl Roth 
Milk powder Carl Roth 
Na2HPO4 Carl Roth 
Na2Cl2 Carl Roth 
NaOH Carl Roth 
Nuclease-Free Water Thermo Fisher Scientific 
PageRuler™ Prestained Protein Ladder Thermo Fisher Scientific 
PhosSTOP™ Phosphatase Inhibitor Roche 
Pierce ECL WB substrate Thermo Fisher Scientific  
Ponceau S staining Sigma-Albich 
RNase A Life Technologies 
SDS Carl Roth 
Sodium acetate Carl Roth 
SYBR green Thermo Fisher Scientific 
Tetramethylethylenediamine Carl Roth 
TRIS-base Carl Roth 
TRIS-HCL Carl Roth 
Triton X-100 Carl Roth 
Trypan blue Thermo Fisher Scientific 
Trypsin EDTA Gibco 
Tween 20 Carl Roth 

 

3.1.3. Enzymes and enzyme buffers 
 
Enzyme/buffer Supplier 
5x Phusion Hf/Gc Buffer Thermo Fisher Scientific 
10x Fastdigest Buffer Thermo Fisher Scientific 
10x Fastdigest Green Buffer Thermo Fisher Scientific 
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DNase I Thermo Fisher Scientific 
FastAP (Alkalische Phosphatase) Thermo Fisher Scientific 
Fastdigest Restriction Enzymes Thermo Fisher Scientific 
NEB2 Buffer NEB 
Phusion high-fidelity DNA polymerase (2 u/µl) Thermo Fisher Scientific 
Powerup Sybr Master Mix Thermo Fisher Scientific 
Proteinase K VWR 
Revertaid Reverse Transcriptase 200 U/µl Thermo Fisher Scientific 
Ribolock Rnase Inhibitor (40 U/µl) Thermo Fisher Scientific 
T4 DNA Ligase and buffer Fisher Scientific 
T4 DNA polymerase Enzymatics  
Gibson Master Mix Inhouse 

 
3.1.4. Kits 

 
 

3.1.5. Buffers and solutions 
 

Buffer/Solution Components 
10X PBS 800g NaCl 

20g KCl 
142g Na2HPO4 
add water to 10 L, pH 7.4  

10X TBS 240 g Tris  
880 g NaCl dissolved in 900 ml water 
Add water to final volume 10 L, pH 7.6  

10X Tris-glycine buffer  290g Tris 
1440g Glycine 
Add water to final volume 10 L  

10X SDS Running buffer 290g Tris 
1440g Glycine 
100g SDS 
Add water to final volume 10 L 

2X Laemmli Sample buffer 150 mM Tris-HCl pH 6.8  

Kit Supplier 
BCA Protein Assay Kit (Pierce™) Thermo Fisher Scientific 
ELISA kits (hIL-1, hIL-6, hTNF, mIL-1, mIL-6) BD Biosciences 
ELISA kit (hIL-18) R&D Systems 
ECL Western Blot substrate (Pierce™) Thermo Fisher Scientific 
Lineage Cell Depletion Kit Milteny 
LDH cytotoxicity assay kit (Pierce™) Thermo Fisher Scientific 
MiSeq Reagent Kit v2 (300 cycle) Illumina 
PureLink® HiPure Plasmid Filter Maxiprep Kit  Invitrogen™ 
QIAquick Gel Extraction Kit Qiagen 
QIAquick PCR purification Kit Qiagen 
RNeasy mini kit Qiagen 
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200 mM DTT 
4% SDS 
20% Glycerol  
0.01% Bromophenol Blue  
Add water to final volume 100 ml 

6X Laemmli Sample buffer 450 mM Tris-HCl pH 6.8  
600 mM DTT 
12% SDS 
60% Glycerol  
0.03% Bromophenol Blue  
Add water to final volume 100 ml 

50X TAE Buffer 242g Tris 
57.1 ml Acetic acid 
18.6g EDTA  
Add water to final volume 1L  

Direct Lysis Buffer 0.2 mg/ml Proteinase K 
1 mM CaCl2 
3 mM MgCl2 
1 mM EDTA  
1 % Triton X-100  
10 mM Tris pH 7.5  

LB Agar  20 g LB  
15 g Agar 
1 L H2O 
Autoclaved before use  

LB medium 20 g LB 
1 l H2O 
Autoclaved before use  

MACS buffer  2mM EDTA 2% FCS 
in PBS  

Miniprep buffer N3  4.2 M Guanidine hydrochloride  
0.9 M Potassium acetate 
pH = 4.8  

Miniprep buffer P1 50 mM Tris pH = 8.0  
10 mM EDTA 
100 μg/ml RNase A  

Miniprep buffer P2 200 mM NaOH  
1 % SDS  

Miniprep buffer PE 10 mM Tris pH = 7.5 
 80 % ethanol  

PBST 1L 10X PBS 
9L Water 
5 ml Tween-20  

RLT buffer 4.5 M Guanidine hydrochloride 
50mM Tris-HCl pH 6.6 
2% TritonX-100 

SDC Lysis buffer 1% SDC 
100mM Tris pH 8.5 
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TBST 1 L 10X TBS 
9 L Water 
5 ml Tween-20  

Western Blot transfer buffer 200 ml 10X Tris-Glycine buffer 
400 ml Ethanol 
1400 ml water  

 
 

3.1.6. Cell culture reagents 
 

Reagent Supplier 
Amino Acid Mixture (Complete) Promega 
β-estradiol Sigma-Aldrich 
BAY 11-7082 (IKKΒ inhibitor) MedChemTronica 
Blasticidin S HCl (10 mg/ml)  Thermo Fischer Scientific 
DB2313 (PU.1 inhibitor) Aobious 
DMEM with glutamine Gibco 
CLI095 Invivogen 
Cycloheximide Carl Roth 
Doxycycline hyclate Sigma-Adrich 
Fetal cow serum (FCS) Gibco 
GeneJuice Merck 
HEPES Gibco 
hIL-3 PeproTech 
hM-CSF PeproTech 
Imiquimod InvivoGen 
L18-MDP InvivoGen 
LF-YscF Own production 
Lipofectamine-2000 Life technology 
LPS-EB Ultrapure Invivogen 
MCC950 (CRID3) Tocris bioscience 
MG-132 Selleckchem  
Nigericin InvivoGen 
Pam3CSK4 InvivoGen 
Penicillin/Streptomycin Gibco 
Phorbol 12-myristate 13-acetate ENZO Life Sciences 
Protective antigen (pA) Biotrend 
Puromycin dihydrochloride Carl Roth 
R848  InvivoGen 
RPMI with glutamine Gibco 
SP600125 (JNK inhibitor) Cell signalling technologies 
Sodium pyruvate Gibco 
Staurosporine Santa Cruz 
Takinib Selleck Chemicals 
TPCA-1 (IKKΒ inhibitor) R&D Systems 
Z-VAD-FMK Peptanova 
Z-YVAD-FMK R&D Systems 
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3.1.7. Antibodies  

 
3.1.8. Plasmids 

 

Antibody Supplier Dilution 
Anti-Caspase-1 (p20) (human), mAb (Bally-1) AdipoGen 1:1000 
Anti-Caspase-1 (p20) (mouse), mAb (Casper-1) AdipoGen 1:1000 
Anti-NLRP3/NALP3, mAb (Cryo2) AdipoGen 1:1000 
NLRC4 Cell Signaling Technology 1:500 
Ubiquitin (P4D1) Santa Cruz 1:1000 
Rip2 (D10B11) Cell Signaling Technology 1:1000 
Anti-IL1 beta/IL-1F2 (human) R&D Systems 1:500 
Anti-ASC Santa Cruz 1:500 
Anti-GAPDH (D16H11) HRP Cell Signaling Technology 1:2000 
Anti-USP7 Biomol 1:1000 
Anti-p53 Santa Cruz 1:500 
Anti-IKKβ Cell Signaling Technology 1:1000 
Anti- IκBa (L35A5) Cell Signaling Technology 1:1000 
Anti-Phospho-iκBa  Cell Signaling Technology 1:1000 
Anti-Phospho-NF-κB-P65 (Ser536) Cell Signaling Technology 1:1000 
Anti-FLAG® M2 HRP Sigma-Aldrich 1:1000 
Anti-goat IgG HRP  Santa Cruz 1:3000 
Anti-mouse IgG HRP  Santa Cruz 1:3000 
Anti-rabbit IgG HRP  Santa Cruz 1:3000 
Anti-actin-HRP Santa Cruz 1.2000 

Plasmid Usage Source 
pCMV-Gag-Pol Retrovirus generation AG Hornung 
pCMV-VSVG Lentivirus/ Retrovirus 

generation 
AG Hornung 

pFUGW_ev (empty vector) Cloning AG Hornung 
pLI_mCherry Transduction AG Hornung 
pLI_hNLRP3 Transduction This study 
pFUGW_NLRP3 Transduction This study 
pLI_ev (empty vector) Cloning AG Hornung 
pMini_U6_gRNA_CMV_BFP_T2A_Cas9 KO generation  AG Hornung 
pMini_U6_gRNA_CMV_mCherry_T2A_Cas9 KO generation AG Hornung 
pRP_ev (empty vector) Cloning AG Hornung 
pRP_mCherry Transduction AG Hornung 
pRZ_Cas9_BFP KO generation AG Hornung 
pRZ_Cas9_mCherry KO generation AG Hornung 
pMDLg/pRRE  Lentivirus generation  AG Hornung 
pRSV-REV  Lentivirus generation AG Hornung 
LentiCas9-Blast KO generation Addgene 

#52962 
LentiGUIDE-Puro KO generation Addgene 

#52963 
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3.1.9. Primers and other oligonucleotides 
 
DNA oligonucleotides were synthesized by Integrated DNA Technologies (IDT).  
 

pcDNA3.1_IKKβ Cloning Addgene 
#23298 

pcDNA3.1_ IKKβ S177E Cloning This study 
pFBD-LFn-YscF Protein production / 

Cloning 
R. Vance, 
UC Berkeley 

pLI_ IKKβ Transduction This study 
pLI_ IKKβ S177E Transduction This study 
pRP_huNLRP3-flag, S161A Transduction This study 
pRP_huNLRP3-flag, S163A Transduction This study 
pRP_huNLRP3-flag, S161A, S163A Transduction This study 
pLI_LFn-YscF Transduction This study 

Primer Sequence Usage 
CHUK_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTGC

AAAGACACCAAAGCTCAAGGA 
Genotyping 
(PCR1) 

CHUK_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTG
AGCATCAGAGTAGATTTGTACA 

Genotyping 
(PCR1) 

IΚBKB_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTC
AGGGGCATGCGGCATTTATC 

Genotyping 
(PCR1) 

IΚBKB_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAT
GCAGAGTGTGCTCCTTTCCTC 

Genotyping 
(PCR1) 

IRF1_miseq_fwd ACACTCTTTCCCTACACGACGctcttccgatctTTGTAGCC
CATGCCAAGGATGAC 

Genotyping 
(PCR1) 

IRF1_miseq_rev TGACTGGAGTTCAGACGTGTGctcttccgatctCATGAAT
GTTTTGCAAGGGATAG 

Genotyping 
(PCR1) 

IRF3_miseq_fwd ACACTCTTTCCCTACACGACGctcttccgatctCTGGTCCA
TATGAAGTCTCCAGA 

Genotyping 
(PCR1) 

IRF3_miseq_rev TGACTGGAGTTCAGACGTGTGctcttccgatctCAACAGC
CGCTTCAGTGGGTTCT 

Genotyping 
(PCR1) 

IRF4_miseq_fwd ACACTCTTTCCCTACACGACGctcttccgatctTTGTAGTC
CTGCTTGCCCGCGTG 

Genotyping 
(PCR1) 

IRF4_miseq_rev TGACTGGAGTTCAGACGTGTGctcttccgatctAGCTCTTC
TCCCCGCAGTGCAGA 

Genotyping 
(PCR1) 

IRF5_miseq_fwd ACACTCTTTCCCTACACGACGctcttccgatctGTTCTCTGT
GGTCGGCTATTTC 

Genotyping 
(PCR1) 

IRF5_miseq_rev TGACTGGAGTTCAGACGTGTGctcttccgatctCCTCGTA
GATCTTGTAGGGCTG 

Genotyping 
(PCR1) 

IRF7_miseq_fwd ACACTCTTTCCCTACACGACGctcttccgatctTGCTTCCA
GGGCACGCGGAAACA 

Genotyping 
(PCR1) 
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IRF7_miseq_rev TGACTGGAGTTCAGACGTGTGctcttccgatctTAACACC
TGACCGCCACCTAACT 

Genotyping 
(PCR1) 

IRF8_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTAA
AGGAGACACTGTGCCCACAGT 

Genotyping 
(PCR1) 

IRF8_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCT
GTCTTTCCAAGGATGTGTGAC 

Genotyping 
(PCR1) 

JUN_ miseq _fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCT
TCTATGACGATGCCCTCAAC 

Genotyping 
(PCR1) 

JUN_ miseq _rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCC
CGTTGCTGGACTGGATTATCA 

Genotyping 
(PCR1) 

JNK1_ miseq _fwd ACACTCTTTCCCTACACGACGctcttccgatctTTGTA
GCCCATGCCAAGGATGAC 

Genotyping 
(PCR1) 

JNK1_ miseq _fwd TGACTGGAGTTCAGACGTGTGctcttccgatctCATG
AATGTTTTGCAAGGGATAG 

Genotyping 
(PCR1) 

YY2_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTACC
ATCAATGGCGGATGGTTGTG 

Genotyping 
(PCR1) 

YY2_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTC
ACTCCCCTCAGCGTTCTTTTTC 

Genotyping 
(PCR1) 

STAT5A_miseq_fw
d 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCA
TCGTGTGTCTGTCCCTGTGT 

Genotyping 
(PCR1) 

STAT5A_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTC
ACAATTACTTGCGGGTGTTCTC 

Genotyping 
(PCR1) 

MAF_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTAG
TCCCCTGGCCATGGAATATGT 

Genotyping 
(PCR1) 

MAF _miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTG
TAGCCGGTCATCCAGTAGTAGT 

Genotyping 
(PCR1) 

IΚBKE_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTCC
GAGACGAACTTCTCATCATCA 

Genotyping 
(PCR1) 

IΚBKE_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTG
AACTCCTGTCTCTCTGGATGCA 

Genotyping 
(PCR1) 

MAP3K7_miseq_ 
fwd 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGT
GCTTGCATTCACATTGTGTCT 

Genotyping 
(PCR1) 

MAP3K7_miseq_ 
rev 

TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTG
TGAGAGTGAGAGAGAAGGAGGA 

Genotyping 
(PCR1) 

NLRP3_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCA
CTTCGGCTCATCTCTTTTTG 

Genotyping 
(PCR1) 

NLRP3_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTA
CCTGGAGGATGTGGACTTGAAG 

Genotyping 
(PCR1) 

NLRC4_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTAT
GGCAATTCGCTGCAGCAGAGT 

Genotyping 
(PCR1) 

NLRC4_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTA
GGACTTGTACCATACCCCATCT 

Genotyping 
(PCR1) 

RELA_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTTA
ATGGGGCTGCGGTGTCCCCTG 

Genotyping 
(PCR1) 

RELA _miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTC
AGACATCCAAACCTGACTCCCA 

Genotyping 
(PCR1) 

RELB_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTGT
GGGGCTTCCTTGGGATATTCT 

Genotyping 
(PCR1) 
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RELB _miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTT
GTCAGGAGAAAGCTGAGGTGGA 

Genotyping 
(PCR1) 

USP7_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCA
GATTCAGCATTGCACTGGAG 

Genotyping 
(PCR1) 

USP7_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTA
GGCTCTGTGACTGATGATGTGT 

Genotyping 
(PCR1) 

TP53_miseq_fwd ACACTCTTTCCCTACACGACGCTCTTCCGATCTTG
CAGCTGTGGGTTGATTCCACA 

Genotyping 
(PCR1) 

TP53_miseq_rev TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCT
CCACACGCAAATTTCCTTCCA 

Genotyping 
(PCR1) 

LIColigo20mer GGAAAGGACGAAACACCGNNNNNNNNNNNNN
NNNNNNGTTTTAGAGCTAGAAATAGCAAGTTAA
AATAAGG 

LIC cloning 

LIColigo18mer GGAAAGGACGAAACACCGNNNNNNNNNNNNN
NNNNGTTTTAGAGCTAGAAATAGCAAGTTAAAA
TAAGG 

LIC cloning 

LICsgRNA_rev AACGGACTAGCCTTATTTTAACTTGCTATTTCTAG
CTCTAAAAC 

LIC cloning 

Illu fwd 1 AATGATACGGCGACCACCGAGATCTACACTATAG
CCTACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 2 AATGATACGGCGACCACCGAGATCTACACATAGA
GGCACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 3 AATGATACGGCGACCACCGAGATCTACACCCTAT
CCTACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 4 AATGATACGGCGACCACCGAGATCTACACGGCTC
TGAACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 5 AATGATACGGCGACCACCGAGATCTACACAGGC
GAAGACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 6 AATGATACGGCGACCACCGAGATCTACACTAATC
TTAACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 7 AATGATACGGCGACCACCGAGATCTACACCAGGA
CGTACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu fwd 8 AATGATACGGCGACCACCGAGATCTACACGTACT
GACACACTCTTTCCCTACACGACGCT  

Genotyping 
(PCR2) 

Illu rev 1 CAAGCAGAAGACGGCATACGAGATCGAGTAATG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 2 CAAGCAGAAGACGGCATACGAGATTCTCCGGAG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 3 CAAGCAGAAGACGGCATACGAGATAATGAGCGG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 4 CAAGCAGAAGACGGCATACGAGATGGAATCTCG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 5 CAAGCAGAAGACGGCATACGAGATTTCTGAATGT
GACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 6 CAAGCAGAAGACGGCATACGAGATACGAATTCG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 7 CAAGCAGAAGACGGCATACGAGATAGCTTCAGG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 
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Illu rev 8 CAAGCAGAAGACGGCATACGAGATGCGCATTAG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 9 CAAGCAGAAGACGGCATACGAGATCATAGCCGG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 10 CAAGCAGAAGACGGCATACGAGATTTCGCGGAG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 11 CAAGCAGAAGACGGCATACGAGATGCGCGAGAG
TGACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

Illu rev 12 CAAGCAGAAGACGGCATACGAGATCTATCGCTGT
GACTGGAGTTCAGACGTGTGCT  

Genotyping 
(PCR2) 

NLRP3_S161A_S16
3A_fwd 

GTCTGGGTGAGGCTGTGGCACTCAACAAACGCTA
CACACGACTGCGT 

Mutagenesis 

NLRP3_S161A_S16
3A_rev 

CGTTTGTTGAGTGCCACAGCCTCACCCAGACGGG
CAT 

Mutagenesis 

NLRP3_S161A_fwd GTCTGGGTGAGGCTGTGAGCCTCAACAAACGC Mutagenesis 
NLRP3_S161A_rew CGTTTGTTGAGGCTCACAGCCTCACCCAGACGGG

CAT 
Mutagenesis 

NLRP3_S163A_fwd AGAGTGTGGCACTCAACAAACGCTACACACGACT
GCGT 

Mutagenesis 

NLRP3_S163A_rew CGTTTGTTGAGTGCCACACTCTCACCCAGACGGG
CAT  

Mutagenesis 

Gibson_NLRP3_pR
P_fwd 

ACCGGGACCGATCCAGCCTCCGCGGCCCCAATTA
GCTAGCATGAAGATGGCAAGC   

Cloning 

Gibson_NLRP3_pR
P_rew 

TCCATGCCTTGCAAAATGGCGTTACTTAAGATTA
GGATCCCTACTTGTCATCGTCAT  

Cloning 

LFn-YscF_fwd CCGTCCCACCATCGG Cloning 
LFn-YscF-NHEI_rew ATGATGCTAGCAAGATACATTGATGAGTTTGGAC

AA 
Cloning 

BclI_IKKβ ATGTGATCAGGTCGAGTCCCCCCACA Cloning 

Nhe_Flag_IKKβ 
ATGGCTAGCTGAACCGTCAGAATTGATCTACCAT
G 

Cloning 

IL1B_fwd CGAGGCACAAGGCACAAC qPCR 
IL1B_ rew CTGTTTAGGGCCATCAGCTTC qPCR 
IL6_fwd AGTGAGGAACAAGCCAGAGC qPCR 
IL6_ rew TGAGATGAGTTGTCATGTCCTG qPCR 
NLRC4_set1_fwd TCAGAAGGAGACTTGGACGAT qPCR 
NLRC4_set1_rew GGAGGCCATTCAGGGTCAG qPCR 
NLRC4_set2_fwd TGCATCATTGAAGGGGAATCTG qPCR 
NLRC4_set2_rew GATTGTGCCAGGTATATCCAGG qPCR 
GAPDH_fwd CTTTGTCAAGCTCATTTCCTGG qPCR 
GAPDH_rew TCTTCCTCTTGTGCTCTTGC qPCR 
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3.1.10. sgRNAs 

sgRNAs oligos consist of flanking sequence necessary for LIC cloning: 5'-
GGAAAGGACGAAACACCG-3 ', followed by the specific target site (Protospacer without 
PAM), followed by 5' GTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG-3' as second 
flanking sequence. The PAM sequence is highlighted in bold. 

