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1. Introduction 
 

1.1 Inflammasomes mediate inflammation as part of the innate immune response 
 

1.1.1 Inflammasome sensors are innate immune receptors that detect cytosolic 
danger signals 
 

The innate immune system represents the first line of defense in the continuous fight of 

our bodies against potential threats like invading pathogens or cell damage. Specialized 

innate immune cells like granulocytes, macrophages, and dendritic cells (DCs), but also 

non-hematopoietic cells like epithelial and endothelial cells, guard the different tissues and 

raise the alarm whenever they detect danger signals (Takeuchi & Akira, 2010). Innate 

immune responses are then rapidly induced, involving for example the release of 

cytokines and chemokines, as well as antigen presentation to adaptive immune cells. The 

innate immune system is therefore essential for the induction of an adaptive immune 

response, which represents a slower but more specific immune reaction that relies on 

antigen-specific T and B lymphocytes. While adaptive immune cells generate a nearly 

unlimited number of antigen-specific receptors by gene recombination, cells of the innate 

immune system rely on the expression of a limited number of germline-encoded receptors 

to detect potential threats (Beutler, 2004; Netea et al., 2020). These so-called pattern 

recognition receptors (PRRs) recognize conserved microbial structures (pathogen-

associated molecular patterns (PAMPs)) or endogenous molecules in the context of 

damaged cells (danger-associated molecular patterns (DAMPs)). On the one hand, some 

PRRs are expressed at the plasma membrane or within intracellular endosomes, like Toll-

like receptors (TLRs) and C-type lectin receptors, thus detecting threats from the 

extracellular space. On the other hand, cytosolic retinoic acid-inducible gene I (RIG-I)-like 

receptors, absent in melanoma 2 (AIM2)-like receptors (ALRs), nucleotide-binding domain 

and leucine-rich repeat-containing receptors (NLRs), and other sensors like cGAS/STING 

enable the detection of intracellular pathogens and danger signals (Brubaker et al., 2015; 

Faenza & Blalock, 2022; Takeuchi & Akira, 2010). Stimulation of PRRs usually leads to 

the transcriptional upregulation of proinflammatory cytokines, type I interferons (IFN), 

chemokines, and antimicrobial molecules. Furthermore, activation of some ALRs and 
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NLRs leads to the formation of proinflammatory multi-protein complexes called 

inflammasomes (Meunier & Broz, 2017; Takeuchi & Akira, 2010).  

 

1.1.2 Inflammasome formation leads to the release of proinflammatory cytokines 
and pyroptotic cell death  
 

The majority of inflammasome sensors belong to the NLR family. All NLRs share a 

nucleotide-binding domain (NBD), which is part of the NACHT (domain present in NAIP, 

CIITA, HET-E, and TP-1), followed by a leucine-rich repeat (LRR) domain for most of 

them. The human NLR family includes amongst others the caspase activating and 

recruitment domain (CARD)-containing proteins NOD1-2 and NLRC3-5, as well as the 

pyrin domain (PYD)-containing proteins NLRP1-14 (see Table 1).  

 

Name Family members 

NLR family apoptosis inhibitory protein (NAIP) NAIP 

Nucleotide-binding oligomerization domain containing (NOD) NOD1-2 

NLR family, CARD containing (NLRC) NLRC3-5 

NLR family, PYD containing (NLRP) NLRP1-14 

NLR family member X (NLRX) NLRX1 

Table 1: Designation of human NLR family members that are relevant to this thesis. 
Adapted from (Ting et al., 2008). 
 

Out of the listed NLR family members, especially NAIP/NLRC4, NLRP1, and NLRP3 

represent established inflammasome sensors (Meunier & Broz, 2017; Ting et al., 2008). 

Stimulation of these sensors leads to oligomerization and subsequent recruitment of the 

adaptor protein apoptosis-associated speck-like protein containing CARD (ASC). As ASC 

exhibits a PYD and CARD, its recruitment can occur via homotypic PYD-PYD or CARD-

CARD interactions with the sensor. ASCPYD forms filaments that are cross-linked by 

ASCCARD, inducing the formation of a single micron-sized ASC speck in the cytosol (Dick 

et al., 2016; Schmidt, Lu, et al., 2016; Stutz et al., 2013). ASCCARD then recruits the 

endoprotease caspase-1 via CARD-CARD interaction, leading to the autoproteolytic 

activation of proinflammatory caspase-1 (Srinivasula et al., 2002). Thus, ASC specks 

represent “potent caspase-1-activating platforms” (Fernandes-Alnemri et al., 2007). 
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Dimerization of caspase-1 at the ASC speck induces cleavage between the large (p20) 

and the small (p10) subunit of the catalytic domain, leading to the formation of (p33/p10)2 

homodimers, which remain bound to the ASC speck and show the highest activity. 

Cleavage between CARD and p20 releases rather unstable (p20/p10)2 dimers that rapidly 

lose their activity (Boucher et al., 2018; Van Opdenbosch & Lamkanfi, 2019; Walsh et al., 

2011). Active caspase-1 executes its inflammatory function by processing the 

proinflammatory cytokines pro-interleukin (IL)-1b and pro-IL-18 (Puren et al., 1999), and 

by inducing a lytic form of cell death called pyroptosis. Pyroptotic cell death is enabled by 

caspase-dependent cleavage of pore-forming proteins of the gasdermin family. In the 

context of canonical inflammasomes, caspase-1 cleaves gasdermin D (GSDMD) allowing 

the N-terminal GSDMD fragment to bind the inner leaflet of the plasma membrane, 

forming pores that lead to cellular swelling and membrane permeabilization (J. Ding et al., 

2016; Galluzzi et al., 2018; X. Liu et al., 2016; Shi et al., 2015). Pyroptotic cells release 

small cytosolic proteins through the GSDMD pores, including processed IL-1b and IL-18. 

GSDMD is critical for the release of these cytokines since they lack signal peptides that 

normally regulate cytokine secretion (Evavold et al., 2018; Phulphagar et al., 2021; Puren 

et al., 1999). In fact, even though neutrophils do not undergo pyroptosis after 

inflammasome activation, they still require GSDMD for sufficient IL-1b release (K. W. 

Chen et al., 2014; Heilig et al., 2018). Eventually, pyroptotic cells will undergo cell 

membrane rupture mediated by ninjurin 1 (NINJ1) (Kayagaki et al., 2021). 

Processed IL-1b and IL-18 bind their respective IL-1 and IL-18 receptors and induce 

transcriptional upregulation of proinflammatory genes similar to TLR signaling. IL-1b is a 

critical regulator of local and systemic inflammation. It induces fever, vasodilatation, and 

upregulation of adhesion molecules and chemokines amongst other things, thereby 

promoting immune cell infiltration at the site of inflammasome stimulation. Many 

autoinflammatory diseases are caused by dysregulated IL-1b activity. IL-18 induces IFN-g 

production by natural killer cells and cytotoxic T cells and seems to play a role in metabolic 

syndrome and obesity (Dinarello, 2009, 2018; H. Zhang et al., 2023). 
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1.1.3 Inflammasome sensors react to a variety of stimuli 
 

Different ALRs and NLRs represent inflammasome sensors, enabling the detection of 

distinct stimuli: 

ALR member AIM2 senses cytosolic double-stranded deoxyribonucleic acid (dsDNA) in 

the context of intracellular infection or mitochondrial damage and nucleates ASC specks 

via its PYD (Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Próchnicki et al., 2023).  

 

The NLR member NAIP (different Naip proteins in mice) detects needle proteins of the 

bacterial type III secretion system or flagellin. Following detection, NAIP requires 

interaction with NLRC4 to form an inflammasome (Kortmann et al., 2015; Rauch et al., 

2016; J. Yang et al., 2013; Y. Zhao et al., 2011). NLRC4 recruits ASC via its CARD but 

can also directly interact with caspase-1. The formation of these ASC-independent 

inflammasomes induces only weak caspase-1 activity which is sufficient to induce 

pyroptosis. However, ASC speck formation is necessary for optimal caspase-1 processing 

and subsequent cytokine maturation (Broz et al., 2010; Dick et al., 2016; Schmidt, Lu, et 

al., 2016).  

 

In contrast to AIM2 and NAIP, the inflammasome sensor pyrin detects no defined PAMP 

or DAMP but instead recognizes homeostasis-altering molecular processes (Liston & 

Masters, 2017). During homeostasis, pyrin is phosphorylated and inhibited via a Rho 

GTPase-regulated process. Rho-GTPase-inactivating toxins disturb this inhibition and 

therefore induce pyrin activation, even though altered microtubule dynamics might play a 

role as well (W. Gao et al., 2016; Magnotti et al., 2019; Y. H. Park et al., 2016; H. Xu et 

al., 2014).  

 

The exact mechanism of activation of the probably most studied inflammasome sensor, 

NLRP3, is still unknown despite extensive research since its discovery (Agostini et al., 

2004). NLRP3 can be activated by extracellular adenosine triphosphate (ATP), pore-

forming toxins, and crystalline substances. Many of these stimuli, but not all of them, 

induce potassium efflux, hence alternative underlying NLRP3 triggers like reactive oxygen 

species (ROS), lysosomal damage, different ionic fluxes, and organelle dysfunction are 
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discussed (Akbal et al., 2022; Groß et al., 2016; Kelley et al., 2019; Muñoz-Planillo et al., 

2013). NLRP3 requires priming to form functional inflammasomes, which is commonly 

performed by lipopolysaccharide (LPS)-induced TLR4 stimulation in experimental setups. 

Priming leads to the activation of the nuclear factor k-light-chain-enhancer of activated B 

cells (NF-kB) transcription factor complex, inducing the transcriptional upregulation of 

NLRP3. In addition, it also induces post-translational modifications like deubiquitination of 

the LRR domain and multiple phosphorylations (Bauernfeind et al., 2009; McKee & Coll, 

2020).  

 

As already mentioned in the context of NAIP/NLRC4 inflammasomes, there are also ASC-

independent inflammasomes. Intracellular LPS can directly be detected by guanylate-

binding proteins and inflammatory caspase-4/5 (caspase-11 in mice), which leads to the 

cleavage of GSDMD and pyroptosis (Casson et al., 2015; Kayagaki et al., 2011, 2015; 

Santos et al., 2020; Shi et al., 2014; Wandel et al., 2020). This non-canonical 

inflammasome activation can still result in the release of mature IL-1b and IL-18, caused 

by subsequent activation of NLRP3 following GSDMD pore-induced potassium efflux 

(Rühl & Broz, 2015; Schmid-Burgk et al., 2015). 