 
 
3.1.11. Laboratory equipment and instruments 
 

Target Gene Proteospacer 
IRF1 CTCATGCGCATCCGAGTGATGGG 
IRF3 GGGGTCCCGGATCTGGGAGTGGG 
IRF4 CTGATCGACCAGATCGACAGCGG 
IRF5 ATGAAGCCGATCCGGCCAAGTGG 
IRF7 GCAGCCCCACGCGTGCTGTTCGG 
IRF8 AGAGCATGTTCCGGATCCCTTGG 
TP53 GCACAAAACACGGAGGGCTAAGG 
USP7 GAGCGCTGCTCAGATAGCGATGG 
RelA GCGCTTCCGCTACAAGTGCGAGG 
RelB GGAAACGGCGAGCGAGAGTGAGG 
NLRP3 GCTAATGATCGACTTCAATGGGG 
NLRC4 GGACCAACACCATCACCGCGTGG 
MYD88 GCTGCAGGAGGTCCCGGCGCGGG 
TRIF GGCCCGCTTGTACCACCTGCTGG 
TBK1 TTCAGATTCTGGTAGTCCATAGG 
IΚBKE GCATCGCGACATCAAGCCGGG 
MAP3K7 GTAAACACCAACTCATTGCGTGG 
CHUK TAGTTTAGTAGTAGAACCCATGG 
IΚBKB GAAGGTATCTAAGCGCAGAGG 
YY2 GGAGCTCCACGACATCAATGTGG 
STAT5A GCCACCGTACGCCTGCTGGTGGG 
MAF GTGCGGCCGTCTCATCGCCGGGG 
SPI1 TTGGTATAGATCCGTGTCATAGG 
TBK1 TTCAGATTCTGGTAGTCCATAGG 
JUN GGCTCCCCACTGGGTCGGCCAGG 
JNK1 GAAGATTCTTGACTTCGGTCTGG 
FOS GGGCTCGCCTGTCAACGCGCAGG 
SYK GCGCCAGAGCCGCAACTACCTGG 

Sequence Usage 
Biomek® FXp liquid handler Beckman Coulter 
C1000 Touch Thermal Cycler Bio-Rad 
CFX384 Touch Real-Time PCR Detection System Bio-Rad 
Centrifuge 5430 Eppendorf 
Centrifuge 5810 Eppendorf 
Epoch Microplate Spectrophotometer BioTek 
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3.2. Molecular biology methods 
 
 

3.2.1. Production of competent E. coli bacteria 
 
DH5a chemically competent bacteria were generated according to the protocol 

described in the brochure “Subcloning Notebooks” (Promega). 

 
3.2.2. Restriction cloning 

 

The desired DNA insert was either directly cut out of the original plasmid with suitable 

restriction enzymes or first amplified by PCR, whereby the corresponding restriction 

sites were added via primers and digested after purification using PCR purification 

columns with appropriate restriction enzyme. Tags or modifications were added in the 

PCR step by the use of modified primers wherever necessary. The target plasmid was 

digested with compatible restriction enzymes and dephosphorylated using FastAP (Fast 

alkaline phosphatase, Fermentas) according to the manufacturer´s instructions. Both 

DNA preparations were purified by agarose gel electrophoresis. For the ligation, 100 ng 

of the linearized vector was mixed with a 3-fold molar excess of insert DNA. 

Ligation occurred using 1 µl of T4 DNA ligase (Promega) and suitable buffers in a final 

volume of 10 µl according to the manufacturer's instructions. The ligation mixture was 

Fusion SL Vilber Lourmat (PEQLAB) 
Gene Pulser Xcel Bio-Rad 
HydroSpeed™ Microplate Washer TECAN 
MACS-Separators Miltenyi Biotec 
Microscopes Leica 
Mini Gel Tank Thermo Fisher Scientific 
Mini Trans-Blot® Bio-Rad 
NanoDrop™ Thermo Fisher Scientific 
Optima XPN-80 Ultracentrifuge Beckman Coulter 
SH800Z Cell Sorter Sony 
Spark® 20m multimode Reader Tecan 
TC-20™ Automated Cell Counter Bio-Rad 
Thermomixer® C Eppendorf 
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incubated at 16 ̊C overnight. The product of the ligation was subsequently transformed 

into competent bacteria (DH5α E. coli). 

3.2.3. Gibson cloning 
 

For sequence independent cloning, Gibson assembly was employed. The master mix 

containing the 5´exonuclease, DNA polymerase and DNA ligase was produced inhouse. 

While the target plasmid was linearized as described in 2.2.2., insert DNA were amplified 

using primers designed with the Snapgene® Gibson Assembly primer design tool 

generating overlapping ends. Both DNA preparations were purified by agarose gel 

electrophoresis. For the ligation, 75 ng digested vector mixed with a 3-fold molar excess 

of insert DNA was added to 15 µl of Gibson master mix and filled up to 20 µl with H2O. 

The mixture was incubated for one hour at 50 °C. The product of the ligation was 

subsequently transformed into competent bacteria (DH5α E. coli). 

 
3.2.4. Production of sgRNA expression plasmids by LIC 

If possible, plasmids expressing sgRNA targeting the gene of interest were obtained 

directly from the laboratory’s sgRNA library (191). If no sgRNA was available in the 

library, the existing sgRNA was inactive or did not cover all the isoforms of the gene, an 

expression construct was designed and cloned de novo. To do so, synthesized DNA oligos 

(IDT- Integrated DNA Technologies) were cloned into prepared target vectors using LIC 

(ligation independent cloning) (191). sgRNAs were designed with the public sgRNA 

finder CHOPCHOP (https://chopchop.rc.fas.harvard.edu/) (192, 193). sgRNAs targeting 

early coding exons and all splice variants were preferred. For the LIC procedure, 10 µl of 

the sgRNA target vector (200ng/µl in H2O) were digested with ApaI and SpeI and purified 

via agarose gel. To generate long overhangs the vector was digested with T4 DNA-

Polymerase in the presence of dTTP: 

 

 

10x NEB2 buffer 10 µL 
Vector (70 ng/µl) 10 µL 
BSA (10 mg/ml) 1 µL 
dTTP (100 mM) 1 µL 
H2O 74.66 µl 
T4 DNA-Polymerase (3 U/µl) 3.33 µl 
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The reaction mix was incubated for five minutes at 27 °C and inactivated for 20 minutes 

at 75 °C. The vector was then mixed with the universal reverse oligonucleotide 

LICsgRNA_rev (PAGE purified): 

 
 
 
 
 
The LIC target vector obtained this way was stored at 4 °C and used for LIC cloning by 

mixing 2.5 µl of the vector mix with 2.5 µl of a 0.25 µM solution of the specific sgRNA 

oligonucleotide. Hybridization occurred under the following conditions: 

  
 
 
 
 
 
 
 
Finally, the hybridization mix was used to transform competent E.coli. Colonies bearing 

the vector were validated via Sanger sequencing and expanded for plasmid DNA 

isolation. 

 
3.2.5. Transformation of E. coli 

Chemically competent E. coli DH5a were used for transformation according to the 

following protocol: 50 μL of bacteria suspension were thawed on ice, mixed with the 

DNA and incubated on ice for 10 minutes. After a heat shock at 42 °C for 45 seconds, 

bacteria were incubated 5 minutes on ice, topped up with approximately 1ml of LB 

medium and shaken for 30-60 minutes at 32 °C. Finally, bacteria were plated on LB- agar 

plates containing 100 µg/ml ampicillin (Roth) and incubated at 32 °C overnight. Single 

colonies were inoculated in LB liquid cultures (100 µg/ml ampicillin) and incubated at 37 

°C for between 8 and 16 h. 

3.2.6. Isolation of plasmid DNA from bacteria cultures 

Plasmid DNA was isolated according to the protocol from QIAprep Spin Miniprep Kits 

(Qiagen) using buffers prepared in-house and EconoSpin columns (Epoch Life Science). 

20 µl 10x NEB2 buffer 
10 µl Chewed Vector 
0.5 µl LICsgRNA_rev  
69.5 µl H2O 

70 °C  1 min 
65 °C 1 min 
60 °C 30 min  
55 °C 2.5 min 
29 Cycles, Δ = -1 °C per cycle 
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Correct sequence of the insert was confirmed by Sanger sequencing (performed by 

Eurofins) and/or appropriate restriction digestion. If higher yields were required, larger 

overnight cultures were prepared and plasmid DNA was isolated with commercial midi-

prep or maxi-prep kits (Life Technologies). 

3.2.7. RNA isolation and c-DNA Synthesis 
 
For the isolation of RNA monocyte cell culture cells, 300.000 cells per analysis condition 

were lysed in 60 µl RLT buffer (RLT + 40 mM DTT) and stored at -80 °C until further 

processing. The lysate was thawed on ice and protein digestion was performed at 50 °C 

for 10 min followed by an inactivation step at 80 °C for 10 min. Nucleic acids were 

isolated from the lysate using magnetic beads. For this purpose, 2 volume pooling beads 

(30 % PEG) were added to the lysate and incubated for 5 min at room temperature. After 

magnetic separation the supernatant was removed and washed 3 times with 180 µl 

ethanol (80 % in nuclease-free water). After the final washing step, the pellet was dried 

at RT. Purified nucleic acids were eluted with 15 µl nuclease-free water and adjusted to 

100 ng/µl. 

 DNA was digested by adding 1 μL of DNase I (Thermo Fisher Scientific) and 1 μL of 10x 

DNase I buffer to 8 μL of eluate and incubation at 37 °C for 30 min. Subsequently 1 μL 

of 25 mM EDTA was added and DNaseI was inactivated by incubation at 70 °C for 10 

min. DNaseI-treated RNA samples were reverse transcribed using the RevertAid First 

Strand cDNA synthesis kit (Thermo Fisher Scientific) with oligoDT primers according to 

the manufacturer’s protocol: 

 

 

 

 

 

The reverse transcription mix incubated at 42 °C for one hour. Enzyme was inactivated 

by final incubation at 70°C for 10 min. 

 
 
 
 

RT-Puffer 2.1 µL 
dNTPs 1 µL 
oligoDT-Primer 0.25 µL 
RevertAid 0.25 µL 
Ribolock 0.25 µL 
H2O 1.15 µl 
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3.2.8. PCR 
 
For polymerase chain reactions (PCR) for genotyping of gene-deficient cell clones and 

for cloning, Phusion polymerase (Thermo Scientific) was used according to the 

manufacturer's specifications. In case of amplification from cDNA, 10 µl of cDNA was 

used for a 50 µl PCR reaction, while plasmid DNA was used in the final amount of 10 

ng/reaction. The optimal annealing temperature for primer pairs was assessed by the 

TM-calculator tool (New England Biolabs). Generated PCR products were analysed by 

agarose gel electrophoresis and compared with a DNA ladder of known size (Fermentas). 

PCR fragments of correct size were purified from the gel using the agarose gel extraction 

kit (Qiagen) or the QIAquick PCR purification kit (Qiagen) following the manufacturer’s 

instructions.  

 
3.2.9. Mutagenesis PCR 

 
In order to specifically modify individual amino acids in overexpressed proteins, their 

DNA sequence on the coding plasmid was modified by mutagenic PCR.  

 

For nucleotide changes in short vector systems this was done by QuickChange PCR. 

Primer pair was created with the "QuickChange Primer Design" software (Agilent), in 

QuikChange® II mode. The obtained primers containing the corresponding mutation 

were used for a PCR amplification of the complete plasmid. The PCR was performed with 

native Pfu DNA polymerase (Thermo Fisher Scientific) according to the manufacturer's 

protocol and 10ng plasmid template under the following conditions:  

 

 

 

 

 

 

The PCR was purified using the QIAquick PCR purification kit (Qiagen) and the non-

mutagenized original plasmid was digested with Dpn-I (Thermo Fisher Scientific) 

according to the manufacturer's protocol. After heat inactivation of the enzyme, the 

cloning mix was used in a transformation. 

95 °C  30 sec 
95 °C 30 sec 
55 °C 1 min 16 Cycles 
68 °C 2.5 min  
25 °C ∞ 
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For the mutagenesis of large vectors, a fusion PCR was used to generate a DNA product 

from two partially overlapping sequences. As this method does not perform a PCR 

reaction over the whole vector, PCR errors are minimized. For this purpose, the 

fragments of interest were amplified separately with primers containing the desired 

mutation. After PCR purification, 50 ng of the longer product and the same molecular 

concentration of the second product were mixed in a PCR reaction without addition of 

primers. This mixture was amplified for 10 cycles to enable the synthesis of the fused 

complete sequence. The obtained PCR product was diluted to 1 ng/µl and used for a 

second round of PCR (25 cycles), in which forward and reverse primers were added to 

the extremities of the complete sequence. 

 
 
 
3.2.10. QPCR 

To determine the gene expression of selected genes cDNA was quantified by real-time 

PCR using PowerUp SYBR™ master mix: 

 

 

Relative expression of target genes was normalized to GAPDH expression (∆Ct) and fold 

induction (∆∆Ct) was calculated according to the following equations:  

∆∁𝑡 = ∁𝑡(&'()*&	)*,*) − ∁𝑡(/0123) 

∆∆∁𝑡 = 2(∆∁&(5,6&7859'&*:);∆∁&(6&7859'&*:) 

 
 
3.2.11. Agarose gel electrophoresis 
 
DNA fragments obtained by PCR or digested plasmids were analysed via agarose gel 

electrophoresis. Unless otherwise specified, 1-2 % (w/v) agarose (Biozym) was dissolved 

by heating in 1x TAE buffer until a homogeneous solution was obtained. After addition 

cDNA 2 µl 
PowerUp SYBR™ 2.5 µl 
gene specific forward primer 0.25 µl (10 µM) 
gene specific reverse primer 0.25 µl (10 µM) 
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of SYBR™ Green, at a final concentration of 0,1 mg/ml, the solution was cooled in a 

casting device until complete polymerization. DNA samples to be investigated were 

mixed with DNA loading buffer (Thermo Scientific™) and loaded on the gel. The running 

chamber was filled with TAE buffer and electrophoresis was performed at 5 V/cm for 

30-60 min. A size marker (GeneRuler 1kb or 100bp, Thermo Scientific) was used to 

estimate the weight of the fragments of interest. Imaging of DNA gels was performed 

on a ChemiDoc imaging system (Bio-Rad). 

 
3.2.12. Precipitation of nucleic acids 
 
To precipitate nucleic acids, samples were mixed with 10 % of their volume of sodium 

acetate (Roth; 3 M, pH = 5.2). Subsequently, 110 % of its volume of isopropanol (Roth) 

was added and the mixture was incubated for 30 minutes at -20 °C. After a 

centrifugation step at 14.000 g and 4°C for 15 minutes, the nucleic acid pellet was 

washed with 70% (v/v) ethanol (Roth), precooled to -20°C and centrifuged at 14.000 g 

and 4°C for 5 minutes. The pellet was then air dried and resuspended in H2O. 

 
 
 
3.2.13. Quantification of nucleic acids 
 
Nucleic acids were quantified by measurement of absorbance at 260 nm (A260) using a 

Nanodrop™ (Thermo Fisher Scientific). The concentration of 50 µg/µl for dsDNA samples 

and 40 µg/µl for RNA per A260 unit was used for calculations. The purity of the nucleic 

acid samples was estimated using the ratio of the absorption of 260 nm to 280 nm and 

was aimed to correspond to a quality standard of ≥ 1.5. 
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3.3. Cell biology methods 
 

3.3.1. Cell lines 

BLaER1 (194): a subclone of a human B cell-lymphoma cell line expressing the 

transdifferentiation construct CEBPa-ER-GFP. BLaER1 monocytes showed remarkable 

similarity in reactivity and strength as well as sensitivity to primary monocytes (156). 

Since genetic perturbations can occur at the proliferative immunologically rather 

insensitive B-cell stage, CRIPSR/Cas9-mediated genome editing is technically easy to 

perform.  

In the course of these studies it was found that BLaER1 cells express transcripts of SMRV 

(Squirrel Monkey Retrovirus). A comprehensive characterization of BLaER1 monocytes 

in comparison to other human myeloid cells has not provided evidence that SMRV-

positivity would affect the functionality of these cells as myeloid cells. 

THP1 (ATCC® TIB-202TM): monocytic cell line from human myeloid lymphoma 

HEK 293T (ATCC®CRL-3216TM): human embryonal kidney cells stably expressing SV40 
Large T antigen.  

hiPSC (195): Human induced pluripotent stem cells (hiPSCs) were kindly provided by F. 

Ginhoux. The expression of pluripotency markers, teratoma formation and normal 

karyotype were verified. 

J774 (ATCC®TIB-67TM): immortalized mouse macrophage cell line from ascites.  

 
3.3.2. Cell culture conditions 

All cells were cultivated at 37°C, 5% CO2. FCS was heat-inactivated at 55°C for one hour 

and filtered before use. Splitting of all cell lines was performed every 3-4 days depending 

on cell confluence. If the supernatants of a cell culture were to be used in a protein 

precipitation, the cells were stimulated in a medium containing 3% FCS. 

Primary human monocytes, BLaER1 and THP1 cells were cultivated in RPMI 

supplemented with 10 % FCS, 1 mM Pyruvate, 100 U/ml Penicillin and 100 µg/ml 

Streptomycin (all Gibco). Primary murine bone marrow macrophages, J774 
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macrophages and HEK293T cells were cultured in DMEM supplemented with 10% FCS, 

1% sodium pyruvate, 100 U/ml penicillin-streptomycin. 

For transdifferentiation of BLaER1 cells into macrophages, 7 x 105cells per ml were 

plated out in 96-well plates (7 x 104 cells) or in 10 cm dishes (7 x 106 cells) in 

differentiation medium containing 10 ng/ml IL-3, 10 ng/ml M-CSF (both Peprotech) and 

100 nM β-estradiol (Sigma-Aldrich). After 5 days, the cells were stimulated in fresh 

regular RPMI medium according to experimental needs.  

THP1 cells were differentiated overnight in the presence of 100 ng/ml PMA (Sigma- 

Aldrich), washed three times with cold PBS (Life Technologies) and seeded at a density 

of 7 x 104 cells per well in 96-well plates. 

3.3.3. Isolation of PBMCs and primary monocytes 
 
Peripheral blood mononuclear cells (PBMCs) of informed, consenting and healthy 

donors were obtained from Leukoreduction systems chambers (LRSCs). These were 

obtained from the cell separation unit of the Department of Transfusion Medicine, Cell 

Therapeutics and Haemostaseology (ATMZH), University Hospital Munich. The 

contained blood was rinsed out of the LRSCs with 70 ml 0.9 % isotonic NaCl solution, 30 

ml of each diluted blood solution was layered over 15 ml Biocoll solution and centrifuged 

at 800 g for 15 min at RT (speed-up/break ramp at 9/1). The PBMCs were removed from 

the interphase, diluted in NaCl solution and centrifuged at 450 g for 7 min at 4 °C. The 

PBMC pellet was resuspended in 10 ml of 1x BD Pharm erythrocyte lysis buffer and 

incubated on ice for 5 min. Lysis was stopped by adding PBS and cells were centrifuged 

at 450 g for 7 minutes at 4°C. For subsequent isolation of primary human monocytes 

cells were resuspended in cold MACS Buffer (0.5% FCS, 2mM EDTA in PBS) and enriched 

using CD14 MACS kit (Miltenyi), according to the manufacturer´s instructions. Purified 

monocytes were plated as desired (8 x 104 cells/well for 96-well plate; 1 x 106 cells /well 

for 24-well plate). For differentiation into monocytes-derived macrophages, cells were 

cultured in the presence of M-CSF (Peprotech) at the final concentration of 100 ng/ml 

for 4-6 days of.  
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3.3.4. Generation of bone marrow macrophages 
 

Wild type (WT) C57BL/6 mice kept under SPF conditions were used as source of murine 

primary bone marrow derived macrophages (BMDMs). Mice were euthanized according 

to the FELASA guidelines by cervical dislocation. Femurs and tibias of 8-12 weeks old 

mice were removed, cleaned from tissue, washed with 70 % ethanol for 1-2 min and put 

in 50 ml falcon full of ice-cold PBS. Bones were cut under sterile laminar hood and bone 

marrow was flushed with PBS through a 70 μM Nylon cell strainer into a falcon tube. 

Cells were centrifuged at 400 g for 10 min at RT. The pellet was resuspended in 2 ml of 

1X BD Pharm erythrocyte lysis buffer for 2 min. Lysis was stopped by adding PBS and 

cells were centrifuged at 400 g for 10 min at RT. For differentiation into macrophages 

cells transferred to sterile (non-coated) 10 cm petri dishes in media containing 30 % L929 

supernatant (prepared and filtered inhouse) for at least 6-7 days at 37 °C. One day 

before the experiment, cells were washed with PBS and adherent cells were detached 

by using 2 mM EDTA in PBS for 10 min at 37 °C. BMDMs were plated as desired (1 x 105 

cells/well for 96-well plate; 1 x 106 cells /well for 24-well plate). 

 
3.3.5. Cell stimulation 
 
Unless otherwise noted, the specified cells were stimulated with 200 ng/ml ultrapure 

LPS from E. coli (Invivogen) for two hours. Primary monocytes or PBMCs were stimulated 

with 2 μg/ml Pam3CSK4 (Invivogen), while BLaER1 monocytes were stimulated with 20 

μg/ml Pam3CSK4 for two hours. After priming with the indicated stimulus, the cells were 

stimulated with 6.5 μM Nigericin (Sigma-Aldrich) for two hours to activate the NLRP3 

inflammasome. For stimulation of NLRC4 inflammasome cells were stimulated with 4 

μg/ml Protective Antigen (List) and 0.2 μg/ml LFn-YscF (in house production). For 

activation of NOD2 signalling cells were stimulated with 200 ng/ml L18-MDP (InvivoGen) 

for different timepoints. 

To inhibit signalling pathways with appropriate inhibitors, these were given to the cells 

one hour before stimulation in the following stimulations unless otherwise noted: 20 

μM Z-VAD-FMK (Peptide Institute, Inc); 20 μM Z-YVAD-FMK (R&D Systems); 5 μM 

MCC950;  
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Unless otherwise noted cells transduced with pLI plasmids were treated with 1 ug/ml 

doxycycline for six hours to induce the expression of encoded proteins. 

 
3.3.6. Production of viral particles and transduction of target cells 
 
For the production of viral particles, a transient second generation expression system 

(three constructs: transfer vector, packaging plasmid and virus envelope plasmid) was 

used for the production of pseudotyped γ retroviral particles and a third generation 

system for pseudotyped lentiviral particles (four constructs: transfer vector) (196). 

 3.5 x 106 HEK293T cells were seeded in 10 cm dishes and transfected a few hours later 

after a media change. For lentiviral constructs (pFUGW,pLi) 8 µg of transfer vector, 12 µg 

of pMDLg/pRRE, 4 µg of pRSV-REV, and 8 µg of pCMV-VSVG were used for transfection. 

For retroviral constructs 20 µg of transfer vector, 15 µg of pCMV-Gag-Pol, and 6 μg of 

pCMV-VSVG were used.  

The DNA mixture was resuspended in 500 µl H2O, mixed with 500 µl of 2X HBS buffer 

and 50 µl of 2.5M CaCl2, and incubated at RT for 20 minutes. The transfection suspension 

was then added dropwise to the HEK293T cells. After 12 h, fresh medium with 30% FCS 

was added to the cells for virus production. After 24 h the virus was harvested, cellular 

components were separated by centrifugation at 1000 g for 10 minutes and filtration 

through a 0.45 μm filter. If necessary, the resulting cell-free supernatant was centrifuged 

at 22800 rpm for two hours to concentrate the virus.  

For transduction, 2 x 105 cells were incubated for 24 h with 2 ml of virus containing 

supernatant mixed with 2ml of regular medium containing 16 µg/ml polybrene (Sigma 

Aldrich). After 48 h the medium was replaced by fresh medium. 48 h – 72 h after 

transduction cells were selected with either 1.25 μg/ml Puromycin (Roth) for 48 h or 

sorted for expression of fluorescent selection markers. Unless otherwise noted Surviving 

cells were experimentally investigated in a polyclonal approach. 
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3.3.7. Quantification of cytokine and lactate dehydrogenase (LDH)  
 
Cytokine and LDH release was quantified from cell-free supernatants with Triton X 100 

added to an final concentration of 0.5% for inactivation of potential pathogens. 

LDH assays were done on supernatants immediately after experiments using the 

PierceTM LDH Cytotoxicity Assay Kit (Life Technologies) according to the manufacturer's 

specifications using flat-bottom 384 well plate and incubated in the dark at RT for 15-20 

minutes. The relative amount of LDH release was calculated according to the following 

formula:  

𝐿𝐷𝐻	𝑟𝑒𝑙𝑒𝑎𝑠𝑒	(%) = 100 ×
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙	𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 − 𝑢𝑛𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐿𝑦𝑠𝑖𝑠	𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑢𝑛𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑	𝑐𝑜𝑛𝑡𝑟𝑜𝑙  

 

Absolute quantification of cytokines were measured by Enzyme-linked immunosorbent 

assays (ELISAs) of supernatants previously stored at -20 °C. Human TNF, human IL-6, 

human IL-1 β, murine IL-1β, murine IL-6 (all OptEIA, BD Bioscience) and human IL-18 

(R&D) were performed according to manufacturer’s instructions. For all OptEIA kits, 

sample volumes were reduced to 50 μL and all the antibodies were used at half the 

recommended concentration. ELISA high binding plates (Greiner Bio One) were coated 

with coating antibody diluted in appropriate coating buffer overnight at 4°C.  

Plates were washed with ELISA wash buffer and blocked and blocked with 10% FCS in 

PBS for one hour at RT. After samples and standard were incubated for two hours at RT 

plates were washed again and detection antibody was loaded on plates for one hour. 

Following another wash, streptavidin conjugated HRP enzyme was added for 30 min. 

Final thorough washing was performed and ELISAs were developed for 30 min in dark 

using TMB substrate (BD Bioscience). The reaction was stopped by addition of 2N 

sulfuric acid. Absorbance was read at 450 nm and 570nm by Gen5-Epoch microplate 

reader (BioTek).  
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3.4. Biochemical methods 
 
3.4.1. Cell lysis, sample collection and bicinchoninic acid assay (BCA) 
 
Depending on the experiment, cells were either lysed directly or detached from the 

plate using PBS with 2 mM EDTA and lysis of the pellet after centrifugation. Unless 

otherwise noted, cells were lysed using 40 µl DISC buffer (containing cOmplete™ and, 

when necessary, PhosSTOP™ and/or 5 mM NEM) at approximately 5x106 cells/ml. After 

centrifugation at 24000 g for 10 min, the protein concentration was determined using a 

BCA kit (Thermo Fisher Scientific) according to manufacturer’s instructions: 

Reagent A and B from the kit were mixed 1:50 and 200 µl of the solution was added to 

10 µl of sample or BSA standard. The reaction was incubated at 37 °C for 20 minutes 

followed by absorbance measurement at 562 nm using Gen5-Epoch microplate reader 

(BioTek).  

 
3.4.2. Protein precipitation from cell supernatant 
 
Proteins from cell-free supernatant of 1-3x106 cells were precipitated by 

chloroform/methanol precipitation. To this end 700 μL of the supernatant was mixed 

with 700 μL methanol (Roth) and 210 μL chloroform (Roth) was added. The mixture was 

vortexed for a few seconds and the phases separated by centrifugation at 16000 rpm 

for 1 minute at RT. The upper aqueous phase was discarded and 700μL methanol was 

added to the lower organic phase and the interphase. Samples were vortexed and 

centrifuged as above and the supernatant was discarded. The protein pellet was air-

dried for 7 minutes under a fume hood before addition of 40-80ul 1X SDS laemmli buffer. 

Samples were dissolved and denatured for 10 minutes at 95 °C and 1500 rpm and stored 

at -80 °C until use. 

 
3.4.3. Ubiquitin Immunoprecipitation 
 
Lysates from at least 10x106 cells were enriched for ubiquitinated proteins using 

glutathione S-transferase (GST)-ubiquitin associated domain (UBA) bound to Sepharose 

beads. Lysates were adjusted to equal protein levels in 500µl DISC (containing 

cOmplete™ and 5 mM NEM) and 20 µl packed glutathione sepharose beads pre-bound 

with 100 µg GST-UBA were added to each condition. Beads were incubated on a rotating 
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wheel at 4 °C for at least two hours, washed 5 times with IP buffer and eluted in 30-

60 μL 1x SDS sample buffer. Initial untreated Lysates were kept as input controls. 

 
3.4.4. SDS-Page and Immunoblotting 
 
Samples in 1X SDS laemmli buffer, prepared as described above, were subjected to SDS-

PAGE under denaturing conditions. For supernatant precipitation samles, 12% self-cast 

gels were prepared in Bio-Rad casting devices using the following recipe:  

 

 

Sample were loaded on self-cast or commercially available SDS gel (tris-glycine), and 

runat 100-120 V until the required separation was achieved. The samples were then 

transferred from the gel to a nitrocellulose membrane (0.2 µm or 0.5µm, GE Healthcare) 

in a wet system at 100 V for 90 min. 

Proteins were transferred to nitrocellulose membrane in a wet western blot transfer 

system (Bio-Rad) for 70 minutes at 4 °C. Ponceau S staining (Sigma-Aldrich) was 

performed to control for transfer quality. After washing in PBST, membranes were 

blocked with 3% milk in PBST for one hour at RT. Blots were incubated overnight at 4 °C 

with primary antibodies in TBST containing 3 % BSA and 0.1 % sodium azide. After three 

washing steps with TBST for 5-10 min each, the membrane was incubated in 

corresponding secondary antibodies conjugated with for one hour at RT. before one 

hour incubation at RT with the required HRP-conjugated secondary antibody diluted in 

5% milk in PBST. After 3-4 final washing steps, membranes were developed using Pierce 

ECL WB substrate (Thermo Fisher Scientific, or Merck Luminata Forte for weaker signals) 

in a Fusion Fx device (Vilber). If required, whole image was contrast-enhanced in a linear 

fashion.  

 

 12% separating gel (8ml) 5% stacking gel (4 ml) 
Water 2.64 ml 2.72 ml 
Acrylamide Rotiophorese 30 3.2 ml 0.68 ml 
1.5M Tris-HCl, pH 8,8 2 ml - 
1 M Tris-HCL, pH 6,8 - 0.52 ml 
10% SDS 80 µl  40 µl  
10% APS 80 µl 40 µl 
TEMED 8 µl 4 µl 
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3.5. Genome editing using CRISPR-Cas9 technology 
  
Gene-deficient monoclonal cell lines were generated largely following a published 

protocol (197). 

 
3.5.1. Electroporation of BLaER1 and THP1 cells  
 
Cas9 and sgRNA plasmids were introduced into cells by electroporation. The required 

gRNA expression plasmids were generated as described in 3.2.4. For each 

electroporation 2.5 x 106 cells were pelleted and resuspended in 250 μL of pre-warmed 

OptiMEM and incubated with 2.5 μg of Cas9 and 2.5 μg of sgRNA plasmid (or 5 μg of 

Cas9-sgRNA double plasmid) for 10 min at RT. BLaER1 were electroporated in a 4 mm 

cuvette using the following conditions: 265 V, 975 μF, 700 Ω. For THP1 the following 

settings were used: 250 V, 950 μF, ∞ Ω. Electroporated cells were directly transferred 

to a 6-well plate with pre-warmed RPMI medium. 

 
3.5.2. Transduction of J774 cells 
 
J774 murine macrophages were transduced with viral particles driving expression of 

Cas9 (pRZ_Cas9_mCherry or Lenti-Cas9-Blast) and sgRNA (pLenti-gRNA-GFP or 

LentiGUIDE-Puro). Transduction was carried out as described in 3.3.6.  

 
 
3.5.3. Selection and generation of monoclones 

24-48 h after electroporation or transduction cells were sorted for positivity to the 

fluorescent protein expressed in the Cas9 containing vector (BFP or mCherry from 

pRZ_Cas9_BFP or from pMini_U6_gRNA_CMV_BFP_T2A_Cas9). 2-10% highest positive 

cells were sorted on a Sony sorter SH800Z into 15 ml tubes containing 3 ml of fresh 

medium.  

Selection using antibiotics was carried out as described in 3.3.6. 

For generation of monoclonal cell lines, selected cells were plated in 96-well plates (U-

Bottom for BLaER1/THP1 and F-Bottom for J774) with a dilution of 4 cells/well, 2 

cells/well and 1 cell/well. After about 3 weeks of expansion, single cell clones were 
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identified by absorption at 600 nm using Spark20M microplate reader (Tecan) and 

thereupon picked and duplicated using a Beckman Coulter Biomek FX.  

 
 
3.5.4. Genotyping of gene-deficient cell clones 
 

Gene editing and monoclonality was analysed by PCR-based next generation deep 

sequencing on a MiSeq system. Cells lysed in 30 μL of direct lysis buffer per well by 

incubation at 65 ◦C for 10 min. Proteinase K was inactivated by incubation at 95 °C for 

10 min. Using a nested PCR approach, the potentially edited locus was amplified and 

barcode sequences as well as Illumina sequencing adapters were added. For the first 

PRC a sequence fragment of about 250 bp surrounding the targeted gene locus was 

amplified using 1 µl of the generated lysate. The target site specific primer pairs (cf. 

section 3.1.9) contained adaptor sequences for binding of barcode primers used in the 

second PCR (cf. section 3.1.9). The PCR reactions were prepared in a total of 6 ul, with 5 

µl of PCR mix and 1 µl from the previous reaction, as follows: 

 

 

 

 

 

 

 

 

Both PCR reactions were performed in 384 well plates (Bioplastics) as follows:  

 

 

 

 

 

The orthogonal mixing of 8 different forward primers and 12 different reverse primers 

(see chapter 3.1.9) and the thus resulting barcode primer mixes with a 96 unique 

 PCR1 PCR2 
Buffer (HF or GC) 1.2 µl 1.2 µl 
dNTPs (10 mM) 0.12 µl 0.12 µl 
fwd primer 0.06 µl - 
Rev primer 0.06 µl - 
Barcode primer mix (2.5 µM) - 1.2  µl 
Phusion polymerase 0.06 µl 0.06 µl 
H2O 3.5 µl 3.92 µl 
Lysate  1 µl - 
PCR1 - 1 µl 

95 °C  3 min 
95 °C 30 sec 
62 °C 30 sec 16 Cycles 
72 °C 30 sec  
72 °C 3 min 
25 °C ∞ 
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barcode combination enabled mixing of all PCR reactions. The DNA was purified by 

agarose gel electrophoresis, precipitated and quantified. DNA sequencing was 

performed on Illumina's MiSeq Platform with a 300 base single read run using v2 

chemistry. Sequencing files were analysed for all-allelic frameshift mutations using the 

OutKnocker.org software. To exclude clonal effects 3-6 different KO clones were tested 

per target gene. If possible, single cell clones with two differently edited alleles were 

chosen. 

 

3.6. Data analysis and software 
 
 
3.6.1. Data analysis 

FACS raw data was analysed using Flowjo. ELISA and LDH raw data were analysed using 

Excel and R.  

If not otherwise stated, statistical significance was determined by two-way ANOVA 

when the response was affected by two factors (e.g. genotype and stimulus) with 

Sidak’s correction for multiple comparison. If only one factor influenced the results, a 

one-way ANOVA was employed. If not otherwise stated, the results were examined for 

significant differences compared to the values of the corresponding wild type clone. 

n.s. = not significant, * p<0.05, ** p<0.01, *** p<0.001. The exact number of replicates 

(n) is indicated within figure legends. Data are represented as mean + SEM if at least 

three independent experiments were performed or as mean + SD if two independent 

experiments or one representative experiment is shown. All statistical analyses, except 

the analysis of proteomic and transcriptomic data, were performed using Prism. 