 

1.2 NLRP1: An inflammasome sensor like no other 
 

1.2.1 Human and rodent NLRP1 have different domain structures 
 

Compared to all inflammasome sensors described so far, human NLRP1 exhibits a unique 

domain structure, as it is the only NLR family member that contains both an N-terminal 

PYD and a C-terminal CARD (Martinon et al., 2002; Ting et al., 2008). Moreover, it has a 

function to find domain (FIIND), consisting of a ZU5 (found in ZO-1 and UNC5)- and a 

UPA (conserved in UNC5, PIDD, and Akirins)-like subdomain, close to the C-terminal 

CARD (Fig. 1.1 A). In humans, the FIIND is only found in NLRP1 and the inflammasome 

sensor CARD8, which will be described later in this chapter. The NLRP1 FIIND undergoes 

autoproteolytic cleavage at F1212/S1213, involving at least one of the three conserved 

histidine residues in this domain. The cleavage results in the C-terminal NLRP1UPA-CARD 

fragment that remains non-covalently connected with the bigger N-terminal fragment. 
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NLRP1 mutations that impair FIIND autoprocessing inhibit inflammasome formation 

(D’Osualdo et al., 2011; Finger et al., 2012).  

Rodent and human NLRP1 share the C-terminal FIIND and CARD domains, as well as 

the autoproteolytic cleavage mechanism (Frew et al., 2012). However, rodent Nlrp1 

completely lacks the N-terminal PYD (Fig. 1.1 A). Instead, it exhibits an NR100 (N-terminal 

domain of rodent Nlrp1 proteins approximately 100 amino acids) region at the N-terminus 

(Moayeri et al., 2012). Mice express three Nlrp1 paralogs (Nlrp1a-c). Nlrp1a is highly 

conserved in different mouse strains, implying an important but yet unknown function for 

this protein. In contrast, Nlrp1b is highly polymorphic. Indeed, Nlrp1b is expressed from 

five alleles in different inbred mouse strains, out of which alleles 3 and 4 are not functional 

due to impaired FIIND processing or CARD deletion. Nlrp1c also lacks the CARD and is 

no longer functional (Boyden & Dietrich, 2006; Frew et al., 2012; Sastalla et al., 2013). 

 

1.2.2 NLRP1 is activated by N-terminal degradation  
 
The first studies dealing with NLRP1 activation revolved around the finding that lethal 

factor of Bacillus anthracis lethal toxin activates certain sensitive Nlrp1(b) alleles in murine 

and rat macrophages (Boyden & Dietrich, 2006; Newman, Printz, et al., 2010), but not 

human NLRP1 (Moayeri et al., 2012; Newman, Crown, et al., 2010). Activation of Nlrp1(b) 

and subsequent pyroptosis was dependent on functional proteasomal degradation (Fink 

et al., 2008; Newman, Crown, et al., 2010; Squires et al., 2007; G. Tang & Leppla, 1999) 

and N-degron pathways (Wickliffe et al., 2008), but how the toxin actually stimulated the 

inflammasome response was long unknown. The elucidation of this mode of activation 

began with the discovery that lethal factor cleaves all sensitive Nlrp1(b) alleles at the N-

terminus and that this cleavage is sufficient for inflammasome activation (Chavarría-Smith 

& Vance, 2013; Hellmich et al., 2012; Levinsohn et al., 2012). Moreover, murine Nlrp1a 

and lethal factor-insensitive Nlrp1b alleles, as well as human NLRP1 (which all cannot be 

cleaved and activated by lethal factor) formed inflammasomes after artificial N-terminal 

cleavage in human embryonic kidney (HEK) cells. Based on these observations, the 

concept of “proteolysis as a general mechanism for NLRP1 inflammasome activation” was 

proposed (Chavarría-Smith et al., 2016). A few years later, three groups developed this 

concept into the model of “functional degradation” (Sandstrom et al., 2019). They showed 
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that Nlrp1b is degraded after cleavage by lethal factor, dependent on an Ubr2-mediated 

N-degron pathway (Chui et al., 2019; H. Xu et al., 2019) and that targeted N-terminal 

degradation of Nlrp1b is sufficient for its activation (Sandstrom et al., 2019). N-terminal 

degradation leads to the release of the C-terminal NLRP1UPA-CARD fragment, which then 

recruits ASC to form inflammasomes (Fig. 1.1 B). This model explains why NLRP1 

activation requires functional proteasomal degradation and preceding cleavage of the 

FIIND. Since human NLRP1 exhibits both a PYD and a CARD domain, both domains 

could be responsible for ASC recruitment. By now, many experiments in reconstituted cell 

lines have proven that NLRP1UPA-CARD alone forms inflammasomes and that NLRP1 

CARD but not PYD interacts with ASC (Chui et al., 2019; Finger et al., 2012; Sandstrom 

et al., 2019; Z. Xu et al., 2021; Zhong et al., 2016).  

Thus, the functional degradation model explained all observations regarding lethal factor-

mediated Nlrp1(b) inflammasome activation in rodents, but at that time no proteolytic 

stimulus for human NLRP1 was known. However, soon after, Robinson et al. and Tsu, 

Beierschmitt et al. reported the N-terminal cleavage of NLRP1 by Enterovirus 3C 

proteases, the subsequent degradation by the glycine-specific N-degron pathway, and 

inflammasome activation. They showed that 3C proteases of human rhinovirus 

(HRV) 14/16, coxsackie virus B3, enterovirus 71/D68, and poliovirus 1 activate NLRP1 by 

cleavage at Q130/G131 in the linker region between PYD and NBD. This suggested that 

NLRP1 contains a conserved enterovirus polyprotein cleavage site (Fig. 1.1 B) (Robinson 

et al., 2020; Tsu et al., 2021). Tsu and Beierschmitt also tested additional picornavirus 3C 

proteases and found that different viral proteases cleave NLRP1 but not all of them lead 

to activation (Tsu et al., 2021). The repertoire of human NLRP1 proteolytic stimuli was 

complemented with SARS-CoV-2 3C-like protease non-structural protein (NSP) 5 which 

cleaves NLRP1 at Q333 (Planès et al., 2022).  

 

1.2.3 The CARD8 inflammasome is similarly activated by N-terminal degradation 
 

As already mentioned, NLRP1 is not the only human protein that undergoes 

autoproteolytic processing in the FIIND. CARD8 is encoded by 13 exons out of which 

exons 7-13 show an identical gene structure to NLRP1 (Bagnall et al., 2008). Hence, it is 

impossible to discuss NLRP1 without mentioning CARD8. Instead of further NLR and PYD 
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domains, CARD8 exhibits a 160 amino acid-long unstructured region at its N-terminus 

(Fig. 1.1 A) (Chui et al., 2020). CARD8 is also expressed in at least five different splicing 

isoforms (T47, T48, T51, T54, T60) which differ in the length of the N-terminus, with T48 

representing the canonical isoform. Transcriptomic analyses revealed that these isoforms 

are differentially expressed in various human tissues (Bagnall et al., 2008; Z. Xu et al., 

2022). Similar to NLRP1, CARD8 is autoproteolytically processed in the FIIND at S297 

(D’Osualdo et al., 2011). CARD8 is not expressed in rodents but is for example found in 

primates and carnivores (Bagnall et al., 2008). The first descriptions of CARD8 proposed 

an inhibitory and regulatory role in general inflammasome (Razmara et al., 2002), NLRP3 

(Agostini et al., 2004; Ito et al., 2014; Mao et al., 2018), or NOD2 signaling (von Kampen 

et al., 2010). Later, it was demonstrated that CARD8 is indeed an inflammasome sensor 

itself (D. C. Johnson et al., 2018). Given the fact that CARD8 and NLRP1 share the same 

C-terminus, it is not surprising that CARD8 is activated by functional degradation as well. 

Indeed, human immunodeficiency virus (HIV)-1 proteases cleave and activate the CARD8 

inflammasome in infected T cells (Moore et al., 2022; Q. Wang et al., 2021). Coxsackie 

virus B3 3C proteases cleave and activate not only NLRP1 but also CARD8. CARD8 is 

also cleaved by the viral 2A proteases of the same virus (Nadkarni et al., 2022) 

(Fig. 1.1 B).  

 

1.2.4 NLRP1 and CARD8 inflammasomes are activated by inhibition of DPP8/9 
 

NLRP1 and CARD8 not only share functional degradation as an activation mechanism, 

but they both can be activated by inhibition of dipeptidyl peptidases (DPP) 8/9. DPP 

enzymes are involved in the processing and degradation of proline-containing 

(poly-)peptides, as they cleave peptides with free N-termini after second-position prolines 

(XP). DPP8 and 9 are homologous proteins and both are ubiquitously expressed in human 

tissues and different cell lines (Griswold, Cifani, et al., 2019; H. K. Tang et al., 2009). 

Inhibition of DPP8/9 by the potential anti-cancer drug talabostat (also called Val-boroPro) 

leads to the activation of both CARD8 and NLRP1 inflammasomes, with a more prominent 

role for DPP9 in this mode of activation (D. C. Johnson et al., 2018; Okondo et al., 2017; 

Zhong et al., 2018). The different isoforms of CARD8 (T48, T54, T60) all respond to 

talabostat (Chui et al., 2020). Moreover, all functional murine Nlrp1b alleles, murine 
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Nlrp1a, and rat Nlrp1 form inflammasomes after stimulation with talabostat, which makes 

DPP8/9 inhibition the first common stimulus of human and rodent NLRP1 (Gai et al., 2019; 

Okondo et al., 2018). Cryo-EM structures of DPP9-NLRP1 and DPP9-CARD8 complexes 

revealed why inhibition of these enzymes leads to inflammasome formation. The ternary 

complexes consist of DPP9 dimers in which each DPP9 binds two NLRP1 or CARD8 

molecules. One of the NLRP1 or CARD8 proteins is still in its full-length form, while the 

other protein is the UPA-CARD fragment (Fig. 1.1 B). The full-length proteins bind DPP9 

via the FIIND. In the case of NLRP1, NLRP1UPA-CARD inserts into the active site of the 

enzyme and is directly replaced by talabostat. In contrast, CARD8UPA-CARD is not 

interacting with the active site and there is no direct displacement by the drug, but the 

complex is still sensitive to talabostat treatment (Hollingsworth, Sharif, et al., 2021; Sharif 

et al., 2021). The enzymatic activity of DPP9 seems to play a role in the sequestration of 

NLRP1 (Zhong et al., 2018) and CARD8 (Griswold, Ball, et al., 2019). However, although 

human NLRP1UPA-CARD inserts into the active site, the UPA-CARD fragments of human 

and murine NLRP1 are no direct substrate of DPP9 (Griswold, Cifani, et al., 2019; 

Hollingsworth, Sharif, et al., 2021). Even though the DPP9-NLRP1 and DPP9-CARD8 

complexes are very similar, the regulation of NLRP1 and CARD8 by DPP9 differs 

regarding binding and requirement of enzymatic activity. In line with these differences, 

inhibiting DPP8/9 by the accumulation of XP peptides is sufficient to activate CARD8 but 

not NLRP1 (Rao et al., 2022). Although the exact mechanisms of NLRP1 and CARD8 

regulation by DPP8/9 are not completely understood, the resolved complexes give us a 

general idea of how these inflammasomes are activated after DPP8/9 inhibition and 

functional degradation: Both sensors release free NLRP1UPA-CARD or CARD8UPA-CARD 

fragments during cell homeostasis which are sequestered by DPP9. Inhibition of DPP9 

activity leads to the release of these active sensors and formation of inflammasomes 

(Fig. 1.1 B). Functional degradation of both sensors leads to an accumulation of free UPA-

CARD fragments, with a concomitant decrease of full-length sensor protein. This results 

in an excess of UPA-CARD fragments that can no longer be sequestered by DPP9, 

causing inflammasome activation (Hollingsworth, Sharif, et al., 2021). A similar Dpp9 

complex was described for rat Nlrp1 and murine Nlrp1b, suggesting a comparable mode 

of activation by DPP8/9 inhibition in humans and rodents (Fig. 1.1 B) (Griswold, Ball, et 

al., 2019; Huang et al., 2021). Orth-He et al. and Wang et al. also reported that DPP8/9 
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inhibition not only releases sequestered NLRP1UPA-CARD or CARD8UPA-CARD fragments, but 

also induces further N-terminal degradation of both sensors (Orth-He et al., 2023; Q. 