RNA sequencing was performed on an Illumina 1500 HiSeq machine in cooperation with the 

Laboratory for Functional Genome Analysis (Gene Center, LMU Munich). Analysis of the 

obtained data was conducted by G. Kuut.  

In brief, data was demultiplexed from the Illumina barcoded reads using JE demultiplexer 

(198). Read quality was checked by FastQC and RSeQC and low quality samples were removed 

(199). Transcript abundances were quantified using Salmon and gene level count matrices 

generated through tximport (200, 201). Normalization, exploratory analysis and differential 
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expression analysis was performed using DESeq2 (202). Genes were considered significantly 

differentially expressed if FDR was less than 5% and log fold change was greater than 2.5. The 

List of significant genes was imported to Cytoscape and TF analysis was performed using 

iRegulon and Trrust (203). Raw proteomics data was analysed using MaxQuant (204) by M. 

Tanzer as described in (205).  

 
3.6.2. Software and algorithms 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Adobe Illustrator Adobe Systems 
CHOPCHOP v3 https://chopchop.rc.fas.harvard.edu (193) 
EMBL-EBI analysis tools 
(Clustal Omega, BLAST) 

https://www.ebi.ac.uk/services (206) 

FastQC http://www.bioinformatics.babraham.ac.uk/projects/fastqc  
Flowjo V10.0.5 Tree star, Inc. 
Galaxy blum-galaxy.genzentrum.lmu.de/galaxy/ (207) 
Gen5 2.09 BioTec 
GPS 5.0 http://gps.biocuckoo.cn (208) 
IRegulon http://iregulon.aertslab.org (209) 
PANTHER 14 http://geneontology.org (210) 
PHOSIDA http://141.61.102.18/phosida/index.aspx (211) 
PhosphoNET Kinase Predictor http://www.phosphonet.ca/kinasepredictor.aspx  
Graphpad Prism 8.3.1 GraphPad Software, Inc. 
Microsoft Office 16.16.11 Microsoft 
Nano Drop 1000 3.8.1 Thermo Fisher Scientific 
OutKnocker http://www.outknocker.org (197) 
QuikChange Primer Design http://www.genomics.agilent.com/primerDesignProgram.jsp  
RStudio RStudio, Inc. 
SnapGene 4.3.11 Insightful Science 
Tm Calculator v 1.12.0 https://tmcalculator.neb.com  
Trrust v2 https://www.grnpedia.org/trrust/ (212) 
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4. Investigating the Role of USP7 in NLRC4 signalling 
 

4.1. Introduction 
 
The modification of signalling components through ubiquitination is a widespread 

method to modulate their activity (cf. Chapter 1.4.3). DUBs, which are tightly regulated 

ubiquitin proteases, play an essential role in this regulation. There are approximately 

100 known DUBs, which can be grouped into five subclasses based on their protease 

domains. With approximately 50 members, the ubiquitin-specific proteases (USP) family 

is the largest of all subfamilies (213). Ubiquitin-specific-processing protease 7 (USP7), 

also known as Herpesvirus-associated ubiquitin-specific protease (HAUSP) is a USP 

family deubiquitinase that was first identified to interact with the ICP0 ubiquitin E3 

ligase herpes simplex virus (HSV). USP7 can also interact with other viral proteins, 

including the Viral Interferon Regulatory Factors 1 and 4 (vIRF1 and vIRF4) of Kaposi 

sarcoma herpesvirus (214, 215). 

Besides viral proteins, multiple other targets of USP7 have been identified (Figure 9). Of 

particular interest for pharmacological applications, is USP7´s ability to regulate p53 and 

MDM2, which leads to cell growth repression and the activation of apoptotic pathways, 

which has understandably placed this gene in the focus of cancer research and therapy 

(216).  

One signalling pathway which heavily relies on ubiquitination control is NF-κB (cf. 

chapter 1.5 and 1.9). While CYLD, OTULIN and TNFAIP3 (A20) have been consistently 

reported as negative regulators, contradicting reports can be found for USP7 stating 

both negative and positive regulation(217, 218)(219, 220)(181, 221)(222, 223)(224).  

Due to embryonically lethality of USP7-/- mice, there is a lack of in vivo studies 

characterising the role of USP7 in immune responses and associated pathologies (225). 

It is therefore of interest to further investigate the role of USP7 in the context of NF-κB 

signalling and other immune-related signalling pathways. 
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Figure 9 Overview of USP7 functions. Published potential substrates and binding partners of USP7. Most 
substrates play important roles in tumour suppression, immune response, viral replication, epigenetic 
control, and DNA repair. (Fig. adapted from (226)) 

 
 

4.2. Chapter overview 

As discussed above, contradicting reports surrounding the role of USP7 in NF-κB 

signalling exist. Furthermore, unpublished data from our group suggest involvement in 

NLRP3 inflammasome activation. 

In order to identify the role of USP7 both in NF-κB and inflammasome signalling, we 

generated BLaER1 knockout cell lines. Utilising these cells, we could demonstrate a 

dependence of NF-κB and NLRC4 signalling on USP7. We further studied the mechanism 

of NLRC4 inhibition and found a strong transcriptional regulation dependent on USP7. 

In the course of this study, we discovered additional immune regulatory proteins, which 

were downregulated in the knockout cells and displayed a reduction of signalling in 

follow up experiments. Finally, we set out to identify the common transcription factor 

responsible for the regulation of the genes we observed to be affected by USP7. 

 
 
 

USP7

Tumor supressor proteins
P53, MDM2, DAXX

PTEN, FOXO
DNMT1, LSD1, SUMO

Signaling pathway
NF-κB

Notch
Wnt/β-catenin

DNA damage response
CHK1, Bub3, CHFR
PCNA, XPC, Rad18, RNF168

Oncoproteins
c-Myc
N-Myc

Viral proteins
EBNA1

vIRF4
ICP0

Immune Response
Foxp3
TRIM27
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4.3. Results 
  

4.3.1. P53 is responsible for USP7 KO lethality 
 

In a genome-wide CRISPR/Cas9 screen in immortalised mouse macrophages, which was 

previously conducted in our research group (J.L. Schmid-Burgk, unpublished, follow up 

to (155)), USP7 appeared to play a role in the regulation of the NLRP3 inflammasome. 

We thus aimed to generate USP7 deficient cells to further study its mechanism in NLRP3 

inflammasome signalling in the previously described transgenic B-cell line BLaER1 (cf. 

section 3.3). For this purpose, BLaER1 cells were electroporated with a Cas9 containing 

plasmids and a CRISPR gRNAs targeting USP7. While USP7 knockouts have previously 

been shown to be lethal in mice, leading to growth arrest and embryonic lethality within 

6.5–7.5 days, there is scare data on the depletion in vitro (225, 227). 

 

Single-cell clones generated were analysed by deep sequencing to obtain all-allelic 

frame-shift mutations (Figure 10 A). Only clones bearing heterozygous frame-shift with 

WT (grey) or in-frame mutations (blue) were obtained. More than 300 clones were 

screened, all showing the same pattern as shown in Figure 10 A. These cells still contain 

an allele encoding for the functional protein, therefore these cells were not considered 

to be a knockout. Three different gRNAs were tested and all showed high editing activity, 

as nearly all alleles displayer editing, thus ensuring that the gRNAs were functional and 

the method was conducted correctly. Previous knockout attempts on essential genes 

had produced similar patterns of editing, as a full knockout is lethal. In line with previous 

in vivo studies, USP7 seems to also be an essential gene in vitro. 
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Figure 10 Example of USP7 editing observed in deep sequencing genotyping. BLaER1 cells were 
electroporated with Cas9-BFP plasmid and CRISPR gRNA targeting USP7 and sorted for BFP positive cells. 
Single-cell clones generated by limiting dilution were analysed by deep sequencing to bear all-allelic 
frame-shift mutations. Visualisation of a representative fraction of analysed single-cell clone genotypes 
using the OutKnocker.org software. Grey colour indicates WT reads, red to orange colours KO alleles 
(reads with frame-shift indels) and blue colours in-frame mutation reads. (A) WT cells show robust editing, 
but no homozygote out-of-frame indel clones could be obtained. (B) In P53 deficient cells, clones with 
homozygote out-of-frame indels were frequently found. (C,D) BLaER1 monocytes of the indicated 
genotype were stimulated for 2 h with LPS and subsequently stimulated with Nigericin or pA and Needle 
Toxin (LF-YscF). LDH release (C) and IL-1β secretion (D) are depicted as mean + SEM of three independent 
experiments. 

Under basal conditions, USP7 binds to and deubiquitinates the E3 ubiquitin ligase 

MDM2, protecting it from degradation. MDM2, in turn, ubiquitinates p53, resulting in 

its proteasomal degradation, thus limiting apoptosis and cell cycle arrest (228). Through 

these mechanisms USP7 indirectly drives survival and proliferation (Figure 11).  
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Figure 11 Function of USP7 in cell cycle and growth regulation. Schematic representation of the role of USP7 in the 

stabilisation of the tumour suppressor p53. Modified from (229) 

USP7 knockouts have previously been shown to be lethal in mice (225, 227). In these 

studies, the embryonic lethality was explained by a dramatic reduction in proliferation 

partly due to p53 activation. Moreover, several publications using highly specific USP7 

inhibitors all reported elevated p53 levels (230-232). TP53-/- x USP7-/- animals, albeit not 

being fully protected against embryonic lethality, showed extended development 

compared to the single knockouts.  

In light of this, we generated p53-deficient cells (gene name: TP53) in an attempt to 

bypass the presumed USP7 dependence. Using the newly generated p53 knockout cells, 

we were successful in acquiring several viable USP7-/- clones. To determine if the TP53-

/- background would influence the differentiation or inflammasome signalling, cells were 

differentiated for five days, treated with 200 ng/ml LPS  for two hours following 

stimulation with 6.5 μM nigericin or 4 μg/ml pA and 0.2 μg/ml Needle Toxin (LF-YscF) 

for additional two hours to activate the NLRP3 and NLRC4 inflammasome respectively. 

Compared to WT cells, p53 deficiency neither impacted on macrophage differentiation, 

nor did it affect inflammasome signalling (Figure 10 C, D).  

 

In summary, our findings confirmed that USP7 deficient cells are not viable, but could 

be rescued in vitro by additionally depleting p53. Moreover, these studies showed that 

p53 deficiency does not impact on macrophage differentiation and NLRP3 and NLRC4 

inflammasome signalling. 
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4.3.2. NF-κB dependent gene expression is dependent on USP7 
 

Ubiquitination and proteasomal degradation are essential processes of NF-κB 

transcription activity (cf. chapter 1.5 and 1.9). However, the role of deubiquitinases in 

this pathway are not fully understood yet. While CYLD, OTULIN and A20 have been 

consistently reported as negative regulators, contradictory reports can be found for 

USP7 stating both negative and positive regulation  (181, 217-224). To date, no study 

has been carried out using full knockouts. 

Since this project focused on the inflammasome signalling pathway, which can be 

modulated by NF-κB signalling, we first wished to determine the role of USP7 in this 

signalling pathway. For this, we treated BLaER1 with LPS for different timepoints and 

measured transcriptional changes by qPCR and secretion of cytokines by ELISA. While 

the TP53 single knockouts showed the same levels of IL1B and IL6 expression as the WT, 

the TP53-/- x USP7-/- cells showed an almost complete reduction (Figure 12 A). This 

reduction was also observed in the secretion of IL-6 and IL-1β (Figure 12 B). This data 

demonstrates that USP7 is necessary for LPS-induced gene expression in human 

monocytes.  

To further dissect the role of USP7 in the NF-κB pathway, we performed immunoblotting 

to detect the phosphorylation and degradation of IκBα after stimulation with LPS (Figure 

12 C). While phosphorylation can be detected after one hour of LPS treatment in both 

WT and TP53-/-, it cannot be detected in TP53-/- x USP7-/-.  

DUBs known to be negative regulators for NF-κB, such as TNFAIP3 and CYLD, are 

reported to act as negative feedback regulators. When analysing transcription levels via 

RNA sequencing, we observed these DUBs to be upregulated upon LPS treatment 

(Figure 12 D). For USP7, no such LPS dependent regulation could be observed.  

 

Overall our results show a requirement of USP7 for NF-κB, which appears to be 

upstream of IκBα phosphorylation. However, the lack of IκBα phosphorylation could still 

be explained through the mechanism proposed by Colleran et al., with the loss of USP7 

leading to proteasomal loss of p65 and thus leading to a negative feedback loop resulting 

in a loss of IκBα phosphorylation that we also observed in p65 KO cells (233).  
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Figure 12 NF-κB induction after LPS treatment. (A) BLaER1 monocytes of the indicated genotype were 
stimulated for 2 h with LPS or left untreated. Expression of IL1B and IL6 was quantified by qRT-PCR. Shown 
are mean values + SEM of three independent experiments. (B) BLaER1 monocytes of the indicated 
genotype were stimulated for 4 h with LPS or left untreated. Cytokine secretion is depicted as mean + 
SEM of three independent experiments. (C) BLaER1 monocytes of indicated genotype were treated with 
LPS for the indicated time. Immunoblot of P- IκBα and IκBα were performed as markers of NF-κB 
activation. One representative of two independent experiments. un = unstimulated control. (D) RNA-seq 
comparison of BLaER1 transcription level changes upon LPS stimulation. Shown are mean values + SEM 
of three independent sequencing samples. Counts are normalised using quantile normalisation.  
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4.3.3. Inflammasome activation 
 
 
After establishing that USP7 indeed is required for NF-κB signalling, we then sought to 

further investigate the effect of USP7 deficiency upon inflammasome activation. For 

this, we primed BLaER1 monocytes with LPS for two hours and subsequently stimulated 

with Nigericin for two hours to activate the NLRP3 inflammasome or with Needle Toxin 

to stimulate NLRC4 as a control. 

 

Upon NLRP3 activation, we did not see a strong effect of USP7 deficiency, the small 

reduction that was observed mimicked the response in the NF-κB-deficient RelA, RelB 

double knockout cells (Figure 13 A). NLRP3 levels in BLaER1 cells are upregulated after 

LPS treatment in a NF-κB dependent manner; therefore the slight reduction of LDH 

release could be attributed to the NF-κB signalling defect described in 3.2.1.  

 

In contrast to the minor change in LDH release observed after nigericin treatment, we 

unexpectedly observed a full inhibition of NLRC4 dependent pyroptotic cell death, in 

TP53-/- x USP7-/- following Needle Toxin stimulation (Figure 13 A). The IL-1β release was 

completely abolished in both NLRP3 and NLRC4 stimulations (Figure 13 B), which again 

could be linked to the loss of NF-κB signalling (3.2.1.). This is further supported by the 

fact that the levels of pro-IL-1β were abolished entirely in lysates of USP7 deficient cells 

analysed via immunoblot (Figure 13 C).  

Immunoblotting of mature caspase-1 demonstrated the dependence of USP7 upstream 

of caspase-1 autoproteolysis. The mature p20 fragment of caspase-1 was observed in 

WT and p53 deficient cells both after Nigericin and Needle Toxin treatment. For USP7 

deficient cells, the p20 fragment can only be detected after NLRP3 activation and is not 

detectable after Needle Toxin stimulation (Figure 13 C).  

 

No reduction in cell death was observed in NF-κB deficient cells, suggesting this 

phenotype to be independent of the discussed NF-κB deficiency. Besides, as NLRC4 does 

not require LPS priming for lytic death induction, we repeated the experiments in the 

absence of LPS, resulting in the same outcome (Figure 13 D). In all experiments, the 

parental TP53-/- mimicked the WT. 
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Some studies suggest functional redundancies between USP7 and USP47 (234, 235). 

For our observed phenotype we could not observe this: the single USP47 knockout did 

not show any inflammasome related phenotype and the additional depletion of USP47 

in USP7 knockouts did not show any additional effect (Figure 13 E).  

In summary, we were able to show that USP7 deficiency leads to a loss of pyroptotic cell 

death after NLRC4 activation due to the loss of caspase-1 cleavage independent of NF-

κB signalling. 

 



 60 

 
Figure 13 USP7 dependence in Inflammasome activation. (A-C, E) BLaER1 monocytes of the indicated 
genotype were stimulated for 2 h with LPS subsequently stimulated with Nigericin or pA and Needle Toxin 
(LF-YscF). LDH release (A, E) and IL-1β secretion (B) are depicted as mean + SEM of three independent 
experiments. (C) Immunoblot analysis of BLaER1 monocytes lysates and precipitated supernatant of 
indicated genotype. One representative experiment of two is depicted. (D) Un-primed BLaER1 show 
similar LDH response to Needle Toxin as LPS primed cells. 

B

A

C D

E

 

WT

WT

TP53-/-

TP53-/-

TP53-/-, USP7-/- RELA-/-, RELB-/-

0

20

40

60

 

IL
-1

β 
[n

g/
m

L]

LPS

LPS + Nigericin

LPS + Needle Toxin

Ø 

 
 

WT TP53-/- TP53-/-, USP7-/- RELA-/-, RELB-/-

0

20

40

60

80

100

 

Ø

LPS

LPS + Nigericin

LPS + Needle Toxin 

***
*

n.s. * n.s.
n.s. *** n.s.

***
***

n.s. *** ***
n.s. *** ***

Caspase1 

Pro-IL-1β

NLRP3

Caspase-1

Ly
sa

te
Su

p.

Actin

 

 

LPS
Nigericin

Needle Toxin

+    +    +    +    +    +    +    +    +
-    +    -    -    +    -    -    +    -
-    -    +    -    -    +    -    -    +

TP53-/- TP53-/-, USP47-/- TP53-/-, USP7-/- TP53-/-, USP7-/-, USP47-/-

0

20

40

60

80

100

 L
D

H
 re

le
as

e 
[%

]

Ø 

LPS

LPS + Nigericin

LPS + Needle  Toxin

n.s.
n.s.

n.s.
n.s.

TP53-/-, USP7-/-

0

20

40

60

80

100

Ø 

LPS

LPS + Nigericin

LPS + Needle  Toxin

Needle Toxin allone

TP53-/- TP53-/-, USP7-/-

***
***

 L
D

H
 re

le
as

e 
[%

]

 L
D

H
 re

le
as

e 
[%

]



 61 

 
4.3.4. Cytosolically expressed Needle Toxin triggers NLRC4 activation 

in an USP7-dependent fashion 
 

The uptake of Needle Toxin, described in 1.8, has also been shown to require receptor 

ubiquitination (236). Therefore we wanted to investigate if USP7 is involved in the toxin 

uptake or the downstream cytosolic signalling. To this end, we created cell lines which 

could express the toxin in a doxycycline dependent manner, thus bypassing the uptake 

mechanism. For this, USP7 deficient cells and the parental p53 deficient cells were 

transduced with a doxycycline-inducible lentiviral construct additionally constitutively 

expressing BFP. Cells with equal expression levels were stringently selected through 

FACS sorting of BFP expression (Figure 14 A). The thus-obtained cells were treated with 

doxycycline for six hours or left untreated, and supernatants were analysed for LDH 

release (Figure 14 B). While the induction of Needle Toxin led to proptosis mediated LDH 

release in the control cells, this was absent in the USP7 deficient cells. In summary, our 

data suggest USP7 to interfere with intracellular NLRC4 signalling rather than toxin 

uptake. 

 
Figure 14 BLaER1 cell line with stable expression of doxycycline-inducible Needle Toxin. BLaER1 
monocytes were transduced with lentivirus construct expressing pLI_BFP_Lfn-scF. (A) Comparison of the 
BFP expression of the inducible construct in TP53-/- (left) and the TP53-/- x USP7-/- (right) show even 
expression in both genotypes. (B) Cells of the indicated genotype were treated with Doxycyclin for 6 h or 
left untreated. LDH release is depicted as mean + SEM of three independent experiments.  

 
4.3.5. NLRC4 levels are strongly reduced in USP7 deficient cells 

 

After establishing that USP7 plays a role in cytosolic signalling, we focused on the 

proteins involved in NLRC4 activation (cf. section 1.8).  
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When analysing protein levels in BLaER1 monocytes via immunoblotting, we observed 

a strong reduction of NLRC4 expression itself in USP7 deficient cells (Figure 15 A). This 

had also been observed in previous experiments (Figure 13 C). Of note, the loss of p53 

did not affect the NLRC4 levels.   

 
Figure 15 Reduction of NLRC4 levels in USP7 knockout. (A) Immunoblot analysis of BLaER1 monocytes 
lysates of indicated genotype stimulated for 4 h with LPS or left untreated. Multiple clones are shown in 
this experiment to highlight subtle differences between the individual USP7 knockout clones. One 
representative experiment of two is depicted. (B) Expression of NLRC4 was quantified by qRT-PCR. Shown 
are mean values + SEM of three independent experiments. (C,D) RNA-seq comparison of BLaER1 (C) and 
primary monocyte (D) transcription level changes upon LPS stimulation. NLRC4 inflammasome 
components compared to inflammasome components known to be upregulated by priming.  

 
As in our previous experiments, we asked if this phenotype was due to NF-κB deficiency.  

We analysed transcription levels of BLaER1 monocytes (Figure 15 C) as well as primary 

human monocytes (Figure 15 D) after two hours of LPS treatment via RNA sequencing. 

As expected, NLRP3, as well as cytokines such as IL1B and IL6, showed induction upon 

LPS as a result of NF-κB priming. However, components of the NLRC4 inflammasome did 

not show an induction but even indicated a small decrease. This is in line with the fact 

that we had also observed, that NF-κB deficient RelA KO cells did not show any reduction 

in NLRC4 signalling (Figure 13). Our data thus indicates that it is not the loss of NF-κB 

signalling which is responsible for the decreased NLRC4 levels. 
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As USP7 is predominantly reported to function in the nucleus, we examined if the 

reduction of NLRC4 on the protein level was due to transcriptional regulation (216, 237). 

In line with this hypothesis, mRNA levels of NLRC4 were strongly reduced in USP7 

deficient cells (Figure 15 B). Altogether, these results suggested that USP7-deficiency 

impacted on NLRC4 functionality by regulating its expression. 

 

4.3.6. Multiple immune genes are regulated by USP7 
 
To form a better understanding of the USP7 dependent transcriptional regulation we 

analysed the whole transcriptome of BLaER1 cells of TP53-/- x USP7-/- cells in comparison 

to WT and TP53-/- controls. For each genotype, several different BLaER1 knockout clones 

were analysed to ensure valid biological interpretation of the results. Euclidian distance 

analysis of the gene expression data showed the TP53-/- clones to cluster together with 

the WT sample, while the USP7-deficient cells clustered separately (Figure 16 A). This 

indicates that the p53 deficient cells have a similar transcriptional profile as the WT, 

while the USP7 depletion leads to big changes in gene expression. This is in line with our 

previous data, in which p53 deficient cells mimic the WT situation. For further analysis, 

if not stated otherwise, USP7-/- x TP53-/- cells were compared with control data from the 

cluster containing WT and TP53-/- cells. Analysing differential gene expression between 

these two cell populations showed that a total of 1,940 genes were significantly 

downregulated in USP7-deficient cells compared to the control cells (Figure 16 B and 

Figure 17A). 
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Figure 16 RNA seq of BLaER1 monocytes with or without USP7 deficiency. 3x106 differentiated, 
unstimulated BLaER1 cells were lysed in 1ml Trizol, frozen at -80 °C and handed over to the sequencing 
facility (LAFUGA, LMU, Munich) for and sequencing (A) Euclidean distance of all samples shows a strong 
similarity between the WT sample and P53 knockouts, while USP7 deficient cells cluster separately. (B) 
Volcano plot showing differential gene expression between double knockouts compared to control 
samples. Genes in red are upregulated and genes in blue are down-regulated in TP53-/- x USP7-/-.  
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These genes also showed strong enrichment of GO terms linked to immune system 

processes (Figure 17 B) while the set of genes which were upregulated in the USP7 

deficient cells did not show any significant accumulation of GO terms (data not shown). 

Interestingly, genes that did appear as significantly upregulated included inhibitory 

proteins such as CDKN2A (CDK-Inhibitor 2A), NLRC3 (Disruption of STING-dependent 

activation) and ZIC2 (Wnt/β-catenin signalling inhibitor). Despite these cells not having 

exposure to LPS prior to gene expression analysis, some NF-κB target genes were found 

to be downregulated in the knockouts, as cells also activate NF-κB under steady-state 

conditions. It is to be expected that after TLR induction a much bigger number of NF-κB 

target genes would have been picked up due to the effect of USP7 on this signalling 

cascade (ct. section 4.3.2). However, as we showed in the previous section, that NLRC4 

activation is independent of priming we decided to analyse un-primed cells and thus be 

able to analyse a dataset that is not confounded by additional immune stimulation.  

When focusing on the top 500 most significantly downregulated genes (Figure 16A), we 

found that both NLRC4, as well as NAIP, were among them. The downregulation of both 

components of this signalling pathway explains our previously observed phenotypes and 

suggests a role of USP7 in transcriptional regulation of immune sensors. 

 

Many other members of the innate immune response to bacteria (TLR2, TLR4, TLR5, 

IRAK3) or viruses (TLR8, RNASE1, RNASE6) were also found in the top 500 

downregulated genes, indicating profound immunomodulatory dependency for USP7. 

Detailed expression profiles, with an additional comparison between WT and TP53-/- for 

selected genes are shown in figure 17 C. For most of these genes, except for TLR2 and 

TLR5, the depletion of p53 alone did not have any effect on their expression levels. The 

TLR2 levels are increased in p53 deficient cells compared to the WT, but additional 

depletion of USP7 leads to a reduction that is well under initial WT levels.   
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Figure 17 Analysis of the top 500 downregulated genes in USP7 knockout. (A) Dot blot with relevant 
immune signalling components highlighted in red and transcription factors highlighted in purple. (B) GO-
Term analysis of these genes shows strong enrichment of immune regulating proteins. (C) Detailed 
overview of mRNA levels of selected relevant hits in three different genetic backgrounds. For better 
statistical analysis, subsampling was used for the WT sample, as no biological duplicates were available. 

 



 67 

 

Of all transcripts downregulated in USP7 knockouts, NOD2 showed the highest 

reduction in mRNA levels (Figure 17 A). 

To assess the impact of USP7 knockouts on the NOD2 pathway, we utilised our BLaER1 

knockout cells treated with the membrane-permeable MDP (L18-MBP). We measured 

IL-6 secretion at different timepoints (Figure 18 A). We found that in USP7 deficient cells, 

IL-6 secretion was completely blunted. As expected, this was also the case in NF-κB 

deficient RelA-/- x RelB-/- cells. To dissect whether the effect on the IL-6 levels was solely 

due to the role of USP7 on NF-κB signalling described in chapter 4.3.2, we analysed RIPK2 

ubiquitylation by western blot (Figure 18 B). We stimulated BLaER1 cells for one hour 

with L18-MDP and purified ubiquitylated proteins using glutathione S-transferase (GST)-

ubiquitin associated domain (UBA) bound to Sepharose beads (238). Following MDP 

treatment, strong RIPK2 ubiquitination was observed in the WT and TP53-/- controls, as 

indicated by higher molecular weight species of RIPK2 by Western blot (Figure 18 B). 

When analysing RelA-/- x RelB-/- only a slight reduction of RIPK2 ubiquitination was 

observed. This is in line with previous studies hinting towards a positive feedback 

regulation between NF-κB and NOD2 leading to a reduction, but not a full loss, of 

RIPosome formation after RelA silencing (239, 240). In USP7 deficient cells, the 

ubiquitination of RIPK2 was completely absent. Input control lysates showed no 

difference in the protein levels of ubiquitinated RIPK2 (Figure 18 C). 

In summary, these findings indicate that USP7 plays a role upstream of RIPK2 

ubiquitination. This is consistent with the fact that NOD2 levels were found to be almost 

completely abolished in the RNA sequencing (Figure 17 C), and demonstrates that the 

transcriptional regulation is required for functional NOD2 signalling. 
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Figure 18 Analysis of NOD2 signalling. (A-C) BLaER1 monocytes of indicated genotype stimulated with 

L18-MDP. (A) IL-6 secretion after 2 h and 4 h stimulation. Immunoblot of lysates (B) and UBA enriched 

fraction (C) after 1h stimulation. 

Another immune-related gene that we found to be strongly downregulated in the USP7 

deficient cells was TLR2 (Figure 17). We therefore set out to investigate the phenotypical 

changes in the knockout after TLR2 stimulation. For this, we compared NLRP3 

inflammasome activation under different priming conditions. To exclude an impact of 

TLR4 mediated inflammasome activation on Nigericin stimulation, we used TLR2 priming 

by Pam3CSK4. While there was only a weak reduction of cell death in the USP7 deficient 

cells after Nigericin treatment following TLR4 dependent LPS priming (as already 

described in 4.3.3), there was a substantial decrease of cell death when using Pam3CSK4 

priming (Figure 19). In this condition, the WT showed lower levels of cell death than the 

TP53 knockout. This is in line with the transcriptomics data, that showed an upregulation 

of TLR2 in the TP53 KO compared to the WT (Figure 16C). Not only did the loss of USP7 

revert the increased cell death observed in TP53 KO cells, it even showed a substantial 
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of TLR2.  
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Figure 19 LDH release upon NLRP3 activation after specific TLR2 priming. BLaER1 monocytes of the 
indicated genotype were treated with LPS or Pam3CSK4 for 2 h and subsequently stimulated with 
Nigericin for 2 h. LDH release is depicted as mean + SEM of three independent experiments. 
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downregulated in p53 deficient cells, compared to the WT sample (Figure 20 A).  As 

expected, p53 was among the top 10 transcription factors, that the analysis predicted 

to be responsible for the regulation of the genes, albeit not being the top hit. We thus 

proceeded to use this analysis on the list of genes downregulated in USP7 deficient cells 

(Figure 20 B). 

 

 
Figure 20 Transcription factors analysis. (A-B) Top 10 TFs identified by iRegulon analysis of most 
prominently downregulated genes (209). Bars represented normalised enrichment score and the red line 
indicates the number of hits. (A) Proof of concept TF analysis of transcripts downregulated in TP53-/-  

compared to WT. (B) TF analysis of transcripts downregulated in TP53-/- x USP7-/-. 
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shown). 
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deposited in the JASPAR database, which show high sequence similarity of IRF4 and IRF8 

binding sequences (Figure 21). 

 

 

 
Figure 21 Transcription factor (TF) binding profiles of IRF4 (A) and IRF8 (B). Visualisation of the position 
weight matrices (PWMs) of the TF binding profile obtained from JASPAR (243). 

The transcriptional regulation of murine NAIPs in an IRF8 dependent manner has 

recently been shown in a study by Karki et al. (170). While analysing NAIP promoter 

binding in mice, this study also finds an enrichment of IRF4 and SPI1 binding but focuses 

mostly on the effect of IRF8.  

In human macrophages, IRF8-/- cells showed a reduction of cell death upon NLRC4 

stimulation, similar to the USP7 KO when stimulated with Needle Toxin without prior 

LPS priming (Figure 22 A). IRF1-/- x IRF3-/- x IRF4-/- x IRF5-/- x IRF7-/- cells did not show any 

reduction, suggesting no involvement of other IRFs. However, the IRF8-/- phenotype was 

not as strong as the phenotype of USP7-deficient cells after Needle Toxin treatment 

following LPS priming. A second LPS driven transcription factor could lead to this partial 

redundancy after LPS treatment. Moreover, IRF8-/- cells also showed a reduction in 

pyroptosis after NLRP3 induction following TLR2 priming, thus also resembling the 

phenotype observed in the USP7 knockouts. 

A B
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Figure 22 Role of IRFs in NLRP3 signalling. BLaER1 monocytes of the indicated genotype were treated 

with LPS or Pam3CSK4 for 2 h and subsequently stimulated with Nigericin or Needle Toxin for 2 h. LDH 

release is depicted as mean + SEM of three independent experiments. The depletion of IRF8 shows a 

similar impact on NLRC4 activation (A) and TLR2 priming (B) as the depletion of USP7. 
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4.4. Discussion 
 
The role of ubiquitin as an important regulator of inflammasomes has become 

increasingly evident in recent years, with DUBs contributing significantly to this process 

(244). The priming step necessary for transcriptional upregulation of some 

inflammasome components and cytokines, mediated mainly by the NF-κB pathway, is 

regulated by DUBs such as A20 or CYLD and a role for USP7 has previously been 

suggested (ct. section 1.9). To date, most DUBs are described to act as negative 

regulators (Figure 23 A) and are upregulated in response to TLR activation in order to 

regulate and terminate NF-κB signalling (245). We found that unlike these DUBs, USP7 

is a positive regulator of NF-κB. Additionally, unlike A20, the levels of USP7 are not 

upregulated by TLR4 activation. These findings contradict studies that describe USP7 as 

a negative regulator of the NF-κB by deubiquitination of NEMO (Figure 23 B) (222, 223) 

but support more recent research, showing USP7 to regulate NF-κB transcriptional 

activity in the nucleus, by increasing NF-κB stability as depicted in Figure 23 C (224). 

 

 

 

Figure 23 The Role of DUBs in regulation of TLR4 
signalling. In MyD88-dependent signalling, 
TRAF6 synthesizes K63 poly-Ub chains, which act 
as a scaffold for TAK1 and IKK complexes, TAB2/3 
and NEMO. This is facilitated by LUBAC, which 
leads to the linear ubiquitination of NEMO 
required for the recruitment of the IKK complex. 
Thus TAK1 phosphorylates IKK𝛽, which in turn 
phosphorylates I𝜅B and subsequently undergoes 
ubiquitination and proteasomal degradation (See 
also Figure 3). (A) Several DUBs remove ubiquitin 
chains from TRAF6, NEMO negatively regulating 
this signalling pathway. (B) A similar mechanism 
proposed for USP7 would have the opposite 
phenotype of what we observed. (C) A different 
mechanism proposes that USP7 to prevents NF-
𝜅B degradation hence positively regulating 
transcription. This theory is in line with our 
findings.  
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Our data further showed that the loss of USP7 leads to an impaired NLRC4 response 

while only marginally affecting NLRP3. The weak effect on NLRP3 can be attributed to 

the NF-κB deficiency of the knockouts. Previous studies had suggested functional 

redundancies between USP7 and USP47 in some distinct settings (234, 235). While we 

were conducting our study, Palazón-Riquelme et al. published their findings that USP7 

and USP47 regulate NLRP3 inflammasome activation based mostly on the inhibitor 

P22077, which targets both DUBs. We could recreate their data using the inhibitor (data 

not shown), but genetic depletion of USP47 did not show any inflammasome related 

phenotype and the additional depletion of USP47 in USP7 knockouts did not show any 

additional effect when compared to the USP7 deficient cells. Due to structural and 

mechanistic similarities of DUBs, there is the possibility that the observed effect on 

NLRP3 signalling is thus due to the inhibition of additional DUBs. This is in line with 

finding, that state a low activity and selectivity for P22077, showing it to inhibit multiple 

other USPs (such as USP9, 10, 20, 36) but also, for instance, the E3 ligase BRCC3, 

previously shown to be involved in NLRP3 activation (246). 

Our observed phenotype on NLRC4 signalling was independent of TLR priming and was 

also present in un-primed conditions. While there are studies suggesting regulation of 

NLRC4 through a ubiquitin ligase (206), no direct endogenous ubiquitination has yet 

been described. While our efforts to detect USP7 dependent changes of NLRC4 

ubiquitination could likewise not determine clear endogenous ubiquitination, we could, 

however, detect a strong reduction of total NLRC4 protein in the USP7 deficient cells.  

In line with the previous finding of USP7 acting on transcription factors and its described 

predominant localisation in the nucleus, we found a substantial change in transcription 

profiles between parental cells and USP7 knockouts (247). Amongst others, both NLRC4 

and its adapter NAIP were downregulated in the knockout cells, which serves as a 

conclusive explanation for the observed phenotype.  

 

TP53-/- cells reacted liked WT cells in all of our experiments. NLRC4 RNA and protein 

levels were never reduced in these knockouts and also our transcriptome analysis did 

not indicate any role of p53 in the regulation of NLRC4. These data are in contrast to a 

study suggesting NLRC4 to be a p53 inducible gene (171). 
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The transcription factor analysis conducted with our transcriptome data had found SPI1 

and IRF4 to be key transcription factors. A previous study by Karki et al. analysed NAIP 

promoter binding in mice and found an enrichment of IRF4 and SPI1 together with 

IRF8 (170).  In this study, the authors emphasised the sequence homology between IRF4 

and IRF8. They suggest that SPI1 might work in conjunction with IRF8 for the 

transcriptional regulation of Naips. The analysis of published ChIP-seq datasets further 

indicated IRF8 binding to the promoter regions of Naip2, Naip5, and Naip6 and to the 

intronic region of Nlrc4. Since this study, others have also identified IRF8 and IRF4 

binding sites in the intronic regions of Nlrc4 (248).  

 

While IRF8 knockouts showed a strong reduction of pyroptosis upon NLRC4 activation, 

it was not a full inhibition and LPS primed cells showed a weaker phenotype than un-

primed cells. This is in line with Karki et al. that also could detect NLRC4 inflammasome 

activity in the absence of IRF8. This could be due to other factors that contribute to the 

transcription of the inflammasome components. Due to its weak DNA-binding activity 

IRF8 is often recruited together with other transcription factors. Other IRFs, AP-1 and  

Ets family TF (of which SPI-1 is a member) have been shown to interact with IRF8 

allowing combinatorial control over numerous genes (249, 250). Our data would suggest 

the involved other TF to be inducible through LPS, as LPS priming dampens the 

phenotype of the IRF8 deficiency. AP-1 and some IRFs (IRF3, IRF7) have been shown to 

be induced by LPS (251-253). 