Wang et al., 2023). This is in line with reports that talabostat-induced activation of Nlrp1b 

and CARD8 still requires functional proteasomal degradation (D. C. Johnson et al., 2018; 

Okondo et al., 2018).  

 

1.2.5 NLRP1 and CARD8 differ in their dependency on ASC 
 

NLRP1 and CARD8 share the same C-terminus and they can both be activated by 

functional degradation and inhibition of DPP8/9. But if these two inflammasome sensors 

are that similar, how can they be distinguished? The two sensors differ in their dependency 

on the inflammasome adaptor protein ASC. The first description of CARD8 already 

mentioned that CARD8CARD directly interacts with caspase-1 (Razmara et al., 2002). Later 

reports about CARD8 inflammasomes confirmed that CARD8 forms ASC-independent 

inflammasomes (D. C. Johnson et al., 2018; Okondo et al., 2017). In contrast, NLRP1 

needs ASC to form functional inflammasomes (Fig. 1.1 B). This was proven in 

endogenous and overexpression systems (Ball et al., 2020; Zhong et al., 2018). CARD8, 

but not NLRP1, causes pyroptosis in HEK cells expressing caspase-1 and GSDMD. On 

the other hand, only NLRP1 can form ASC specks in HEK cells (Ball et al., 2020). This 

exclusive binding of NLRP1CARD to ASCCARD and CARD8CARD to caspase-1CARD was 

substantiated by structures of NLRP1UPA-CARD and CARD8UPA-CARD filaments. In both 

cases, the UPA-like domain mediates CARD oligomerization, leading to the formation of 

two-layered UPA-CARD filaments consisting of an inner filament of CARDs surrounded 

by a UPA spiral. However, the filaments differ in their charge distribution, causing a distinct 

preference for the recruitment of either ASCCARD or caspase-1CARD. NLRC4CARD can recruit 

either ASC or caspase-1, which does not seem to be the case for NLRP1CARD (Gong et 

al., 2021; Hollingsworth, David, et al., 2021). However, both NLRC4 and NLRP1 require 

additional bridging ASC molecules to enable ASCCARD and caspase-1CARD interaction after 

ASC recruitment to the oligomerized sensor (Finger et al., 2012).  

Similar to NLRC4-nucleated ASC-independent inflammasomes, CARD8 activation is 

associated with only weak caspase-1 processing, which is sufficient to induce pyroptosis 

but not cytokine maturation (D. C. Johnson et al., 2018; Okondo et al., 2017). NLRP1 
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inflammasome activation, on the other hand, depends on ASC and therefore leads to 

optimal caspase-1 and cytokine processing (Fig. 1.1 B) (Zhong et al., 2018). In contrast 

to human NLRP1, murine Nlrp1b seems to be able to bind both AscCARD and 

caspase-1CARD. Indeed, Asc knockout macrophages still undergo pyroptosis after Nlrp1b 

stimulation. Some studies even show Asc-independent IL-1b processing and release, 

contradicting the model in which ASC specks are required for optimal caspase-1 activity 

(Ball et al., 2020; Broz et al., 2010; Chavarría-Smith et al., 2016; Guey et al., 2014; Van 

Opdenbosch et al., 2014). 

 

1.2.6 Other reported stimuli of NLRP1 inflammasomes 
 

Next to the two main modes of NLRP1 activation by functional degradation and DPP8/9 

inhibition, there is a variety of other potential NLRP1 stimuli: 

Infection with the alphavirus Semliki Forrest virus (SFV) and transfection of the double-

stranded ribonucleic acid (dsRNA) analog poly(I:C) leads to NLRP1 inflammasome 

formation, concomitant with binding of dsRNA to NLRP1LRR (Bauernfried et al., 2021). 

Zhou et al. reported NLRP1 activation by the DNA analog poly(dA:dT) (J. Y. Zhou et al., 

2023). Interestingly, both stimuli require functional proteasomal degradation, suggesting 

that the nucleic acids (analogs) somehow induce degradation and activation of NLRP1 

(Fig. 1.1 B). Moreover, ultraviolet B (UVB) irradiation activates NLRP1 in human but not 

murine keratinocytes (Feldmeyer et al., 2007; Fenini, Grossi, Contassot, et al., 2018; Sand 

et al., 2018; Sollberger et al., 2015). The exact mechanism of activation or the role of 

NLRP1 degradation is unknown (Fig. 1.1 B). NLRP1 activation by SFV, nucleic acids 

(analogs), and UVB irradiation will be discussed in more detail in chapter 3. 

 

Rat macrophages undergo Nlrp1-induced pyroptosis after infection with Toxoplasma 

gondii (Cavailles et al., 2014; Cirelli et al., 2014). Others proposed murine Nlrp1b (Ewald 

et al., 2014; Gorfu et al., 2014) and human NLRP1 (Gov et al., 2013; Witola et al., 2011) 

as sensors of Toxoplasma gondii infection as well, but they did not show direct evidence 

of Nlrp1b/NLRP1 inflammasome formation after infection with the intracellular parasite.  
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In addition, Kaposi´s sarcoma-associated herpesvirus (KSHV) protein ORF45 was 

reported to interfere with a DPP9-independent complex formed by the NLRP1 linker region 

(between PYD and NBD) and the UPA-like subdomain of the FIIND. Binding of ORF45 to 

the linker region disrupts the complex and induces NLRP1 inflammasome activation. The 

DPP9-dependent complex seems to be disrupted by ORF45 as well (X. Yang et al., 2022). 

 

Next to DPP8/9 as regulators of NLRP1 activity, the oxidoreductase thioredoxin (TRX) 1 

was shown to bind human and rodent NLRP1 at the NACHT-LRR domains, but only in its 

oxidized form. It was suggested that this binding negatively regulates NLRP1, enabling 

the sensor to detect reductive cellular stress. However, knockdown of TRX1 was not 

sufficient to induce NLRP1 inflammasome formation, but it increased NLRP1 activation 

after talabostat treatment (Ball et al., 2022). Similarly, ferroptosis inhibitors that act as 

antioxidants and protein folding-interfering drugs were reported to boost talabostat-

induced NLRP1 and CARD8 activation by increasing N-terminal degradation of both 

sensors (Orth-He et al., 2023; Q. Wang et al., 2023). The authors propose that NLRP1 

and CARD8 sense protein folding stress in combination with the accumulation of proline-

containing peptides. Thus, different stimuli seem to enhance the degradation of NLRP1 

and CARD8, but they are not sufficient to overcome the sequestration of NLRP1UPA-CARD 

and CARD8UPA-CARD fragments by DPP8/9.  

 

1.2.7 Epithelial cells express NLRP1 inflammasomes  
 

Transcriptome analyses reveal a broad expression of NLRP1 in different human tissues 

(Z. Xu et al., 2022) but it seems to be especially highly expressed in the skin and the brain 

(Chu et al., 2001; Kummer et al., 2007). Epithelial cells in general seem to have functional 

NLRP1 inflammasomes, as they were found in human airway epithelial cells (Planès et 

al., 2022; Robinson et al., 2020), corneal epithelial cells (Griswold et al., 2022), and 

keratinocytes (Zhong et al., 2016; J. Y. Zhou et al., 2023). In addition, functional NLRP1 

inflammasomes were reported in human aortic endothelial cells (Nadkarni et al., 2022). 

Importantly, in contrast to NLRP3, NLRP1 does not need priming to be functional (Guey 

et al., 2014; Zhong et al., 2016). 
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There are some known NLRP1 gain-of-function mutants in humans and the affected 
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patients show a variety of symptoms. In line with the strong expression of NLRP1 in the 

skin and epithelium, many patients present with skin pathologies including multiple self-

healing palmoplantar carcinoma, familial keratosis lichenoides chronica (FKCL), NLRP1-

associated autoinflammation with arthritis and dyskeratosis (NAIAD) and 

autoinflammatory dyskeratosis (Grandemange et al., 2017; Herlin et al., 2020; Zhong et 

al., 2016), or abnormal papilloma growth in the respiratory tract as seen in FKCL, NAIAD, 

and Juvenile-onset recurrent respiratory papillomatosis patients (Drutman et al., 2019; 

Grandemange et al., 2017; M. Li et al., 2023). The underlying mutations are found in the 

PYD, the LRR, or the FIIND and all lead to NLRP1 autoactivation or a reduction in the 

activation threshold. The NAIAD-associated P1214R mutation in the FIIND impairs the 

binding to DPP9 (Zhong et al., 2018). Some patients also express mutated DPP9 variants 

which fail to repress NLRP1, causing skin pathologies amongst other things (Harapas et 

al., 2022).  

There are many association studies linking different NLRP1 mutations to a variety of 

human diseases. For example, NLRP1 L155H and M1184V are associated with the 

development of vitiligo and additional autoimmune diseases (Levandowski et al., 2013; 

Tupik et al., 2020), and perilesional skin samples from vitiligo patients show increased 

NLRP1 levels in immunostainings (Marie et al., 2014).  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1: Overview of human NLRP1 inflammasome activation in comparison 
to rodent Nlrp1 and human CARD8. (A) Domain structure of human NLRP1, rodent 
Nlrp1, and human CARD8 (B) Schematic overview of NLRP1/Nlrp1 and CARD8 
inflammasome activation by N-terminal cleavage and degradation, DPP8/9 inhibition 
(Talabostat), Semliki Forest virus (SFV) infection/dsRNA, and ultraviolet (UV) 
irradiation. Detailed explanation in the text. 
 



24  

1.3 Aim of this thesis 
 
Although NLRP1 was the first inflammasome sensor to be described (Martinon et al., 

2002), it took more than ten years until the first concepts about its mode of activation were 

developed. Within the five years that I worked on this thesis, many studies contributed to 

our present understanding of human NLRP1 inflammasomes and especially the concepts 

of functional degradation and the sequestration of free NLRP1UPA-CARD fragments by DPP9 

provided a completely new perspective on this inflammasome sensor. Nevertheless, there 

are still many aspects of NLRP1 biology that we do not understand: Does NLRP1 

activation always require N-terminal degradation and what is the function of the N-terminal 

domains if they are degraded most of the time? How do stimuli like dsRNA and SFV 

infection induce N-terminal degradation of the sensor? Are there additional stimuli that 

activate NLRP1? Which cells can form functional NLRP1 inflammasomes and what are 

the consequences of activation?  

 

To address and discuss all of these questions, the following aims were pursued in this 

thesis:  

• To generate and validate experimental systems to study human NLRP1 in reporter 

cell lines and primary cells. 

• To identify NLRP1-specific nanobodies that enable further analyses of NLRP1 

inflammasome activation. 

• To elucidate the mechanisms upstream of NLRP1 activation after the proposed 

stimuli UVB irradiation, SFV infection, and intracellular dsRNA.  

• To screen additional viruses for potential NLRP1 activation 

• To reveal new NLRP1 inflammasome-forming cells in human blood. 
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2. Nanobodies selectively activate the human NLRP1 inflammasome by 
targeted ubiquitination 

 

2.1 Introduction 
 

In this chapter, I will validate NLRP1 reporter cell lines and identify NLRP1-specific 

nanobodies. I will further use NLRP1PYD nanobodies to prove that targeted ubiquitination 

and degradation of human endogenous NLRP1 is sufficient for activation. 

Nanobodies represent the variable domain of heavy chain-only antibodies (VHHs). They 

can be derived from camelids, which express heavy chain-only antibodies that lack both 

light chains and the first constant domain (Arbabi Ghahroudi et al., 1997; Hamers-

Casterman et al., 1993). Novel nanobodies can be generated by immunization of llamas 

(R. van der Linden et al., 2000) and alpacas (Maass et al., 2007), followed by cloning of 

VHH libraries and selection of target binders by phage display (Arbabi Ghahroudi et al., 

1997). Single VHH domains are soluble due to mutations at sites that normally interact 

with the variable domain of the light chain. Yet, they show antigen-specific binding with 

high affinities. Nanobody paratopes are formed by three complementarity-determining 

region (CDR) loops, embedded in a more conserved framework. The most variable and 

exposed CDR3 loop forms convex antigen-binding sites that permit binding of epitopes 

inside clefts such as catalytic centers of enzymes (Arbabi Ghahroudi et al., 1997; 

Lauwereys et al., 1998; Muyldermans, 2021). Compared to conventional antibodies, 

nanobodies have several advantages: they are stable at high temperatures, they are 

small, they are encoded in a single gene, and they can be recombinantly expressed in 

Escherichia coli (E. coli) (Arbabi Ghahroudi et al., 1997; Sheriff & Constantine, 1996; R. 

H. J. van der Linden et al., 1999). VHHs are also a great tool to study target molecules in 

living cells, as they are properly folded and functional in the reducing environment of the 

cytosol. They can be labeled with fluorophores to visualize targets, they can stabilize 

alternative protein confirmations and thereby activate or inhibit protein functions, and they 

can be easily cloned into fusion constructs to specifically manipulate targets (Ashour et 

al., 2015; Kirchhofer et al., 2010; Muyldermans, 2021; Rothbauer et al., 2006). 

 

As described in the previous chapter, proteasomal degradation is a key element in NLRP1 

inflammasome activation. During cell homeostasis, proteasomal degradation is important 
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to maintain protein and amino acid homeostasis, remove misfolded proteins, and control 

pathways by degradation of regulatory proteins (Bard et al., 2018). Proteins are marked 

for degradation by modification with ubiquitin, mediated by an isopeptide bond between 

glycines of ubiquitin C-terminus and lysines of the target protein. Ubiquitin itself contains 

seven lysines (K6, K11, K27, K29, K33, K48, K63), which enable the formation of different 

homo- or heterogenous polyubiquitin chains that determine the outcome of protein 

ubiquitination. In this “ubiquitin-code”, K48 chains present the main degradation signal but 

K11, K29, and K63 chains can induce degradation as well (Bard et al., 2018; Nandi et al., 

2006; Rousseau & Bertolotti, 2018; Tracz & Bialek, 2021). The modification of target 

proteins with ubiquitin requires the transfer of ubiquitin from E1 activating enzymes via E2 

conjugating enzymes to E3 ubiquitin ligases, which then mediate specific ubiquitination 

(Nandi et al., 2006; Scheffner et al., 1995). Humans express two E1, more than 35 E2, 

and over 600 different E3 enzymes. The largest family of E3 ubiquitin ligases are the 

Cullin-RING E3 ligases (CRLs) with over 200 members. They are responsible for around 

20 % of proteasomal degradation within the cell. CRLs consist of a scaffold cullin protein 

(cullin 1, 2, 3, 4A, 4B, 5, 7) and a RING protein (most cullins bind Rbx1, except for cullin 5 

which binds Rbx2) that recruits E2 enzymes. Substrate-specificity is mediated by an 

adaptor (Skp1 for cullin 1/7, elongin B/C for cullin 2/5, BTB for cullin 3, and DDB1 for 

cullin 4) and a substrate-specific receptor (for example F-box proteins for cullin 1+Skp1 

and BC-box proteins for cullin 2+elongin B/C). Hundreds of substrate receptors enable 

the ubiquitination of thousands of substrates. CRL complexes are named after the cullin 

scaffold and the substrate receptor protein, for example, CRL2VHL for the cullin 2 complex 

with the von Hippel-Lindau (VHL) receptor (Bulatov & Ciulli, 2015; Harper & Schulman, 

2021). All cullins, except cullin 7, require modification with the ubiquitin-like protein NEDD8 

(neural precursor cell expressed, developmentally down-regulated 8) to form CRL 

complexes. This is why only cullins 1-5 are termed canonical cullins. NEDD8 modification, 

also called neddylation, provides cullins more flexibility to interact with E2 enzymes and 

substrates (Baek et al., 2021; Bulatov & Ciulli, 2015). After successful ubiquitination, 

proteins are unfolded and degraded by 26S proteasomes which consist of 19S caps and 

20S proteolytic cores. The 19S cap recruits ubiquitinated proteins into the internal 20S 

chamber and recycles the polyubiquitin chains (Bard et al., 2018).  
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Some E3 ligases detect N- or C-terminal degron sequences, inducing N-/C-degron 

pathway-mediated degradation. These degrons are short linear motifs that are found in 

disordered regions of protein termini. These detected motifs can be, for example, 

acetylated N-termini, N-terminal prolines, or C-terminal arginines but all amino acids can 

be part of a degron in the right sequence context (Sherpa et al., 2022; Timms & Koren, 

2020). N-degron pathways mediate the degradation of rodent Nlrp1(b) after cleavage by 

lethal factor and human NLRP1 after cleavage by HRV14 3C proteases. Cleavage by 

lethal factor induces the Ubr2-mediated N-degron pathway (Chui et al., 2019; H. Xu et al., 

2019). UBR E3 ligases can have a RING or a HECT domain and recognize mostly 

aberrant N-termini to induce the Arg/N-degron pathway (Sherpa et al., 2022; Timms & 

Koren, 2020). Cleavage by HRV14 3C induces the N-terminal glycine N-degron pathway 

mediated by CRL2ZYG11B or CRL2ZER1 complexes (Robinson et al., 2020; Timms et al., 

2019). CRLs participate in both N- and C-degron pathways, but most C-degrons are 

recognized by CRLs (Sherpa et al., 2022; Timms & Koren, 2020). 

 

Endogenous murine Nlrp1b can be activated by targeted ubiquitination by ubiquitin ligases 

of the human pathogen Shigella flexneri (Sandstrom et al., 2019). However, targeted 

ubiquitination and subsequent N-terminal degradation of human NLRP1 was so far only 

achieved in auxin-inducible degron (AID) (Sandstrom et al., 2019) and degradation TAG 

(dTAG) (Hollingsworth, Sharif, et al., 2021) systems. The dTAG system was later also 

used to induce targeted degradation of CARD8 (Hsiao et al., 2022; Sharif et al., 2021; Q. 

Wang et al., 2023). The degradation of AID-tagged proteins is induced by the addition of 

auxin hormones which mediate the binding of CRL1TIR1 to the AID-tag. In the dTAG 

system, the recognition of the target protein by different CRL complexes is mediated by 

heterobifunctional dTAG molecules that interact with the tagged target and CRL substrate 

receptors (Prozzillo et al., 2020). Both techniques require reconstituted cell systems and 

overexpression of AID- or dTAG-NLRP1. In the AID system, the F-box protein TIR1 has 

to be co-expressed as well since auxin hormones and TIR1 are only expressed in plants. 

Nanobodies were already successfully used to degrade cellular proteins. Caussinus et al. 

fused a yeast F-box substrate receptor domain to a green fluorescent protein (GFP)-

binding VHH and were able to degrade GFP-tagged proteins by recruitment of CRL1 

complexes (Caussinus et al., 2012). Fulcher et al. used GFP-binding VHHs but this time 
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fused to the human VHL substrate receptor to recruit CRL2 complexes. VHL initiates the 

ubiquitination of the transcription factor hypoxia-inducible factor-1a under normoxic 

conditions (Fulcher et al., 2016; Kamura et al., 2004; Yu et al., 2001). Fulcher et al. later 

succeeded in degrading endogenous ASC using VHL fusions of ASC-specific VHHs 

(Fulcher et al., 2017). Siepe et al. used bivalent nanobodies, in which one VHH binds 

transmembrane E3 ligases, to specifically degrade murine and human membrane 

receptors (Siepe et al., 2023).  

 

2.2 Results 
 

Contributions 

The HEK 293T and N/TERT-1 reporter cell lines were generated by Karl Elmar Lange. 

The fluorescence microscopy pictures in Fig. 2.1 B and Fig. 2.2 C were taken and 

processed by Florian Gohr. The experiments to quantify ASC speck formation in 

Fig. 2.1 D/E were performed by Sabine Normann. The immunoblots in Fig. 2.2 B/F were 

performed by Lisa Schiffelers. All were members of the Institute of Innate Immunity 

(Florian Schmidt Lab) in Bonn when the experiments were performed. All other 

experiments and further analyses of the provided data were performed by myself.  

 

Modified versions of the results and figures were published in: 
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2.2.1 Reporter cells enable the analysis of human NLRP1 inflammasome activation  
 

To study the details of human NLRP1 inflammasome activation, I used two 

complementary cellular systems: On the one hand, HEK 293T cells, which do not express 

inflammasome-related proteins (Agostini et al., 2004; Chavarría-Smith et al., 2016), were 

reconstituted with NLRP1 and ASC, the latter fused to enhanced green fluorescent protein 

(EGFP), to analyze ASC speck assembly in a controlled bottom-up approach (Fig. 2.1). 