Moreover, NF-κB also binds to the promoters of IRF1, IRF2, IRF5, and IRF8, thus linking 

TLR and IFN signalling (254). Figure 24 shows an overview of the proposed 

transcriptional regulation. Repeating the RNA-sequencing experiments with additional 

LPS treatment could help for a full understanding of involved transcription factors. 
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Figure 24 Overview of the proposed transcriptional regulation of NLRC4 inflammasome.   The cytosolic 
receptor NAIP senses bacterial proteins such as type III secretion system (needle and rod) and flagellin 
and activates NLRC4. IRF8 seems to be required for the transcription of the NLRC4 inflammasome 
components, and SPI1 might have an assisting role in this process. In the presence of LPS, a TLR dependent 
TF appears to also regulate transcription of the inflammasome components. Both IRF8 and the unknown 
TLR dependent TF are likely to be stabilised through USP7. 

NAIPs are the cytosolic receptors that sense bacterial proteins, specifically the type III 

secretion system (T3SS) needle, the T3SS inner rod, and flagellin. IRF8 is required for the 

transcription of genes encoding NAIPs, and SPI1 may also have a role in that process. 

The detection of bacterial proteins via NAIPs activates the NLRC4 inflammasome, 

leading to cell death and IL-1β/IL-18 secretion. 

 

In the USP family, the catalytic site is strongly conserved throughout all members and 

noncatalytic domain confer substrate specificity. For USP7 this is through its ubiquitin-

like domain (UBL). Of the over 50 USP family DUBs only 7 contain multiple of these UBLs: 

USP4, USP7, USP11, USP14, USP32, USP40 and USP47 (Figure 25) (255).  

USP4, in turn, has been shown to acts as a deubiquitinase for IRF8, stabilising it by 

removing K48-linked polyubiquitin (256). The study further showed that a deficiency in 

USP4 resulted in decreased IRF8 levels.  

With USP4, a DUB was shown to regulate IRF8 with similarities to USP7 (crystal 

structures are shown in Figure 25 B). Of note, like USP7, also USP4 was shown to regulate 

p53 (257, 258). Further experiments are needed to determine whether also USP7 can 

interact and directly deubiquitinate IRF8. The fact that past studies have shown USP7 to 
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interact with viral IRFs such as vIRF1 and vIRF4 does indicate USP7 to be able to directly 

interact with IRFs (214, 215). Some studies analysing the interaction of USP7 with its 

targets, have shown the importance of the TRAF domain and have characterised its 

interaction with a consensus sequence of P/AXXS on most of the known USP7 targets 

(Figure 25 A, E). It is worth noting that also IRF8 contains five of these motifs.  

 
Figure 25 Similarities of different DUBs. (A) Domain representation of USP47, USP7 and USP4 showing 
multiple UBL domains. (B) Cristal structure of USP7 and USP4. (C) Sequence and secondary structure 
alignment between UBL domains of USP47, USP7 and USP4. (D) Interaction between TRAF Domain of 
USP7 and target Proteins (in colours corresponding to E). (E) TRAF recognition motif is found upon the 
alignment of interacting peptides found in crystal structures (top) and can also be found in IRF8 (bottom). 
(Fig. adapted from (259-261)) 

In future experiments, the ubiquitination state of IRF8 in WT and USP7-/- need to be 

studied to further investigate if a direct modification of the ubiquitination of IRF8 leads 

to the observed phenotypes. Additionally, co-immunoprecipitation experiments could 

show if an interaction of USP7 and IRF8 can be detected. However, previous co-

immunoprecipitation attempts of deubiquitinases with their targets have turned out to 

be difficult, due to the very weak and transient interactions of DUBS.  
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A range of autoinflammatory diseases caused by NLRC4 mutations, commonly known as 

NLRC4-associated autoinflammatory diseases (NLRC4-AID), are known today (Table 5).  
 

 

 

 

 

 

 

 

 

Table 5  NLRC4 mutations and associated diseases observed in patients. 

 

The mutations are found on the NBD the, HD1, WHD and even on the LRR. NLRC4 crystal 

structure analysis suggests that the mutations in the NBD and HD1 acids are required 

for ADP binding or inflammasome formation (Figure 26 A-D).  

The clinical manifestations range from Cryopyrin-Associated Periodic Syndrome (CAPS) 

like diseases to life-threatening macrophage activation syndrome (MAS), also known as 

autoinflammation with infantile enterocolitis (AIFEC). Affected individuals showed 

increased levels of IL-1b, IL-18 and pyroptosis (262-264, 267, 268, 270). Patients can also 

develop secondary organ-specific symptoms as well as central nervous system 

dysfunction (262, 267). 

The observed CAPS-like disease diseases are characterised by recurrent episodes of 

fever, rash and arthralgia after exposure to cold stimuli and previously were only 

associated with mutations in NLRP3 and NLRP12 (127, 271). 

MAS and accompanying hemophagocytic lymphohistiocytosis (HLH) are life-threatening 

systemic conditions associated with uncontrolled macrophage activation and 

hemophagocytosis (272, 273). If left untreated, ongoing flares can progress to organ 

failure and death. 

 

Variant Origin of mutation Phenotype Source 

p.S171F somatic mosaicism MAS/AIFEC (262) 

p.T177A somatic mosaicism CAPS-like (263) 

p.T337S de novo MAS/AIFEC (264) 

p.T337N de novo MAS/AIFEC (265) 

p.V341A de novo MAS/AIFEC (266) 

p.V341A inherited MAS/AIFEC (267) 

p.H443P inherited CAPS-like (268) 

p.S445P inherited CAPS-like (269) 
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With no NLRC4-specific therapy available, to date patients are treated with drugs 

targeting downstream inflammatory mediators in a broad and unspecific fashion: While 

non-steroidal anti-inflammatory drugs, corticosteroids recombinant IL-1RA (anakinra) 

and cyclosporine are often used effectively, some patients still succumb to the disease, 

suggesting that early diagnosis and more specific drugs are critical for effective 

intervention (263, 267, 274). 

Figure 26 Diseases associated NLRC4 
mutations. (A) Schematic structure of 
NLRC4 highlighting the mutations (B-D) 
NLRC4 is maintained in an auto-inhibited 
state through ADP binding and NACHT:LRR 
domain interactions. Most disease 
associated mutations are located on the 
NOD domain and interfere with ATP 
binding. NLRC4 inflammasome formation 
requires LRR-LRR interaction. The W655C 
mutation is thought to inhibit this 
interaction and thus prevent inflammasome 
formation (E) Inhibition profiles of DUB 
inhibitors. To date available DUB inhibitors 
are not very specific and often inhibit 
multiple DUBs. 
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The ability to be able to potentially inhibit NLRC4 selectively is thus an interesting option 

for treating these patients. Our data suggest that the inhibition of USP7 could be used 

as an upstream inhibition of NLRC4 activity.  

Therapeutic DUB inhibitor development is still in its early stages. With VLX1570, the first 

USP inhibitor (USP14) entered clinical trials in 2015 (275). Since then, multiple other DUB 

trials have been initiated. USP7 is being studied as a drug target in a wide range of 

malignancies, including multiple myeloma, breast cancer, neuroblastoma, glioma, and 

ovarian cancer (276-280). Several small molecular inhibitors of USP7 have been 

developed and tested in preclinical studies and are soon thought to enter clinical trials 

(213, 281).  Pimozide, an FDA approved antipsychotic drug, has been shown to suppress 

cell growth of cancer cells in vitro. While this was mostly attributed to its inhibition of 

USP1, it is worth noting that Pimozide also inhibits USP7 (Figure 26 E) (246, 282).  
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5. Investigating the role of IKKβ in NLRP3 signalling 
 

5.1. Introduction 
 
IKKβ (IKBKB) has predominantly been studied with regard to its impact on NF-κB 

signalling (see chapter 1.5), as early mouse studies suggested that IKKβ and NEMO 

(IKBKG) are essential for its activation, while Ikkα is not (283, 284). It was found that 

IKBKB-/- mice exhibit embryonic lethality due to severe liver apoptosis (285, 286). 

Strikingly the lack of IKKβ in humans is not embryonically lethal, albeit leading to early 

infections (287-289).  

Some studies show an anti-inflammatory effect observed by genetic ablation or small-

molecule inhibition of IKKβ in vivo and explain this through and inhibition of the NF-κB 

pathway (290-292). However, others have shown that IKKβ inhibition can lead to 

spontaneous inflammatory conditions, thus arguing a role for NF-κB in the negative 

regulation of caspase-1 activation and IL-1β secretion. Intriguingly, studies on kinase 

inhibitors showed that inhibition of IKKβ or the upstream kinase TAK1 inhibits NLRP3 

inflammasome activity independent of inhibitory effects on NF-κB (293, 294). As 

mentioned in section 1.5, both IKKα and IKKβ have been shown to phosphorylate a 

growing number of ‘non-classical’ substrates and exert multiple NF-κB independent 

functions. It was shown previously, for instance, that in the context of TNF signalling, 

the IKK complex phosphorylates RIPK1 at TNFR1 complex I (295). The NF-κB independent 

role of IKKα/IKKβ protected the cells from RIPK1-dependent death downstream of 

TNFR1. Other research studying the inhibition or loss of upstream kinase TAK1 also show 

a RIPK1 dependent cell death, describing it as apoptosis, necroptosis and pyroptosis 

(296, 297).  

 

5.2. Chapter overview 
 
As discussed above, the loss of IKKβ has been described to interfere with NF-κB 

signalling, while at the same time, conflicting data reports show both anti-inflammatory 

as well as spontaneous inflammation. To further understand the role of IKKβ both in NF-

κB dependent and independent inflammasome signalling, we first set out to analyse the 

effect of IKKβ inhibition in mouse macrophages, as most of the previous studies focus 

on this model organism. While early inhibition of IKKβ leads to LPS induced pyroptosis 
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in mouse macrophages, late-stage inhibition has an inhibitory effect even on Nigericin 

induced pyroptosis. In human macrophages no LPS induced proptosis was detectable in 

IKKβ deficient cells, highlighting a key difference between mice and man. Moreover, we 

could observe a striking reduction of pyroptosis in the knockouts after Nigericin 

stimulation. We could show that this effect was independent of NF-κB and upstream of 

caspase-1 activation.  

In order to identify the catalytic IKKβ target responsible for NLRP3 activation, we 

conducted phosphoproteomics, which led us to further study direct phosphorylation of 

NLRP3. 

 
 

5.3. Results 
 

5.3.1. Loss of IKKβ in mouse macrophages leads to pyroptosis after 
LPS treatment  

 

As described above, the seemingly conflicting findings have been reported on the effect 

of the loss of IKKβ. To readdress and clarify the role of IKKβ in mice, we went on to 

generate IΚBKB-/- J774 immortalised macrophages as an in vitro model system for 

murine macrophages. We were able to generate viable knockout clones, demonstrating 

that previously observed lethality in vivo dos not affect in vitro cell systems.  To assess 

inflammasome activation, we subjected these macrophages to four hours of LPS priming 

and subsequently stimulated the cells with Nigericin. The IΚBKB deficiency showed 

pyroptotic cell death already upon LPS treatment alone (Figure 27 A). IL-1β and IL-6 

secretion, however, were completely absent in these knockouts (Figure 27 B-C). We also 

analysed the effect of the inhibitor TPCA1 on the J774 cells since the use of an inhibitor 

would allow us to study primary cells. This potent, selective inhibitor of IKKβ (IC50 = 17.9 

nM) displays high selectivity over IKKα and other kinases (298). J774 cells were treated 

with 4 µM TPCA1 for 30 minutes prior to priming and stimulated with LPS for two hours 

and subsequently stimulated with Nigericin for two hours. The inhibitor showed a 

comparable effect on both LDH release and IL-1β secretion (Figure 27 D-E), thus making 

the inhibitor a useful tool for further experiments. 
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Figure 27 Role of IKKβ in LPS induced cell death in J774 immortalised mouse macrophages. (A-C) WT or 
IKKβ KO J774 macrophages were treated with LPS for 4 h and subsequently stimulated with Nigericin for 
2 h. (D-E) WT J774 macrophages were treated with 4 µM TPCA1 or left untreated prior to treatment with 
LPS for 2 h and subsequently stimulated with Nigericin for 2 h. Cytokine and LDH release are depicted as 
mean + SEM of three independent experiments.  

We next conducted an experiment using murine bone marrow-derived macrophages 

treated with TPCA1 at different timepoints of stimulation. As observed in the 

immortalised cell line, the untreated cells showed cell death only after Nigericin 

treatment, whereas the inhibition of IKKβ prior to LPS treatment lead to cell death 

without the need of a second signal (Figure 28 A). Again, IL-1β secretion could only be 

observed after stimulation of both LPS and Nigericin (Figure 28 B) and was absent in all 

TPCA1 treated conditions. As both IL-6 and TNF levels are similarly reduced after 

treatment, this suggested that the loss of NFK-B dependent cytokine induction was 

responsible for the observed loss of interleukin production. 

In cells treated with TPCA1 two hours after LPS treatment (labelled “with Nigericin” in 

Figure 28), the LPS-dependent cell death observed in the case of early IKKβ inhibition 

was strongly reduced. Interestingly, the classical Nigericin induced NLRP3 dependent 

cell death was also blocked. By immunoblot, we could show that the observed cell death 

was driven by the maturation of caspase-1 in all conditions leading to LDH release 
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(Figure 28 E). While the protein levels of NLRP3 were not affected by TPCA1 treatment, 

this did not explain the observed phenotype: functional levels of NLRP3 were present in 

all conditions and in the late TPCA1 treated conditions that show the strong reduction 

in pyroptosis levels NLRP3 levels are higher than in the early TPCA1 treat conditions, 

which show proptosis induction.   

 

 
Figure 28 Role of IKKβ in LPS induced cell death in murine bone marrow-derived macrophages. 4 µM 
TPCA1 was added either together with LPS or Nigericin. BMDMs were treated with LPS for 2 h and 
subsequently stimulated with Nigericin for 2 h. (A-D) Cytokine and LDH release are depicted as mean + 
SEM of three independent experiments. (E) Immunoblot analysis of lysates and precipitated supernatant. 
One representative experiment of two is depicted. 

 
In summary, our data show that the loss of IKKβ in mouse macrophages leads to 

pyroptotic cell death mediated through caspase-1 cleavage upon LPS treatment. At the 

same time, classical NLRP3 inflammasome signalling seems to be dependent on IKKβ. In 

mouse cells, this can only be studied when IKKβ gets pharmacologically inhibited shortly 

before NLRP3 stimulation, as the LPS mediated pyroptosis observed in the IKBKB 

deficient cells otherwise masks this effect.  

Spontaneous IL-1β release after IKKβ inhibition, which was previously published, could 

not be detected in our stimulation conditions (299).   
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5.3.2. Loss of IKKβ in human macrophages does not lead to pyroptosis 
after LPS treatment  

 

To study the underlying mechanisms in human macrophages, BLaER1 and THP1 cells 

deficient in IKBKB were generated. Cells were treated with LPS for two hours and 

subsequently stimulated with Nigericin or pA and Needle Toxin (LF-YscF) for additional 

two hours. In contrast to the data obtained in mice, LPS treatment on its own did not 

lead to pyroptosis in these cells (Figure 29 A, F). On the other hand, the inhibitory effect 

after additional Nigericin treatment was strongly present. As NLRC4 stimulation through 

Needle Toxin treatment showed no difference in LDH release between WT and IΚBKB-/-

, it appears that the IKKβ requirement is specific to the NLRP3 inflammasome (Figure 29 

A, F).  

In IKBKB knockouts, IL-1β secretion was strongly reduced after stimulation of both 

inflammasomes, though showing a stronger phenotype after NLRP3 signalling 

(Figure 29 B, G). The fact that other NF-κB dependent cytokines were also blunted in 

IKBKB-/- both in THP1 and BLaER1 cells, this strongly suggested the loss of IL-1β release 

is also mainly due to a loss of NF-κB signalling in these cells (Figure 29 C-E). This 

observation is in line with multiple previous studies (90) that have implied the role of 

IKKβ in NF-κB dependent regulation of cytokines.  
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Figure 29 Role of IKKβ in inflammasome activation in human monocytes. (A-D) BLaER1 and (E-G) THP1 
cells of the indicated genotype were stimulated for 2 h with LPS and subsequently stimulated with 
Nigericin or pA and Needle Toxin (LF-YscF) for 2 h. LDH and cytokine secretion are depicted as mean + 
SEM of three independent experiments. 
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5.3.3. NF-κB is not necessary for NLRP3 activation in human 
macrophages 

 

To determine whether the observed IKKβ dependent NLRP3 mediated pyroptosis is also 

dependent on NF-κB signalling, we generated RelA deficient BLaER1 and THP1 cells. In 

the BLaER1 cells, we additionally created double knockouts also lacking RelB, to also 

disrupt non-canonical NF-κB signalling (cf. section 1.5). We stimulated these cells with 

LPS for four hours and checked the RNA transcription of the NF-κB dependent cytokines 

IL1B and IL6 via qPCR (Figure 30 A-B). As expected, both in the RelA-/- as well as the RelA-

/- x RelB-/- cells transcription levels were completely blunted due to the loss of NF-κB 

signalling. 

We further performed immunoblotting of the phosphorylation of IκBα (pIκBα), a 

prominent NF-κB activation marker, in a time course stimulation with LPS (Figure 30 D). 

While phosphorylation levels of IκBα were detectable after one hour of LPS treatment 

in the wt, in RelA deficient cells no phosphorylation could be detected even after two 

hours of LPS treatment. Although IκBα phosphorylation takes place upstream of RelA 

release, our observed loss of IκBα phosphorylation in RelA deficient cells is in line with 

studies describing a positive feedback control of RelA on the IκBα phosphorylation (233).  

After establishing that the RelA knockout cells were entirely deficient in NF-κB signalling, 

we analysed the inflammasome activation in these cells. BLaER1 and THP1 cells were 

primed with LPS for two hours and subsequently stimulated with Nigericin. The NF-κB 

deficient cells still showed pyroptotic cell death similar to WT cells after NLRP3 

activation (Figure 30 C-D). Additional depletion of the non-canonical signalling protein 

RelB mimicked the RelA single knockout. This indicates that the loss of inflammasome 

signalling observed cleavage in the IΚBKB KO cannot be explained by a loss of NF-κB 

dependent transcriptional priming. 
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Figure 30 NF-κB deficiency does not lead to loss of NLRP3 dependent cell death. (A-B) BLaER1 monocytes 
of the indicated genotype were stimulated for 4 h with LPS or left untreated. Expression of IL1B (A) and 
IL6 (B) was quantified by qRT-PCR. Shown are mean values + SEM of three independent experiments. (C-
D) THP1 (D) and BLaER1 monocytes (D) of the indicated genotype were treated with LPS for 2 h and 
subsequently stimulated with Nigericin. LDH secretion is depicted as mean + SEM of three independent 
experiments. (E) BLaER1 monocytes of the indicated genotype were treated with LPS for the indicated 
time. Immunoblot of pIκBα and IκBα was performed as markers of NF-κB activation. One representative 
experiment of two is depicted.  
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As shown in the previous sections, NF-κB disruption is visible both in RelA (Figure 30) 
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dispensable. However, we could observe, that the double knockout of IKKα (CHUCK) and 

IKKβ, was able to reduce LDH release slightly more than observed in the single IKKβ 

knockout (Figure 31 A).  