On the other hand, immortalized N/TERT-1 keratinocytes, which express all relevant 

NLRP1 inflammasome components endogenously (Zhong et al., 2016), were used to 

analyze NLRP1 activation and its outcomes in a physiologically relevant cell type 

(Fig. 2.2). In both models, detection of ASC speck formation was used as the main readout 

for inflammasome activation, as ASC specks allow easy detection and quantification of 

inflammasome formation on a single cell level (Stutz et al., 2013) and as all downstream 

effects of NLRP1 activity rely on the formation of these macromolecular assemblies.  

To generate HEK 293T inflammasome reporter cells, first monoclonal HEK 293T cells 

expressing ASC-EGFP under control of a weak ubiquitin C promoter (pUbC) were 

selected for low ASC speck background. These cells were then equipped with either HA-

tagged NLRP1 or the control NLR sensor NLRP3, both also under control of pUbC. Single 

clones were selected based on the optimal signal-to-noise ratio, resulting in HEKNLRP1+ASC 

and HEKNLRP3+ASC reporter cells (Fig. 2.1 A). HEKNLRP1+ASC cells were validated by 

stimulation with the well-studied NLRP1 activator talabostat (Tal), which stimulates the 

inflammasome by inhibition of DPP8/9. The expression of ASC-EGFP in the reporter cells 

enabled easy visualization and quantification of ASC speck formation by fluorescence 

microscopy (Fig. 2.1 B) or flow cytometry (Fig. 2.1 C). For the latter, I utilized the altered 

height and width signal of the reporter in a speck-forming cell to quantify inflammasome 
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activation, as described before (Sester et al., 2015). More than 40 % of HEKNLRP1+ASC cells 

 
Figure 2.1: HEK 293T reporter cells recapitulate NLRP1 inflammasome assembly. 
(A) Lysates of HEK 293T (HEK), HEKNLRP1+ASC, and HEKNLRP3+ASC cells were analyzed 
by immunoblot with the indicated antibodies to confirm expression of NLRP1-HA, 
NLRP3-HA and ASC-EGFP. (B-D) HEKNLRP1+ASC and HEKNLRP3+ASC cells were 
stimulated with DMSO or 30 µM talabostat (Tal) for 20 h. ASC speck formation was 
detected by wide-field fluorescence microscopy (B) or flow cytometry (C,D). For 
microscopy, cells were seeded on cover slips prior to stimulation. Fixed cells were 
stained for DNA. Scale bars represent 50 μm. For flow cytometry, the altered height 
and width signal of ASC-EGFP was utilized to quantify cells with specks, as illustrated. 
(E) HEKNLRP3+ASC cells were stimulated with 200 ng/mL LPS for 3 h and 10 µM nigericin 
(Nig) for 1 h, or left untreated (UT), followed by quantification of ASC-EGFP specks by 
flow cytometry. Data represents average values (with individual data points) from three 
independent experiments ± 95 % confidence interval (CI). Immunoblot in (A) and 
microscopy images in (B) display experiment representatives of two independent 
experiments. 
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assembled ASC specks after talabostat stimulation (Fig. 2.1 C,D). HEKNLRP3+ASC cells did 

not respond, but they formed ASC specks after treatment with LPS and the potassium 

ionophore nigericin (Nig), validating functional NLRP3 inflammasomes (Fig. 2.1 E).  

 

To assess human NLRP1 inflammasome assembly in keratinocytes at endogenous levels 

of NLRP1 and ASC, N/TERT-1 keratinocytes were equipped with a reporter construct 

composed of the caspase-1CARD (C1C) fused to EGFP, resulting in N/TERT-1C1C-EGFP 

reporter cells (Fig. 2.2 A,B). Similarly to caspase-1, C1C-EGFP was efficiently recruited 

to ASC specks, allowing detection of inflammasome assembly after talabostat stimulation 

by fluorescence microscopy (Fig. 2.2 C) and flow cytometry (Fig. 2.2 D), utilizing the 

characteristic redistribution of fluorescence into a single speck per cell as for ASC-EGFP. 

Unlike HEK 293T cells, N/TERT-1 keratinocytes release processed IL-1b and undergo 

pyroptosis as a consequence of inflammasome activation. Since pyroptotic cells lose their 

mechanical resilience and rupture easily (M. A. Davis et al., 2019), all experiments for the 

quantification of ASC specks in keratinocytes were performed in the presence of the 

caspase-1 inhibitor Vx-765 (VX) to prevent loss of responding pyroptotic cells during the 

experimental procedure (Fig. 2.2 E). I was further able to complement the ASC speck 

readout by quantifying caspase-1-dependent IL-1b release and (pyroptotic) cell death in 

parallel experiments omitting Vx-765.  

To validate NLRP1-dependent inflammasome assembly, polyclonal NLRP1 knockout 

N/TERT-1C1C-EGFP derivatives were generated, followed by the selection of monoclonal 

cell lines by limiting dilutions (Fig. 2.2 F). Wild type (wt) but not NLRP1 knockout 

N/TERT-1C1C-EGFP cells assembled ASC specks and released IL-1b after stimulation with 

talabostat. IL-1b release was completely inhibited in the presence of caspase-1 inhibitor 

Vx-765, confirming caspase-1-dependent processing and release of the proinflammatory 

cytokine (Fig. 2.2 G). The response rates were low compared to the engineered HEK 293T 

reporter system, revealing inflammasome formation in less than 5 % of all reporter cells. 

This may be attributed to endogenous protein levels or a higher threshold of activation. In 

line with the weak inflammasome response, no talabostat-induced cell death was detected 

by quantification of lactate dehydrogenase (LDH) release or uptake of the non-cell 

permeable DNA dye DRAQ7 (Fig. 2.2 G,H). However, the few dying cells showed the 

characteristic ballooning phenotype of pyroptotic cells (Fig. 2.2 I).  
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Thus, both reporter cells enable the direct analysis of human NLRP1 inflammasome 
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assembly, especially combined with the simple quantification of ASC specks by flow 

cytometry. While HEK-based reporter cells show high response rates within a minimal 

inflammasome setting, the N/TERT-1 cells reflect endogenous protein levels and 

recapitulate the entire inflammatory signaling pathway. This makes them a useful tool to 

screen for potential NLRP1 activators and delineate the mechanisms of NLRP1 activation. 

 

2.2.2 Identification of human NLRP1PYD-specific nanobodies 
 

To complement my toolbox for studying human NLRP1 inflammasome activation, I 

decided to produce NLRP1-specific nanobodies as they are promising tools to specifically 

manipulate the inflammasome sensor in living cells. I used NLRP1PYD, NLRP1LRR, and 

NLRP1CARD as potential targets for the nanobodies. All domains represent possible targets 

for manipulation or inhibition of NLRP1, as ubiquitination and degradation of the NLRP1 

N-terminus seem to be key events in activation (Chui et al., 2019; Sandstrom et al., 2019), 

Figure 2.2: N/TERT-1 keratinocyte reporter cells recapitulate NLRP1 
inflammasome activation. (A) Scheme of Caspase-1CARD-EGFP (C1C-EGFP) 
reporter recruited to the ASC speck via CARD-CARD interaction, similar to Caspase-1. 
(B) Lysates of N/TERT-1 and N/TERT-1C1C-EGFP cells were analyzed by immunoblot 
with the indicated antibodies to confirm expression of NLRP1 and C1C-EGFP. (C,D) 
N/TERT-1C1C-EGFP cells were stimulated with DMSO or 30 µM Tal for 20 h. ASC speck 
formation was detected by wide-field fluorescence microscopy (C) or flow cytometry 
(D), as described in Fig. 2.1. Scale bars represent 50 μm. (E) ASC speck formation in 
N/TERT-1 cells was detected in the presence of 100 µM Vx-765 (VX). Caspase-1-
dependent IL-1b release and pyroptosis were detected in the absence of VX. (F) 
Monoclonal ASC and NLRP1 knockout derivatives of N/TERT-1C1C-EGFP cells were 
confirmed by immunoblot with the indicated antibodies. (G-I) N/TERT-1C1C-EGFP cells 
and their monoclonal NLRP1 knockout derivatives were stimulated with Tal, where 
indicated in the presence of 100 µM VX, 50 µM Z-VAD(OMe)-FMK (Z-VAD), or DMSO. 
(G) ASC speck formation was quantified by flow cytometry and supernatants from the 
same cells were collected. IL-1β release was quantified by Homogeneous Time 
Resolved Fluorescence (HTRF). Cell death was quantified by detection of lactate 
dehydrogenase (LDH) release. (H) Cell death was quantified by uptake of non-cell 
permeable DNA dye DRAQ7 over 20 h. (I) Representative microscopy images of 
DRAQ7 uptake and pyroptotic cells. Scale bars represent 100 μm. Data represents 
average values (with individual data points) from three independent experiments ± 
95 % CI, p-values were calculated using unpaired t-test. Immunoblots in (B,F) and 
microscopy images in (D) display experiment representatives of two independent 
experiments. Quantifications of DRAQ7 uptake over time in (G) and microscopy images 
in (I) display experiment representatives of three independent experiments. 
 



34  

NLRP1LRR was reported to bind dsRNA (Bauernfried et al., 2021) and NLRP1CARD is the 

ASC-recruiting domain of the active NLRP1UPA-CARD fragment (Finger et al., 2012; Gong 

et al., 2021). VHH libraries for all three NLRP1 domains had already been generated after 

immunization of one alpaca with His-NLRP1PYD and His-NLRP1CARD, as well as one llama 

with His-NLRP1LRR. Moreover, an earlier selection by phage display resulted in some hits 

for potential NLRP1PYD and NLRP1CARD nanobodies. To verify these hits by enzyme-linked 

immunosorbent assay (ELISA), I purified new NLRP1PYD, NLRP1LRR, and NLRP1CARD 

proteins. I produced recombinant proteins for all three domains in bacteria as a fusion to 

glutathione S-transferase (GST) and purified them by affinity- and size-exclusion 

chromatography. Unfortunately, I could not completely separate the fusion proteins from 

GST-only fragments, which were still present in the final products for all expressed 

domains (Fig. 2.3 A).  

I used the GST fusion proteins to confirm the binding of two potential NLRP1-specific 

nanobodies, one against NLRP1PYD (VHHPYD 1 or VHH AF-F08a) and one against 

NLRP1CARD (VHHCARD or VHH AG-C03). VHHPYD 1 showed strong binding to GST-

NLRP1PYD in ELISA, whereas the binding of VHHCARD to GST-NLRP1CARD was rather 

weak (Fig. 2.3 B). When I performed the same ELISA with full-length NLRP1-SH, 

extracted from cell lysates using Streptactin, only VHHPYD 1 was able to bind its target 

(Fig. 2.3 C). This suggests that VHHCARD cannot bind the natural configuration of 

NLRP1CARD within the folded full-length protein, either because the recognized epitope is 

blocked in this conformation or because the nanobody detects an artificial epitope based 

on structures only formed by purified NLRP1CARD.  

To identify more nanobodies against NLRP1, I performed new selections by phage display 

using the existing phagemid libraries. Infection of phagemid plasmid-containing bacteria  

with helper phages generated nanobody-presenting phages, which I used to perform two 

rounds of phage display assay to select phages that specifically bound GST-NLRP1PYD, 

GST-NLRP1LRR, or GST-NLRP1CARD (Fig. 2.3 D). I finally obtained 45 hits for GST-

NLRP1PYD and 35 hits for GST-NLRP1CARD, which were divided into 5 and 4 clusters 

based on their sequence similarity. There were no hits for GST-NLRP1LRR, even though I 

performed an additional phage display selection using biotinylated NLRP1LRR (data not 

shown). When I compared the sequences of the cluster representatives of VHHPYD and 

VHHCARD, I noticed that all VHHCARD hits cluster with VHHPYD hits, suggesting that these 
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nanobodies actually bind the shared fusion partner GST but not the NLRP1 domains. This 
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was also confirmed in additional ELISA experiments (data not shown). Only one VHHPYD 

hit (VHH LJ-03-G12) clustered separately and the binding of VHH LJ-03-G12 to GST-

NLRP1PYD was confirmed by ELISA, where it showed only slightly lower affinity than 

VHHPYD 1 (Fig. 2.3 F). Importantly, neither of the nanobodies bound the GST-only control. 

The detailed sequence comparison showed that the two NLRP1PYD binders mostly differ 

in the CDR1 and CDR3 regions, while their CDR2 regions revealed more than 70 % 

sequence homology (Fig. 2.3 G). From here on, VHH LJ-03-G12 will be named VHHPYD 2.  

 

In summary, I identified two nanobodies binding human NLRP1PYD. In contrast, NLRP1LRR 

and NLRP1CARD seem to be difficult targets for nanobodies, as there were no new 

reproducible hits after phage display and the confirmed binder VHHCARD did not bind the 

full-length protein.  

Figure 2.3: Identification of NLRP1-specific nanobodies. (A) Purification process of 
recombinant GST, GST-NLRP1PYD, GST-NLRP1LRR, and GST-NLRP1CARD was 
analyzed by SDS-PAGE and Coomassie staining. Escherichia coli BL21 were 
transformed with corresponding expression constructs (uninduced bacteria [UB]) and 
expression was induced by addition of 0.2 M IPTG (induced bacteria [IB]). Bacteria 
were lysed by sonification [L] and GST proteins were enriched by affinity 
chromatography using glutathione beads (flow through [FT], wash [W], elutions [E]). 
Pooled elutions were further purified by gel filtration [GF]. (B) Binding of indicated His-
tagged nanobodies (VHHs) and anti-HA antibodies to immobilized GST-NLRP1PYD or 
GST-NLRP1CARD was quantified by ELISA. (C) Binding of indicated His-tagged VHHs 
and anti-HA antibodies to immobilized full-length NLRP1-SH or control protein 
NLRX1-SH was quantified by ELISA. Target proteins were extracted from target-
overexpressing cell lysates using Streptactin-coated plates. (D) Schematic overview of 
VHH identification process. Camelids were immunized with NLRP1PYD, NLRP1LRR, or 
NLRP1CARD. VHH-coding sequences were extracted from lymphocyte mRNA and 
cloned into phagemid vector libraries, which were used to produce VHH-presenting 
phages. Phages that encode NLRP1-binding VHHs were selected by two rounds of 
phage display using GST-NLRP1PYD-, GST-NLRP1LRR-, and GST-NLRP1CARD-loaded 
magnetic beads. Bacteria were infected by the selected phages to generate single 
clones encoding specific VHH sequences in the phagemid vector. 95 clones per target 
were screened for binding by ELISA. All positive hits were sequenced and divided into 
clusters based on their sequence similarity in Average Distance Tree. (E) Average 
Distance Tree for all GST-NLRP1PYD and GST-NLRP1CARD cluster representatives, as 
well as the known binders VHHCARD and VHHPYD 1 in green. (F) Binding of indicated 
concentration of His-tagged VHHs to immobilized GST-NLRP1PYD or control protein 
GST was quantified by ELISA. (G) Alignment of NLRP1PYD VHHs with indicated 
complementarity determining regions (CDRs). Data in (B,C,F) represents average 
values (with individual data points) from two (VHHPYD 1 data in B,C) or three 
independent experiments ± 95 % CI, p-values were calculated using unpaired t-test. 
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2.2.3 Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD is sufficient for NLRP1 
inflammasome activation 
 

After the discovery of two NLRP1PYD-specific nanobodies, I could study the activation of 

endogenous NLRP1 by N-terminal ubiquitination and degradation. So far, targeted 

degradation of human NLRP1 was based on overexpression of N-terminal tagged NLRP1 

that allowed inducible degradation in HEK 293T cells (Hollingsworth et al., 2021; 

Sandstrom et al., 2019). Here, I used the NLRP1PYD nanobodies to overcome these 

limitations and specifically ubiquitinate endogenous human NLRP1 at the N-terminus. 

To do this, I first generated expression vectors for fusions of nanobodies to the human 

CRL2 substrate receptor VHL, as previously described by Fulcher et al. (Fulcher et al., 

2016, 2017), and transiently transfected the FLAG-tagged constructs in the HEKNLRP1+ASC 

 
Figure 2.4: Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD is sufficient for 
NLRP1 inflammasome assembly in HEK 293T reporter cells. (A) Schematic 
overview of the experimental setup and VHH-mediated ubiquitination of NLRP1. 
HEKNLRP1+ASC and HEKNLRP3+ASC cells were transiently transfected with expression 
vectors for FLAG-tagged Von Hippel Lindau (VHL)-VHH fusions or HA-tagged VHHs 
alone for 6 h. Lipofectamine (LF) only treated cells served as controls. Cells were 
further incubated for 14 h, where indicated in the presence of 1 µM MLN4924 (MLN4) 
or DMSO. VHL-VHHPYD expression leads to the recruitment of Cullin2 Ring E3-ligase 
complexes, ubiquitination of NLRP1PYD, and NLRP1 activation by degradation, 
observable by ASC speck formation. (B,C) FLAG-tagged VHL-VHH expression and 
ASC speck formation were quantified by flow cytometry, as described in Fig. 2.1. 
Quantification of specks was limited to FLAG-positive cells in (C). Data represents 
average values (with individual data points) from three independent experiments ± 
95 % CI. Ub indicates ubiquitin. 
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and HEKNLRP3+ASC reporter cells (Fig. 2.4 A). VHL-VHHPYD 1 and VHL-VHHPYD 2, as well as 

the VHL fusion to a control nanobody targeting influenza A virus NP (Ashour et al., 2015) 

(VHL-VHHNP-1), were similarly expressed but only the NLRP1PYD-specific nanobody 

fusions induced ASC speck formation in more than 40 % of HEKNLRP1+ASC cells 

(Fig. 2.4 B). In line with the affinities measured by ELISA, VHL-VHHPYD 1 was the stronger 

activator of the two nanobodies. Expression of NLRP1PYD nanobodies alone did not 

stimulate an inflammasome response. When I specifically gated for VHL-VHHPYD-

expressing cells, almost 80 % of the cells exhibited ASC specks (Fig. 2.4 C), indicating 

nearly complete activation of NLRP1 in these cells. Inhibition of neddylation with the 

NEDD8-activating enzyme inhibitor MLN4924 (MLN4) blocked NLRP1 inflammasome 

activation by VHL-VHHPYD, in line with the recruitment of CRL2 complexes by VHL and 

the critical role of NEDD8 for the activity of canonical CRLs (Fig. 2.4 C) (Soucy et al., 

2009). 

Next, I generated N/TERT-1 keratinocyte cell lines expressing C1C-EGFP as well as 

VHHs or VHL-VHH fusions under the control of a bidirectional doxycycline (dox)-inducible 

promoter (Fig. 2.5 A). Induction of expression led to a similar expression of C1C-EGFP in 

all cell lines, suggesting that nanobodies and their fusions were similarly transcribed as 

well (Fig. 2.5 B). Only induced expression of VHL-VHHPYD 1 and VHL-VHHPYD 2 triggered  
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inflammasome assembly, which was already detectable 6 h post-induction, with faster 

activation by VHHPYD 1 than by VHHPYD 2. Inflammasome responses were substantially 

higher than after talabostat treatment with ASC speck formation in nearly 20 % of 

VHHPYD 1-expressing cells already after 6 h. Neither nanobody expression alone, nor VHL 

fusions to the control nanobody VHHNP-1 induced inflammasome assembly. The fast 

inflammasome activation allowed me to quantify responses in the presence of inhibitors 

of E1 ubiquitin-activating enzyme (MLN7243, here MLN7) and the proteasome (MG-132), 

which are toxic during prolonged incubations, next to the less toxic neddylation inhibitor 

MLN4924. I found that inflammasome assembly was completely blocked by either 

inhibitor, indicating that VHL fusions of NLRP1PYD nanobodies indeed rely on the 

activation of ubiquitin, CRLs, as well as the proteasome to mediate ubiquitination and N-

terminal degradation of NLRP1 (Fig. 2.5 C). Assembly of ASC specks was accompanied 

by caspase-1-dependent IL-1b release and cell death, which were likewise substantially 

higher than after talabostat treatment and inhibited by neddylation inhibitors (Fig. 2.5 D,E). 

In contrast to ASC speck formation, cells expressing VHL-VHHPYD 2 released more IL-1b. 

All generated cell lines exhibited comparable levels of IL-1b and LDH release when 

treated with talabostat in the absence of transgene expression, confirming functional 

Figure 2.5: Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD is sufficient for 
NLRP1 inflammasome activation in N/TERT-1 keratinocyte reporter cells. (A) 
Schematic overview of the experimental setup and VHH-mediated ubiquitination of 
NLRP1. N/TERT-1 cells were transduced with lentiviral vectors encoding C1C-EGFP 
and (VHL-)VHH controlled by a bidirectional doxycycline (dox)-inducible promoter. 
N/TERT-1(VHL-)VHH+C1C-EGFP cells were treated with 1 µg/mL dox for 6 h or 20 h to induce 
expression, where indicated in the presence of 1 µM MLN7243 (MLN7), 1 µM MLN4, 
1 µM MG-132, 100 µM VX, 50 µM Z-VAD, or DMSO. Untreated cells (UT) served as a 
control. ASC speck formation was detected in the presence of caspase-1 inhibitor VX. 
(B,C) C1C-EGFP expression and ASC speck formation in C1C-EGFP+ cells were 
quantified after 6 h dox treatment by flow cytometry, as described in Fig. 2.1. (D,E) 
Supernatants were collected after 20 h dox treatment. IL-1β release was quantified by 
HTRF. Cell death was quantified by detection of LDH release. (F) Supernatants from 
cells stimulated with 30 µM Tal for 20 h, in the absence of dox, were analyzed for IL-1β 
and LDH release as above. (G) Cell death was quantified by uptake of non-cell 
permeable DNA dye DRAQ7 over 20 h. (H) Representative microscopy images of 
DRAQ7 uptake and pyroptotic cells. Scale bars represent 100 μm. Data represents 
average values (with individual data points) from three independent experiments ± 
95 % CI, p-values were calculated using unpaired t-test. Quantifications of DRAQ7 
uptake over time in (G) and microscopy images in (H) display experiment 
representatives of three independent experiments. Ub indicates ubiquitin.  
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NLRP1 inflammasomes in all cell lines (Fig. 2.5 F). When I quantified cell death over time 

by uptake of the non-cell permeable DNA dye DRAQ7, I saw a continuous increase in 

caspase-1-dependent cell death for both VHL-VHHPYD, starting already 4 h post-induction 

(Fig. 2.5 G). VHL-VHHPYD 2 induced less cell death, which is probably why the cells can 

process and release more IL-1b. Microscopy analyses revealed that VHL-VHHPYD-

expressing cells show the characteristic ballooning phenotype of pyroptotic cells 

(Fig. 2.5 H).  