 
Figure 31 IKKβ and upstream signalling components are necessary for caspase-1 maturation, while 
downstream NF-κB signalling is not. BLaER1 monocytes of the indicated genotype were treated with LPS 
for 2 h and subsequently stimulated with Nigericin or Needle Toxin for 2 h. (A) LDH secretion is depicted 
as mean + SEM of three independent experiments (B) Immunoblot analysis of BLaER1 monocytes lysates 
and precipitated supernatant of indicated genotype. One representative experiment of two is depicted. 
(C) Heatmap of LDH secretion depicted as mean of at least two independent experiments. 
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in all observed conditions (Figure 31 B). IL-1β levels in the supernatant and lysates 

corresponded to these results. 

 

5.3.5. Primary human macrophages rely on IKKβ for NLRP3 activation 

 
In order to confirm our findings in primary cells, monocytes isolated from PBMCs were 

differentiated with hM-CSF for seven days to obtain monocyte-derived human 

macrophages. Cells were primed with 50 pg/ml of LPS (2 h) and stimulated with 6.5 µM 

Nigericin or 0.25 µg/ml pA and 0.025 µg/ml Needle Toxin (LF-YscF) for two hours. To 

inhibit IKKβ, 4 µM TPCA1 was added prior to LPS priming. As observed with the knockout 

cell-lines, the inhibition of IKKβ in primary macrophages also led to a loss of pyroptotic 

cell death after NLRP3 activation while not affecting NLRC4 signalling (Figure 32 A). The 

secretion of IL-1β and IL-6 also followed the pattern observed in the cell-line knockouts 

(Figure 32 B, C). Immunoblotting further validated these results (Figure 32 D).  

 

 
Figure 32 NLRP3 signalling in Primary human monocytes depends on IKKβ activity. Human monocytes 
were isolated from PBMCs were treated with 4 µM TPCA1 or left untreated prior to treatment with LPS 
for 2 h and subsequently stimulated with Nigericin or Needle Toxin for 2 h. (A-C) LDH and cytokine 
secretion are depicted as mean + SEM of three independent experiments. (D) Immunoblot analysis of 
monocyte lysates and precipitated supernatant. One representative experiment of two is depicted. 
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Since we also wanted to work with complete genetic ablation instead of inhibitors in 

primary human cells, we adopted an in vitro differentiation protocol in which human iPS 

cells are differentiated into macrophages (hiPS-Macs) (195). The lab of Florent Ginhoux 

kindly provided iKKβ deficient hiPS-Macs. By analysing the cells via immunoblot, we 

could validate that no IKKβ was detectable in the knockouts. After differentiating the 

cells following the procedure published by Takata et al., macrophages were primed with 

LPS for two hours and four hours and subsequently treated with Nigericin or Needle-

Toxin. NLRP3 dependent pyroptosis, as measured through LDH, was entirely dependent 

on IKKβ. 

Moreover, IL-1β and IL-18 release were also fully IKKβ dependent (Figure 33 B, E, F). 

Residual IL-6 and TNF production was observable, albeit notably reduced (Figure 33 C, 

D). In summary, our data from primary human macrophages and iPS-Macs confirms the 

role of IKKβ in primary human cells. 

 

 
Figure 33 NLRP3 signalling in human iPS cells depends on IKKβ activity. (A) hiPS-Macs used for the 
experiments were analysed by immunoblot for the expression of IKKβ. GAPDH was used as housekeeping 
gene. (B-F) WT and IKBKB-/- hiPS-Macs were treated with LPS for 2 h and subsequently stimulated with 
Nigericin or Needle Toxin for 2 h. LDH release (B), IL-6 (C), TNF (D), IL-1β (E) and IL-18 (F) secretion are 
depicted as mean + SEM of two independent experiments. 
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5.3.6. IKKβ is necessary for potassium independent NLRP3 signalling  

 
Previous models have suggested K+-efflux to lead to rapid interaction between proteins 

involved in NLRP3 signalling (153, 154). Since then, studies have shown a K+-efflux-

independent activation of NLRP3 through the immune modulator imiquimod (ct. section 

1.7) (157).  

We thus set out to study if this K+-efflux-independent NLRP3 activation also requires 

IKKβ. We primed BLaER1s for two hours with LPS and treated them with 30 µg/ml 

imiquimod for two hours. The LDH release after this treatment resembled the results 

obtained after K+-dependent NLRP3 stimulation with a loss of LDH release in IKKβ 

deficient cells and no effect of NF-κB deficiency (Figure 34).  

 
 

 

Figure 34 Potassium independent 
activation via imiquimod requires 
IKKβ. BLaER1 monocytes of the 
indicated genotype were treated for 
2 h with LPS and subsequently 
stimulated with 30 µg/ml imiquimod 
for 2 h. LDH secretion is depicted as 
mean + SEM of three independent 
experiments. 
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5.3.7. Kinase function of IKKβ is necessary for NLRP3 signalling  

 

After establishing that IKKβ is required both potassium dependent and independent 

NLRP3 activation, we wanted to further investigate the underlying mechanism of 

activation. In the IKK complex the scaffolding function of proteins, and not necessarily 

their enzyme activity, are in some cases essential for signal transduction (ct. section 1.5) 

(300-302). The mitotic spindle kinase NEK7 was also shown to function independently 

of its kinase role in NLRP3 activation (153, 154). Due to these facts, we wanted to 

investigate whether the kinase function of IKKβ is necessary for its role in NLRP3 

activation. For this, we generated BLaER1 IKBKB-/- cells expressing the catalytically 

inactive mutant (K44M) or wildtype IKKβ in a doxycycline dependent manner. Similar 

levels of both constructs were expressed after doxycycline treatment as verified via 

immunoblot (Figure 35 A). Cells were primed and stimulated with Nigericin, imiquimod 

and Needle Toxin. Both in the case of Nigericin and imiquimod stimulation, the WT 

complementation showed pyroptotic cell death which was absent in the cells 

complemented with the kinase-dead mutant (Figure 35 B). As expected, as the depletion 

of IKKβ had no impact on NLRC4 activation, neither did the complementation. 

IL-1β secretion of cells transduced with the kinase-dead mutant was blunted for all 

conditions (Figure 35 C). This is in line with previous studies that showed IKKβ K44M to 

inhibit RelA nuclear translocation (93). 

This data show that the scaffold function is not sufficient, but the kinase activity of IKKβ 

is necessary for NLRP3 signalling. 
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Figure 35 IKKβ kinase activity is required for NLRP3 signalling. (A-C) IKKβ knockout BLaER1 cells 
transduced with an inducible construct for WT or K44M Ikk2 were treated with doxycycline for 8 h or left 
untreated. (A) Cells used for the experiments were analysed by immunoblot for the expression of IKKβ. 
β-Actin was used as housekeeping gene. (B, C) Cells were treated with LPS for 2 h and subsequently 
stimulated with Nigericin or Needle Toxin for 2 h. LDH release (B) and IL-1β (C) secretion are depicted as 
mean + SEM of two independent experiments. 
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LDH release was observed and, for late inhibitor treatments, IL-1β secretion was likewise 

barely affected. 

 
 

Figure 36 Rapid effect of IKKβ inhibition on NLRP3 inflammasome. (A, B) BLaER1 (C,D) THP1 cells and (E, 
F) primary human monocytes were treated with LPS for 2 h and subsequently stimulated with Nigericin 
or Needle Toxin for 2 h. 4 µM TPCA1 was added at different timepoints of the experiment. LDH and 
cytokine secretion are depicted as mean + SEM of three independent experiments. 
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In summary, this data - together with our previous findings - suggests a direct and 

possibly rapid, short-lived phosphorylation event through IKKβ, which is required for 

further activation of NLRP3. 

 

5.3.9. Analysis of IKKβ dependent phosphoproteome 

After determining the importance of the IKKβ kinase function, we set out to search for 

potential substrates of IKKβ. For this, we studied IKKβ-mediated phosphorylation in 

label-free cultured BLaER1 cells via phosphoproteomics. We analysed the phospho-

proteome of cells left untreated, pre-treated for two hours with LPS alone, or with 

addition of 30 minutes of Nigericin. As a reference, full proteomes without 

phosphopeptide enrichment were also measured. 

Phosphoproteomic sample preparation and measurement was performed by Dr. M. 

Tanzer (Mann Department, MPI Munich) following a recently published method (205).  

In brief, extracted proteins from the SDC lysates (30 x 106 cells/condition) were digested 

with trypsin and phosphopeptides were enriched with titanium dioxide (TiO2) beads. 

After further purification by StageTip cleanup, high-resolution mass spectrometry and 

comprehensive bioinformatics were carried out to identify new proteins that could be 

potential targets of IKKβ (workflow depicted in Figure 37). 

 
Figure 37 Workflow of Phosphoproteomics. Steps involved in preparing samples using the high-sensitivity 
workflow described by Humphrey et al. (205). Samples are lysed, digested and enriched followed by 
StageTip cleanup and LC-MS/MS measurement.  

 

In total, we identified about 20,000 phosphorylation sites from 4,403 proteins. We first 

focused on the effect of LPS stimulation of wildtype cells to validate our experimental 

settings. 

Following LPS stimulation, we identified 15727 phosphorylation sites on 3427 proteins, 

of which 910 phosphorylation sites on 501 proteins were considered significantly 

regulated compared to the unstimulated samples (Figure 38).  
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Figure 38 Analysis of phosphosites in BLaER1 treated with LPS. (A, B) Distribution of phosphorylated 
amino acids in WT BLaER1 cells after LPS treatment. Numbers of quantified serine- (pS), threonine- (pT), 
tyrosine- (pY) phosphorylation sites in total dataset (A) and significantly regulated dataset (B). (C,D) Extent 
of regulation by LPS on WT BLaER1 cells. A threshold of at least 1.5-fold-change was used as a threshold 
to define up-regulated and down-regulated phosphorylation sites in the total dataset (C) and significantly 
regulated dataset (D). (E, F) Over-represented signalling pathways after LPS treatment. Proteins with 
significantly up-regulated phosphosites were assigned to GO Gene Ontology terms for signalling pathways 
for WT (E) and IKKβ Knockout cells (F). 

 
Most phosphorylation sites were on serine (87%) and threonine residues (12%), tyrosine 

phosphorylation accounting for less than 1% of the sites (Figure 38 A, B). These ratios 

are consistent with studies analysing phospho-proteomic profiles in human 

macrophages (303, 304). As expected, LPS treatment led mostly to upregulation of 
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(>1.5 log2 change) phosphosites showed enrichment of proteins relevant in MAPK and 

TLR signalling (Figure 35 E). An identical GO term analysis conducted with IKKβ 

knockouts did not show the enrichment of these signature signalling proteins (Figure 

38 F). 

 

As we had observed that even late inhibition of IKKβ leads to protection against cell 

death (chapter 4.2.6), we analysed Nigericin treated samples to find unique 

phosphosites that are not present after LPS treatment but only occur after Nigericin 

treatment (Figure 39). 

Of note, the GO term analysis on proteins that were only found to be significantly 

phosphorylated after Nigericin treatment showed high enrichment scoring for the 

families “inositol phosphate biosynthetic process” and “Golgi to plasma membrane 

protein transport” (Figure 39 D, E).  

 
Figure 39 Analysis of phosphorylation events observed only after Nigericin treatment. Significantly up-
regulated phosphosites (A) and phosphoproteins (B) in BLaER1 WT cells. (C) Significantly up-regulated 
phosphoproteins (from B) observed after Nigericin treatment were reanalysed for their “unique” 
appearance exclusively in the Nigericin treated dataset. These unique Nigericin induced phosphoproteins 
were assigned to GO Gene Ontology terms for GO biological processes. (E) Proteins involved in Inositol 
phosphate biosynthesis and Golgi to plasma membrane transport. 
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5.3.10. Investigating NLRP3 as a direct substrate of IKKβ  

 

In the proteomic dataset, we found phosphopeptides mapping to NLRP3. These 

phosphorylation events could predominantly be found in WT samples and to a much 

lesser degree in IKKβ KO. The phosphosite identified was on S163, which lies in close 

proximity to the polybasic region, which was shown to play an important role in NLRP3 

activation. To get more detailed data on this region, we conducted a targeted 

proteomics experiment. Untreated and LPS treated samples were prepared and 

enriched as described above, while the mass spectrometer was set to focus on ions of a 

specific mass (m/z) at a specific time, matching the region of interest which were derived 

from the previous analysis. This detailed and precise analysis also confirmed the 

reduction of the phosphorylation upon IKKβ depletion and also showed no induction 

after LPS stimulation. In this, more detailed analysis, also S161 was found to be 

phosphorylated. S161, in contrast to S163, was also a predicted phosphorylation site of 

IKKβ by multiple in silico analysis that we conducted (PhosphoNET Kinase Predictor, 

PHOSIDA, GPS5.0). The recently published phosphosite on S198 is in close proximity, but 

not on the same peptide as our targeted proteomics was focused on (Figure 40) (185). 

S198 was also not detected in the initial phosphoproteomic experiment. However, this 

peptide was also not detectable in the total proteome measurement that was 

conducted in parallel. This is in line with previous proteomics experiments, we and 

collaborators have conducted, that have shown us that the coverage of NLRP3 is 

generally very poor in mass spectrometry experiments. 
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Figure 40 IKKβ dependent phosphorylation sites detected on NLRP3. (A) Both the phosphosites found in 
our proteomic experiments and a previously published phosphosite are located near the polybasic region 
(highlighted in blue) of NLRP3 which is highly conserved in many NLRP3 orthologues (aligned using Clustal 
Omega). Detected peptide is highlighted in grey. (B) Mass spectrometry traces with indicated detection 
of phosphorylated S161/S163 in individual samples. (C) Fold change of the phosphorylated peptide in the 
targeted proteomic measurement. 

 

To investigate the role of S161 and S163, NLRP3 knockout BLaER1 cells were transduced 

with constructs containing phospho-dead (Ala) mutants at the respective sites. 

Transduction levels were analysed via western blot. Cells were differentiated and 

stimulated as in previous experiments. Both S161A and S163A, as well as the double 

mutant, showed no reduction in LDH release after NLRP3 stimulation compared to the 

WT transfected cells (Figure 38).  

Song et al. convincingly demonstrated the role of murine S194 (homologue to human 

S198) in knock-in mice, while the proposed mechanism of JNK1 mediating this 

phosphorylation was mostly only backed by data using the inhibitor (185). However, due 

to studies that describe JNK independent effects of this inhibitor, its selectivity was 

disputed (305). We thus generated full genetic knockouts of JNK1 and activated the 

NLRP3 and NLRC4 inflammasome in these cells (Figure 41 C, D). JNK1 depletion did not 

result in a loss of function upon NLRP3 stimulation. We thus speculated that the 

phosphorylation observed by Song et al. is actually mediated through IKKβ. 
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Figure 41 NLRP3 signalling does not rely on S161, S163 or JNK1. (A-B) NLRP3 knockout BLaER1 cells stably 
transduced with constructs containing mutant and WT NLRP3. (A) Cells used for the experiments were 
analysed by immunoblot for the expression of IKKβ. β-Actin was used as housekeeping gene. (B-D) Cells 
were treated with LPS for 2 h and subsequently stimulated with Nigericin or Needle Toxin for 2 h. LDH 
release and IL-1β secretion are depicted as mean + SEM of two independent experiments.  

 

To further study this theory, a monoclonal antibody against the phosphorylated serine 

at this position was generated. For the generation of the antibodies (Figure 42), mice 

were immunised with synthesised peptides containing the phosphorylated serine 

(KTKTCEpSPVSPIK). After immunisation, antibody-producing B-cells from the spleen 

were harvested and fused with a myeloma cell line according to standard procedures 

(this work was performed by the group of Dr. E. Kremmer, Biology LMU Munich). The 

antibodies from the hybridoma culture supernatants were selected for specificity and 

high-affinity binding by ELISA. Throughout all immunisation, only one antibody was 

found to be suitable and was further validated via Western blot. For this purpose, we 

generated lysates from BLaER1 cells that were either treated with LPS for four hours or 

were kept untreated. We chose these conditions, as S189 phosphorylation was shown 

to appear robustly at this timepoint, and we wanted to ensure that any signal from the 

antibody, was produced due to specific detection of this modification. Unfortunately, 
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no specific signal was detectable both in whole lysates, as well as after enrichment by 

IP using a commercial NLRP3 antibody. Further testing will be conducted with other 

antibodies to further investigate the phosphorylation of this site.  

 

 
Figure 42 Schematic of phospho-specific NLRP3 antibody generation. A synthesised peptide (p-NLRP3) 
was used for immunisation of mice. The subsequently generated hybridoma cells secrete antibodies 
towards this peptide into the supernatants which were used for further validation. 

 

 

5.4. Discussion 
 

5.4.1. IKKβ is essential for NLRP3 inflammasome activation 
 

In the classical model of the NLRP3 inflammasome activation, two signals are required: 

The first pre-activation signal (priming) is thought to mainly provide sufficient NLRP3 

and pro-IL-1β protein levels by transcriptional upregulation via the NF-κB signalling 

pathway. More recent studies have demonstrated that short, 10 min priming by LPS can 

facilitate NLRP3 inflammasome activation (so-called rapid priming) (306). As the 

elevated expression of NLRP3 protein occurs at two hours post- LPS stimulation (137), it 

suggests that a more rapid regulation is involved in the priming process. Recent studies 

have further shown NLRP3 activation occurring independently of transcription and 

postulated a priming dependent post-translational licensing, as also described in 

chapter 1.9.  

Our data complement these findings by showing that NF-κB signalling, while necessary 

for IL-1β release, is not required for NLRP3 activation. It seems that the basal expression 

levels of NLRP3 itself are sufficient for inflammasome formation, which is in line with 

the studies applying short priming. 

Even with NF-κB being dispensable for NLRP3 activation, the priming step itself is 

required nonetheless. The priming signal acts through TLRs and can activate both NF-κB 

and MAP kinase signalling. The role of IKKβ has been extensively studied in the context 

of NF-κB and more recently also in the context of MAPK (307-309).  

P
Lys Thr Lys Thr Cys Glu Ser Pro Val Ser Pro Ile Lys
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Our data demonstrate that catalytically active IKKβ is essential for NLRP3 inflammasome 

activation. The mechanism seems to be specific to NLRP3, as no effect could be observed 

on the activation of the NLRC4 inflammasome. This also shows that IKKβ does not impact 

on caspase-1 or Gasdermin-D activation.  

The adaptor ASC was previously found to be phosphorylated by IKKa. Pyroptosis and 

LDH release after NLRC4 activation can occur in an ASC independent fashion, whereas 

IL-1β release always requires ASC. The fact that inhibition of IKKβ after LPS priming, 

while still fully blocking NLRP3 activation, did not affect IL-1β release after NLRC4 

activation strongly suggests no IKKβ dependent effect on ASC. Neither Ikkα nor 

downstream components of NF-κB signalling seem to be necessary for the process of 

NLRP3 activation. Overall the findings suggest a role of IKKβ in rapid posttranscriptional 

licensing of NLRP3. 