 

Thus, I succeeded in specifically activating human NLRP1 using the NLRP1PYD-specific 

nanobodies in combination with the VHL system. Thereby, I also prove that targeted 

ubiquitination of human NLRP1PYD is sufficient for its activation by N-terminal degradation. 

This well-controlled system allows the precise and direct activation of endogenous NLRP1 

in the absence of any upstream signals.  

 

2.3 Discussion 
 

Reporter cells enable the analysis of human NLRP1 inflammasome activation 
I first validated HEK 293T and N/TERT-1 NLRP1 reporter cell lines which had been 

generated in the lab to study human NLRP1 inflammasome activation. HEK 293T cells 

are a useful system to reconstitute different inflammasomes in a bottom-up approach, as 

they lack most inflammasome-relevant proteins (Agostini et al., 2004; Chavarría-Smith et 

al., 2016). Recently, Yang et al. were able to detect NLRC4 and pyrin in HEK cell lysates 

but NLRP1 and NLRP3 were not expressed (X. Yang et al., 2022). Many groups used 

similar reconstituted HEK cell systems to study rodent and human NLRP1 

inflammasomes. Some reconstituted the cells with NLRP1, ASC, caspase-1, pro-IL-1b, 

and GSDMD to analyze NLRP1-induced pyroptosis and cytokine release (Ball et al., 2020; 

Chavarría-Smith et al., 2016; Chui et al., 2019, 2020; Gai et al., 2019; Hollingsworth, 

Sharif, et al., 2021; Sandstrom et al., 2019; Tsu et al., 2021). Others also used ASC-

EGFP-expressing HEK cells to detect NLRP1-dependent ASC speck formation (Ball et 

al., 2020, 2022; Gai et al., 2019; Gong et al., 2021; Moecking et al., 2021; Robinson et al., 

2020, 2022; Zhong et al., 2016, 2018). Most of the mentioned NLRP1 assays in HEK cells 

were based on transient transfections of the required inflammasome components. 
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However, inflammasome sensors and ASC are prone to oligomerization even in the 

absence of stimuli, causing high baseline levels of inflammasome assembly in 

unregulated overexpression systems. I observed ASC speck formation in more than 50 % 

of NLRP1-transfected ASC-EGFP-expressing HEK cells without additional stimulation, 

even when I reduced the amount of transfected NLRP1 expression plasmid drastically 

(data not shown). If most of the cells activate NLRP1 just by overexpression, it is difficult 

to differentiate between baseline and stimulus-induced signals. Furthermore, 

transfections lead to variable expression levels, compromising the reproducibility of 

experiments. Therefore, we decided to generate cell lines that express the NLR sensors 

and ASC-EGFP under control of the weak pUbC promoter to minimize baseline 

inflammasome formation as much as possible. The selection of monoclonal ASC-EGFP-

expressing cells with a low ASC speck background and NLRP1/NLRP3-expressing cells 

with an optimal signal-to-noise ratio generated HEKNLRP1+ASC and HEKNLRP3+ASC cell lines 

with a baseline inflammasome response of maximally 2 %. These reporter cells enable 

the sensitive detection of inflammasome assembly and the stable expression of all 

components permits high reproducibility. Another advantage of the HEK 293T cell system 

is the possibility to express different inflammasome sensor mutants or variants to study 

the influence of certain domains or amino acids on sensor activity. I will use HEK 293T 

cells expressing murine and mutant forms of NLRP1 in chapters 3 and 4. In addition, 

HEKNLRP1+ASC and HEKNLRP3+ASC cells do not undergo pyroptosis after inflammasome 

activation as they lack the required components. This allows the analysis of ASC speck 

formation by flow cytometry without additional caspase-1 inhibitor treatment.  

 

To complement the reconstituted cell line approach, immortalized N/TERT-1 keratinocytes 

were used to analyze the activation of endogenous NLRP1 and its outcomes in a 

physiologically relevant cell type. N/TERT keratinocytes were generated by expression of 

the telomerase subunit hTERT, combined with the spontaneous loss of cell cycle control 

mechanisms (Dickson et al., 2000). Compared to primary keratinocytes, N/TERT cells 

show similar differentiation and formation of epidermal equivalents at air interfaces (Smits 

et al., 2017). Primary keratinocytes express NLRP1, ASC, caspase-1, and pro-IL-1b, 

without the need for additional priming (Mizutani et al., 1991; Zhong et al., 2016) and the 

same was shown for N/TERT keratinocytes (Bauernfried et al., 2021). Transcriptional 
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analyses of primary keratinocytes showed that they do not express AIM2, NLRP3, and 

NLRC4 (J. Y. Zhou et al., 2023). AIM2 expression can be induced by IFN-g priming of 

primary and N/TERT keratinocytes (Dombrowski et al., 2011; J. Y. Zhou et al., 2023) and 

there was also a report about IFN-g-induced NLRP3 expression (Fenini, Grossi, 

Contassot, et al., 2018). However, Bauernfried et al. detected no inflammasome response 

in N/TERT cells after priming and stimulation with nigericin (Bauernfried et al., 2021). By 

now, N/TERT cells are an accepted and widely used model to study endogenous NLRP1 

inflammasomes (Ball et al., 2022; Bauernfried et al., 2021; Robinson et al., 2020, 2022; 

Q. Wang et al., 2023; Zhong et al., 2016, 2018; J. Y. Zhou et al., 2023). It is also important 

to mention that N/TERT keratinocytes show no activation of CARD8 after inhibition of 

DPP8/9 by talabostat (Bauernfried et al., 2021). Since NLRP1 and CARD8 share 

processing of the FIIND, stimuli like talabostat and viral protease cleavage can potentially 

activate both inflammasome sensors. Thus, inflammasome responses in cells that 

express both CARD8 and NLRP1 cannot be easily allocated to one or the other. This was 

shown in primary human aortic endothelial cells, in which both sensors contribute to 

talabostat- and Coxsackie virus B3-induced pyroptosis and IL-18 release (Nadkarni et al., 

2022). Another example is the human monocytic THP-1 cell line which is widely used in 

inflammasome studies. Even though these cells express NLRP1, inhibition of DPP8/9 

induces only CARD8-dependent pyroptosis (D. C. Johnson et al., 2018; X. Yang et al., 

2022). Thus, N/TERT keratinocytes, which seem to lack functional CARD8 

inflammasomes, are a good model to specifically study NLRP1 activity.  

 

ASC-dependent inflammasomes like NLRP1 require the adaptor protein ASC to recruit 

and activate caspase-1 (Fernandes-Alnemri et al., 2007). Therefore, ASC speck assembly 

is a sufficient readout for NLRP1 inflammasome formation, as all downstream readouts 

like pyroptosis and IL-1b release depend on ASC speck-mediated caspase-1 activation 

(Ball et al., 2020; Zhong et al., 2018). ASC speck formation also discriminates between 

NLRP1 and CARD8 stimulation because CARD8 cannot recruit ASC and only induces 

ASC-independent caspase-1 activation (Ball et al., 2020; Gong et al., 2021; Hollingsworth, 

David, et al., 2021), a fact that I confirmed in CARD8- and ASC-EGFP expressing HEK 

cells (data not shown). Moreover, ASC speck detection allows the analysis of 

inflammasome responses on a single cell level, enabling the exact quantification of 
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responsive cells in contrast to analyses based on whole cell lysates or supernatants. ASC 

speck assembly is also irreversible and the specks are highly stable, even showing 

extracellular proinflammatory activity (Bertheloot et al., 2022; Franklin et al., 2014). 

Therefore, they persist in cells as long as pyroptosis is blocked, enabling the detection of 

accumulated inflammasome responses over longer periods of time (Stein et al., 2016). To 

detect ASC speck formation in N/TERT keratinocytes, the cells were equipped with the 

inflammasome reporter C1C-EGFP. Caspase-1CARD leads to efficient recruitment of EGFP 

to ASC specks, allowing the quantification of specks similar to ASC-EGFP but without 

altering the endogenous levels of ASC. This way, C1C-EGFP reporter cells have no 

background inflammasome formation at all, enabling the precise quantification of even 

weaker inflammasome responses. Endogenous caspase-1 can also still be activated in 

inflammasome-forming reporter cells, as I observed caspase-1-dependent IL-1b release 

in talabostat-treated N/TERT-1C1C-EGFP cells.  

 

Both HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells formed NLRP1 inflammasomes after 

inhibition of DPP8/9 by talabostat. NLRP1 is functional in HEK 293T cells because the 

FIIND is autoproteolytically processed even after reconstituted expression (Chavarría-

Smith et al., 2016; D’Osualdo et al., 2011). This was also confirmed in fibroblasts and 

U2O2 cells reconstituted with NLRP1 (Finger et al., 2012; Liao & Mogridge, 2009). 

However, the immunoblots of NLRP1 from HEKNLRP1+ASC cell lysates show less processing 

than the ones of endogenous NLRP1 from N/TERT-1 keratinocyte lysates (compare 

Fig. 2.1A and Fig. 2.2B). Hence, despite the overexpression of NLRP1 in the HEK 293T 

cells, the amount of processed NLRP1 is comparable in the two cell types. Interestingly, 

while more than 40 % of HEKNLRP1+ASC cells assembled ASC specks after talabostat 

stimulation, only around 5 % of N/TERT-1C1C-EGFP cells responded to the same stimulus. 

The HEK 293T reporter cells represent an engineered overexpression system and 

therefore perhaps lack additional regulations of NLRP1 activity that are present in the 

endogenous keratinocyte system. Moreover, the monoclonal HEKNLRP1+ASC cells were 

selected based on a high NLRP1 response to talabostat. The cells may thus be selected 

for properties that promote NLRP1 responses, like alterations in DPP8/9 sequestration.  

In line with the low number of inflammasome-forming N/TERT-1 cells, talabostat-treated 

keratinocytes released only low levels of IL-1b. In contrast, quantification of pyroptotic cell 
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death revealed no increase in membrane permeability at all. Low levels of talabostat-

induced pyroptosis in N/TERT keratinocytes were reported before (Bauernfried et al., 

2021; Robinson et al., 2022; Zhong et al., 2018). Nevertheless, the few dying N/TERT-1 

cells showed the characteristic phenotype of pyroptotic cells, confirming that NLRP1 

activation leads to cytokine processing and pyroptosis in these cells. Therefore, detection 

of ASC speck formation and IL-1b release are more sensitive readouts for weak NLRP1 

responses in keratinocytes.  