 

Recently Chen et al. deciphered that the common denominator of all signal two stimuli, 

including potassium efflux independent inflammasome activation, was the disassembly 

of the trans-Golgi network (TGN) which then serves as a scaffold for NLRP3 aggregation 

(cf. section 1.7). The authors found that a polybasic stretch on NLRP3 mediated charge-

based interactions with phosphatidylinositol-4-phosphate (PtdIns4P) on the TGN. For 

most stimuli, this is mediated by potassium efflux, which is thought to promote ionic 

binding between NLRP3 and PtdIns4P (158). Prior to this, other studies have suggested 

that phosphorylation of NLRP3 at the Golgi controls its activation (186).  

 

Our phosphoproteomic investigation showed NLRP3 phosphorylation close to the 

polybasic motif described to interact with PtdIns4P. Our studies conducted with mutant 

NLRP3 highlight that phosphorylation on these sites is not required for NLRP3 activation. 

This is in line with other studies that found these sites to be phosphorylated and 

investigated these mutants (185, 188). The fact that these serine residues are 

phosphorylated in an IKKβ dependent manner, still suggests IKKβ interaction with NLRP3 

close to this residue. S198 is in close proximity and its phosphorylation has been 

previously shown to be required for NLRP3 phosphorylation. We could demonstrate that 
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the proposed mechanism of NLRP3 activation was not dependent on JNK1, as full 

genetic knockouts still signalled normally.   

To further investigate this residue and the role IKKβ has in the mechanism, we generated 

a phospho-specific antibody against S198 and resubstituted NLRP3 knockouts both with 

phospho-dead (S198A) and phospho-mimetic (S198D) mutants. These recourses will 

allow future experiments to study the role of IKKβ on the proposed mechanism involving 

S198. 

 

 
 

Prior to the findings of Chen et al. introducing the TGN based mechanism,  Zhang et al. 

first implicated the Golgi by suggesting that phosphorylation of NLRP3 at the Golgi 

controls its activation (283). The phosphorylation was proposed to occur at the 

conserved Ser295, in the NBD domain of NLRP3, through protein kinase D (PKD). PKD in 

turn has been shown in multiple studies to regulate the IKK complex. Thus the observed 

phosphorylation on Ser295 could also be mediated through IKKβ. This site is highly 

conserved and just adjacent to the Walker B motif. This region is required for NLRP3s 

ATPase activity (Figure 43) (310). The NLRP3 inhibitor MCC950 also binds non-covalently 

proximal to the Walker B motif (311, 312). Future experiments will also focus on this site 

as a potential target of IKKβ in the context of our observed phenotype. 

 

Figure 43 Phosphorylation of S295 as 
potential mechanism. (A) MCC950 inhibits 
NLRP3 by directly binding to the Walker B 
motif within the NACHT domain, preventing 
ATP hydrolysis and enforcing a inactive 
conformation. (B) Ser295 and the Walker B 
motif are strongly conserved among NLRP3 
orthologous. The PKD consensus sequence 
(labelled above the alignment) are not as 
conserved.  (B) PKD signalling through Ikk-
complex  in the context of NF-κB and 
potential involvement in S295 
phosphorylation. 
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5.4.2. Species difference (mouse-men) 
 

Previous studies revealed that full genetic knockouts of IKKβ in mice results in embryonic 

lethality at mid-gestation due to severe liver apoptosis. A similar phenotype was 

observed in mice deficient in RelA and NEMO. It was suggested that a defect in NF-κB 

signalling in these animals leads to an absence of survival signalling in response to TNFα 

stimulation, thus leading to RIPK1 independent apoptotic cell death (283, 285, 286, 313). 

While this pathway is thought to lead to the lethality in the mouse knockouts, it is not 

present to the same degree in humans. While the homozygous NEMO and RelA loss-of-

function mutation appears to be lethal in humans (314, 315), this does not hold true for 

IKBKB. Complete IKKβ deficiency (caused by a homozygous duplication on exon 13 of 

IKBKB) was discovered in multiple unrelated patients, all from families of Northern Cree 

ancestry (287). A founder effect was later confirmed for the underlying homozygous 

mutation (c.1292dupG) and the frequency of this allele in the Northern Cree population 

was assessed (MAF = 0.0076) (316). Besides the discussed mutation, other bi-allelic loss-

of-function mutations in IKBKB have also been observed in patients with different 

ancestry (Arabian, Turkish), all showing similar phenotypes (288, 289, 317).  The 

existence of these patients with homozygous loss of IKKβ clearly shows that in humans 

IKBKB is not an essential gene. 

While in contrast to mice, the loss of IKKβ is not lethal in humans, individuals indeed 

show a deficiency in innate and acquired immunity. In the discussed c.1292dupG 

patients, induction of IL-6 was shown to be absent in response to TLR5 stimulation. This 

is in line with our findings of a loss of IL-6 signalling after TLR4 stimulation in IKBKB-/- 

cells. 

Interestingly, even though the patients produced normal mRNA levels of IKBKG and 

CHUK they only had low levels of the corresponding proteins indicating that IKKβ 

stabilises these proteins in the IKK complex in humans (287, 288). Although none of 

these studies analysed IL-1β, it is important to note that in our experiments while 

transcriptional levels of IL-6 were fully dependent on IKKβ, IL-1β transcription levels 

were only partially reduced. RNA-seq datasets, further showed that the classical NF-κB 
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transcripts did not show a complete reduction in IKBKB-/- cells. Further experiments are 

necessary to decipher the exact mechanism leading to this observed redundancy. 

 

 

 
Figure 44 Proposed schematic model of the roles of IKKβ in mice and men. 

 

In contrast to the described deficiency in innate immunity described for humans lacking 

IKKβ, studies in mice using IKKβ inhibitors or conditional knockouts showed spontaneous 

inflammatory conditions accompanied by increased LPS induced mortality and IL-1β 

secretion. We could show with both knockout cell lines as well as with using inhibitors 

on primary BMDMs that mouse cells lacking functional IKKβ trigger pyroptotic cell death 

mediated through caspase-1 cleavage upon LPS treatment. In our hands, the stimulation 

did not result in any release of IL-1β.  Furthermore, we could show that this response 

could not be seen in any of our experiments with human cells, thus suggesting a clear 

difference in the underlying signalling mechanism between mice and humans. An 

overview of the different proposed cell death mechanisms in mice and men is depicted 

in Figure 44.  

 

In the context of TNF signalling, it was shown that the IKK complex phosphorylates 

RIPK1, thus inhibiting it and preventing RIPK1 dependent cell death (295). It has been 

previously shown that activated RIPK1 can both promote apoptosis through the 

assembly of a RIPK1- FADD-caspase-8 complex (318), or necroptosis via activation of the 

RIPK3-MLKL pathway (319).  
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NLRP3 activation
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Preliminary data (not shown) suggests that the observed cell death and LDH release in 

IKKβ deficient mouse cells treated with LPS is dependent on RIPK1 and independent of 

NLRP3. Malireddi et al. proposed that the absence of  TAK1 induces spontaneous RIPK1-

dependent NLRP3 inflammasome activation; our preliminary data suggest that the loss 

of IKKβ (or upstream TAK1) leads to RIPK1 dependent but NLRP3 independent cell death 

(320). Any observed NLRP3 dependent effects are most likely due to necroptosis 

induced potassium efflux leading to NLRP3 activation. Ongoing experiments will further 

decipher if the downstream cell death is driven by caspase-8 dependent apoptosis or 

MLKL dependent necroptosis.  

 
Figure 45 Structural domains of RIPK1 with selected PTMs and Interactions. Sequence of the published 
phosphorylation sites of the IKK complex and TAK1 are highlighted. (Fig. adapted from (321)) 

 

RIPK1 has previously been shown to undergo TAK1 dependent phosphorylation at S321, 

S332 and S334 (296). Furthermore, Dondellinger et al. recently proposed that during 

TNF stimulation an inhibitory phosphorylation on S25 through IKKa and IKKβ inhibits 

RIPK1 kinase-dependent cell death (322). The phosphosites are depicted in Figure 45 

together with the domain structure of Ripk1. Future experiments using RIPK1 mutants 

could help explain if these sites are phosphorylated in an IKKβ dependent manner after 

LPS. As these sites are relatively well conserved between mice and humans, the species-

specific signalling difference cannot be explained. 
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For the classical NLRP3 dependent cell death we could show an IKKβ-dependence both 

in humans and mice: in mice, we observed that the discussed LPS induced cell death in 

IKKβ deficient cells masks the effect of NLRP3 inflammasome activation after nigericin 

treatment.  However, by inhibiting IKKβ at late timepoints we could demonstrate that 

the IKKβ is also required for NLRP3 inflammasome activation in mice.  

 

5.4.3. Physiological relevance of IKKβ mediated NLRP3 activation 
 
Previous studies investigating pharmacological kinase inhibitors in the context of NLRP3 

signalling had identified TAK1 inhibitors to block inflammasome activation (323). 

However, the inhibition of TAK1 impacts on several pathways (e.g. NF-κB, cJun, p38 

MAPK). With the inhibition of the downstream acting kinase IKKβ, such undesired 

interference in other signalling is reduced. Furthermore, IKKβ has been frequently 

targeted in drug development as a primary, druggable mediator of canonical NF-κB 

signalling. Several clinically approved non-steroidal anti-inflammatory agents (NSAIDs), 

such as sodium salicylate (aspirin), sulindac sulphide and exisulind, have been proposed 

to inhibit IKKβ, in addition to their role on cyclooxygenase enzymes (324-328). However, 

aspirin inhibits several other kinases to similar levels as IKKβ, and some studies question 

if this inhibition observed in vitro reflect its inhibitory mechanism in vivo (329, 330). 

Besides these less specific compounds, highly specific IKKβ inhibitors have recently been 

developed for the treatment of cancer and inflammatory disease. While many 

candidates show promising efficacy in preclinical models, there are often concerns 

about the safety of systemic administration of IKKβ inhibitors. Many of these concerns 

are based on studies conducted in mice, showing embryonic lethality or severe 

spontaneous inflammatory reaction upon depletion or inhibition of IKKβ. Due to the 

difference between humans and mice in this regard, these concerns should be re-

evaluated  (see previous section). 

In our experiments using pharmacological inhibitors, we found that the kinetics of 

NLRP3 inhibition were much faster than the inhibition of NF-κB. Further studies would 

be necessary, both in animal models and human samples to evaluate if this difference 

in kinetics can be utilised to specifically target NLRP3 in vivo. 

In some diseases an inhibition of both NLRP3 and NF-κB might even be of interest: To 

date, sepsis remains to a major cause of health loss and death worldwide (331). 
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The survival rate after LPS-induced sepsis is significantly increased both by the use of 

NF-κB inhibitors (332, 333) and NLRP3 inhibitors (334). TPCA-1, the inhibitor used in this 

study, has already been successfully tested in various disease models such as arthritis 

and lung cancer (298, 335). 
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6. Summary 
 
 

PTMs are covalent modifications of proteins to regulate their size, conformation, 

location, turnover and interaction with their target. Both NF-κB signalling (Priming) and 

the assembly and activation of inflammasomes are thought to be also directly controlled 

by PTMs. However, little is known about the exact mechanism of action. We set out to 

investigate the role of deubiquitynation through the deubiquitinase USP7 in NLRC4 

signalling and the role of phosphorylation through IKKβ in NLRP3 signalling. 

 

The main focus of past research into USP7 is focused on its role in oncology, by 

regulating p53 and MDM2, which leads to cell growth repression and the activation of 

apoptosis. Due to embryonically lethality of USP7-/- mice, there is a lack of in vivo studies 

characterising the role of USP7. In order to identify the role of USP7 both in NF-κB and 

inflammasome signalling, we generated BLaER1 knockout cell lines. We could confirm 

that USP7 deficient cells are not viable, but could be rescued in vitro by additionally 

depleting p53. 

Utilising these cells, we could demonstrate a dependence of NF-κB on USP7. We could 

further show that USP7 deficiency leads to a loss of pyroptotic cell death after NLRC4 

activation independent of the observed NF-κB phenotype. Using a special toxin 

expression system, we could show, USP7 to interfere with intracellular NLRC4 signalling 

rather than toxin uptake. 

We further studied the mechanism of NLRC4 inhibition and found a strong 

transcriptional regulation dependent on USP7 for both NLRC4 and NAIP. We discovered 

additional immune regulatory proteins, which were downregulated in the USP7 

deficient cells. We demonstrated for two of these immune regulatory proteins revealed 

by the transcriptomic analysis, NOD2 and TLR2, that the observed transcriptional 

regulation also shows an effect on the signalling capability. 

Finally, we set out to identify the common transcription factor responsible for the 

regulation of the genes we observed to be affected by USP7. We could show that a 

depletion of IRF8 lead to a similar phenotype as USP7 deficiency. This is in line with 

recent findings showing an IRF8 dependent regulation of murine NAIPs. 
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The main focus of past research into IKKβ has been focused on its role in NF-κB signalling. 

To further understand the role of IKKβ both in NF-κB dependent and independent 

inflammasome signalling, we first set out to analyse the effect of IKKβ inhibition in 

mouse macrophages, as most of the previous studies focus on this model organism.  

Our data show that the loss or early inhibition of IKKβ in mouse macrophages leads to 

pyroptotic cell death mediated through caspase-1 cleavage upon LPS treatment. 

At the same time, classical NLRP3 inflammasome signalling seems to be dependent on 

IKKβ, as could be observed through late-stage IKKβ inhibition. 

 

In human macrophages, no LPS induced proptosis was detectable in IKKβ deficient cells 

or after IKKβ inhibition, highlighting a critical difference between mice and man. 

However, we could observe a striking reduction of pyroptosis in the knockouts after 

NLRP3 activation. We could show that this effect was independent of NF-κB and 

upstream of caspase-1 activation.  

We observed these findings both in immortalised cell lines (BLaER1, THP1) as well as 

primary cells (primary monocytes, iPS-Macs). 

To identify the catalytic IKKβ target responsible for NLRP3 activation, we conducted 

phosphoproteomics. We could detect an IKKβ dependent phosphosite on NLRP3 close 

to a motif previously described to be necessary for activation. For the further 

investigation of the phosphorylation of NLRP3 through IKKβ, cells expressing a variety 

of different NLRP3-mutant were created and a we initiated the production of a 

phosphor-specific antibody for NLRP3. 
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8. Abbreviations 
 
 

AD Acid transactivation domain 
AIM2     Absent in melanoma 2 
ALR Aim2-like receptor 
AP Alkaline phosphatase 
AP-1 Activating protein-1 
APC Antigen-presenting cell 
APP     Amyloid precursor protein 
ARD Ankyrin repeats 
ASC An apoptosis-associated speck-like protein containing CARD 
ATP Adenosine triphosphate 
BCA Bicinchoninic acid 
BIR Baculovirus inhibitor repeat 
BMDM     Bone marrow derived macrophage 
BSA Bovine serum albumin 
CARD Caspase recruitment domain 
CAPS     Cryopyrin-associated periodic syndromes 
CD Cluster of differentiation 
cGAMP       Cyclic GMP-AMP 
cGAS Cyclic GMP AMP synthase 
CIITA Class II transactivator 
CLRs       Type lectin receptors 
CMV       Cytomegalovirus 
CTB     Cell titer-blue 
DAMP Damage-associated molecular pattern 
DCs      Dendritic cells 
DMSO Dimethyl sulfoxide 
DNA     Deoxyribonucleic acid 
dNTP  Deoxynucleoside triphosphate 
ds Double-stranded 
DTT Dithiothreitol 
DUB Deubiquitinase 
ECL Electrochemiluminescence 
EDTA Ethylenediaminetetraacetic acid 
ELISA Enzyme-linked Immunosorbent Assay 
ER     Endoplasmic reticulum 
FACS Fluorescence-activated cell sorting 
FCAS Familial cold autoinflammatory syndrome 
FADD       Fas associated death domain 
FCS Fetal cow serum 
GSDMD       Gasdermin D 
HEPES Hydroxyethyl-piperazineethanesulfonic acid 
ICAM Intracellular adhesion molecule 
IFN       Interferon 
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IkB Inhibitor of nuclear factor B 
IKK Ikb kinase complex 
IL Interleukin 
iNOS     Inducible nitric oxide synthase 
IRAK IL-1 receptor-activated protein kinase 
IRF Interferon regulatory factor 
JAK       Janus kinase 
JNK C-Jun N-terminal kinase 
LB Luria broth 
LBP LPS binding protein 
LDH       Lactate dehydrogenase lps 
LPS Lipopolysaccharide 
LRR Leucin reach repeat 
LT       Lymphotoxin 
LUBAC       Linear ubiquitin chain assembly complex 
M-CSF Macrophage colony-stimulating factor 
MACS Magnetic-activated cell sorting 
MAL Myd88 adaptor like protein 
MAM Mitochondria-associated ER membrane 
MAPK Mitogen-activated protein kinase 
MAVS Mitochondrial antiviral signaling protein 
MDP Muramyl dipeptide 
MDA5 Melanoma differentiation-associated protein 5 
MHC     Major histocompatibility complex 
MLKL     Mixed lineage kinase domain-like protein 
MPD     Membrane proximal domain 
MSU Monosodium urate 
MWS Muckle-Wells syndrome 
Myd88 Myeloid differentiation primary response gene 88 
NACHT Nucleotide-binding domain 
NADPH     Nicotinamide adenine dinucleotide phosphate 
NAIP Nlr family apoptosis inhibitory protein 
NEK7 Never in mitosis gene a – related expressed kinase 7 
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NIK     NF-κb inducing kinase 
NLCR       NLR family CARD domain-containing protein 
NLRP       NOD-, LRR- and pyrin domain-containing protein 
NLR NOD like receptor 
NOMID Neonatal-onset multisystem inflammatory disorder 
OLR Oas-like receptor 
PAMP   Pathogen associated molecular pattern 
PBMC Peripheral blood mononuclear cell 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PK Protein kinase 
PMA       Phorbol 12-myristate 13-acetate 
PRR     Pathogen recognition receptors 
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PtdIns4P Phosphatidylinositol-4-phosphate 
PTM Post-translational modification 
PYD Pyrin domain 
RHD Rel homology domain 
RHIM       RIP homotypic interaction motif 
RIG-I Retinoic-acid inducible gene I 
RIPK Receptor-interacting serine/threonine-protein kinase 
RLH Rig-i-like receptor 
RLR RIG-I like receptor 
RNA       Ribonucleic acid 
RNaseL Ribonuclease L 
ROS       Reactive oxygen species 
SDD Scaffold/dimerisation domain 
SDC Sodium deoxycholate 
SDS Sodium dodecyl sulfate 
STAT Signal transducers and activators of transcription 
STING Stimulator of interferon genes 
TAE Tris base, acetic acid and EDTA 
TBS Tris-buffered saline 
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