 

Even though the N/TERT keratinocytes are a useful cellular system to study NLRP1 

inflammasomes, they still are an immortalized cell line that underwent spontaneous 

mutations, and are therefore not completely comparable to primary cells (Dickson et al., 

2000). Therefore, all findings in N/TERT cells should be confirmed in primary 

keratinocytes, as done by others (Bauernfried et al., 2021; Robinson et al., 2022; Zhong 

et al., 2018). My lab is currently working on the generation and optimization of primary 

keratinocyte cultures to overcome these limitations. The next step will be to use human 

skin explants or 3D organotypic skin cultures in which the keratinocytes show the natural 

differentiation and epidermal structure as found at air-liquid interfaces (Robinson et al., 

2022; Smits et al., 2017). These models reflect the most natural conditions of 

inflammasome responses in the human skin. It was for example shown that terminally 

differentiated keratinocytes in the stratum granulosum layer express the inflammasome 

sensor NLRP10, which cannot be observed in undifferentiated N/TERT cells (Próchnicki 

et al., 2023).  

 
Challenges in the identification of human NLRP1CARD-specific nanobodies 
Next to the validation of NLRP1 reporter cell lines, I aimed to identify NLRP1-specific 

nanobodies that allow specific manipulation of the inflammasome sensor in living cells. I 

performed phage display assays to find nanobodies that bind NLRP1PYD, NLRP1LRR, and 

NLRP1CARD. As we still lack NLRP1-specific inhibitors, inhibitory nanobodies would be a 

great tool to analyze the role of NLRP1 in different inflammatory conditions. NLRP1CARD 

is the ASC-recruiting domain of the active NLRP1UPA-CARD fragment (Finger et al., 2012; 

Gong et al., 2021) and NLRP1CARD nanobodies that directly interfere with the sensor 

oligomerization and the recruitment of ASC would probably be the most promising 
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candidates for potential NLRP1 inhibitory nanobodies. Unfortunately, there were no hits 

for NLRP1LRR and NLRP1CARD, and the validation of an NLRP1CARD nanobody hit 

previously identified in the lab showed that it could only bind the purified GST-NLRP1CARD 

and not full-length NLRP1. The fact that VHHCARD cannot bind the natural configuration of 

NLRP1CARD within the folded full-length protein could be explained by an artificial epitope 

based on structures only formed by purified NLRP1CARD. It was shown that NLRP1CARD 

alone does not oligomerize because the UPA-like domain within the NLRP1UPA-CARD 

fragment mediates this process. Overexpression of NLRP1CARD alone can induce filament 

formation but the filaments differ from NLRP1UPA-CARD and other known CARD filament 

structures. NLRP1CARD seems to be prone to dimer formation and therefore forms thicker 

filaments than other CARD proteins (Gong et al., 2021; Hollingsworth, David, et al., 2021). 

Therefore, it is possible that overexpression of NLRP1CARD led to the formation of these 

unusual CARD dimers/filaments and the immunized camelids developed antibodies 

against these structures. In line with this hypothesis, in my experiments, only GST-

NLRP1CARD showed an additional oligomer peak in size-exclusion chromatography. 

Another explanation would be that the recognized NLRP1CARD epitope is blocked in full-

length NLRP1. Yang et al. describe a DPP9-independent NLRP1 complex in which the 

linker region (between PYD and NBD) and UPA-like domain of the FIIND interact (X. Yang 

et al., 2022). This interaction could also happen intramolecularly, causing a protein fold 

that interferes with the binding of VHHCARD. Inactive NLRP3 forms a cage structure that 

switches into an active disk structure after priming and stimulation (Fu & Wu, 2023; 

Hochheiser et al., 2022). As there is no known structure of full-length NLRP1, it cannot be 

excluded that NLRP1CARD is kept in a similar inhibitory structure to prevent autoactivation 

of the inflammasome.  

If the problem to find NLRP1CARD nanobodies is based on artificial dimer/filament 

formation, one could perform another immunization or phage display campaign using 

mutated NLRP1CARD that cannot oligomerize (Hollingsworth, David, et al., 2021). Another 

option would be the utilization of synthetic nanobody libraries (Muyldermans, 2021). The 

phage display selections could also be performed by directly using NLRP1UPA-CARD. This 

way, potential NLRP1CARD-blocking conformations of full-length NLRP1 could be avoided. 

To increase the chance of identifying inhibitory nanobodies, the oligomerization of 
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NLRP1UPA-CARD should again be prevented, to gain nanobodies that interfere with 

oligomerization instead of binding the oligomerized filaments.  

 

Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD is sufficient for NLRP1 
inflammasome activation 
In contrast to NLRP1LRR and NLRP1CARD, I successfully identified and validated two 

NLRP1PYD-specific nanobodies. This allowed me to specifically induce the ubiquitination 

of human endogenous NLRP1 at the N-terminal PYD, thereby inducing N-terminal 

degradation and inflammasome activation. So far, targeted degradation attempts of 

human NLRP1 were only achieved in HEK cell systems overexpressing AID- or dTAG-

NLRP1 (Hollingsworth et al., 2021; Sandstrom et al., 2019). I achieved N-terminal 

ubiquitination of endogenous untagged NLRP1 by fusing the NLRP1PYD-specific 

nanobodies to the human CRL2 receptor VHL, as described by Fulcher et al. (Fulcher et 

al., 2016, 2017). Targeted ubiquitination of NLRP1 by VHL-VHHPYD induced strong 

inflammasome activation in both HEKNLRP1+ASC cells and N/TERT-1 keratinocytes. 

Especially in the N/TERT-1 cells, the response rates were much higher than after inhibition 

of DPP8/9, causing robust IL-1b release and pyroptosis. This suggests that either the 

targeted degradation overcomes existing regulations of NLRP1 activity or talabostat is just 

a weak NLRP1 stimulus in keratinocytes. Importantly, VHL-VHHPYD-induced NLRP1 

inflammasome formation proves for the first time that targeted ubiquitination of NLRP1PYD 

is sufficient to activate endogenous human NLRP1.  

 

Moreover, VHL-VHHPYD fusions represent strong NLRP1-specific stimuli that enable direct 

activation of human NLRP1 without disturbance of other cellular pathways. Therefore, it 

will be a useful tool to screen different cell types for functional NLRP1 inflammasomes. In 

contrast to talabostat, VHL-VHHPYD fusions will not activate CARD8 inflammasomes. The 

only requirement is that the fusions have to enter the cell to reach cytosolic NLRP1. Not 

every cell type can be lentivirally transduced to express VHL-VHHPYD fusions. A more 

universal strategy would be to purify the fusion protein and treat the cells extracellularly. 

It was shown that fusions of nanobodies to cell-penetrating peptides enable endocytosis-

independent uptake (Herce et al., 2017; Sun et al., 2023), but it has to be tested whether 

this system is suitable for VHL-VHHPYD delivery. The VHL-VHHPYD system could also be 
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used to help identify inhibitory NLRP1CARD-specific nanobodies. One could generate 

lentiviral VHH libraries (Schmidt, Hanke, et al., 2016) and transduce NLRP1-expressing 

and pyroptosis-competent cells to express VHL-VHHPYD and different VHHCARD under a 

bidirectional promotor. If most of the cells undergo VHL-VHHPYD-mediated pyroptosis, the 

surviving cells should be enriched in inhibitory VHHCARD nanobodies.  

 

It has to be mentioned that I neither confirmed ubiquitination nor degradation of NLRP1 in 

this setup. I proved that all readouts of NLRP1 inflammasome activation are inhibited by 

inhibitors of E1 enzymes, neddylation, and proteasomes, confirming that ubiquitination by 

canonical CRL complexes and subsequent proteasomal degradation are necessary for 

this mode of activation. NEDD8 executes cullin-independent functions as well (Enchev et 

al., 2015) but in the context of the other proteasomal degradation inhibitors, it is safe to 

assume that inhibition by MLN4924 is based on interference with the neddylation of CRL 

complexes. I tried to detect N-terminal degradation of NLRP1 in the context of other 

NLRP1 stimuli using immunoblots and NLRP1PYD-specific antibodies. However, I found it 

difficult to show clear N-terminal degradation using this method. Small amounts of 

released NLRP1UPA-CARD are sufficient for inflammasome formation and only a small 

fraction of NLRP1 is likely degraded in inflammasome-forming cells, impeding the 

detection of degradation in bulk lysate assays (Hollingsworth, Sharif, et al., 2021; 

Sandstrom et al., 2019). The VHL-VHHPYD fusions recruit CRL2 complexes specifically to 

NLRP1PYD, so it should be the N-terminus of NLRP1 that is ubiquitinated and subsequently 

degraded. Nevertheless, it was reported that ubiquitination of adaptor proteins is sufficient 

to degrade proteins in close proximity that exhibit unstructured regions (Prakash et al., 

2009). Thus, it is possible that not NLRP1 but a potential negative regulator binding to the 

NLRP1PYD is degraded, leading to inflammasome formation. Several arguments contradict 

this hypothesis: Firstly, NLRP1 mutants that exhibit GFP or mScarlet fluorescent proteins 

instead of NLRP1PYD are not autoactive, arguing against an NLRP1PYD-specific regulator 

(Bauernfried et al., 2021; Chavarría-Smith et al., 2016). Secondly, HRV14 3C proteases 

cleave the complete NLRP1PYD off, but inflammasome activation still requires N-degron 

pathway-mediated proteasomal degradation (Robinson et al., 2020). Most importantly, 

many studies support the model in which NLRP1 has to be processed and degraded to 

release the active NLRP1UPA-CARD to form inflammasomes (Chui et al., 2019; Finger et al., 



49  

2012; Sandstrom et al., 2019; Z. Xu et al., 2021; Zhong et al., 2016). Therefore 

presumably NLRP1 itself is degraded after VHL-VHHPYD-mediated ubiquitination. As 

already mentioned, unstructured regions are important initiation sites for proteasomal 

degradation (Prakash et al., 2004). The linker region between NLRP1PYD and NLRP1NBD 

is predicted to be disordered, and thus ubiquitination of NLRP1PYD close to the disordered 

linker region may lead to efficient degradation by the proteasome (Chui et al., 2020). I also 

tried to detect ubiquitination of immunoprecipitated NLRP1 from VHL-VHHPYD-transfected 

HEKNLRP1+ASC cells in preliminary experiments, but I observed no ubiquitin signal for 

NLRP1 in immunoblots. Many labs perform ubiquitination analyses in reconstituted cells 

that express tagged ubiquitin as this simplifies the detection. The analysis of endogenous 

ubiquitin requires experimental optimizations which I did not further pursue. Nevertheless, 

the VHL-VHHPYD system represents an excellent tool to establish assays that detect 

ubiquitination of NLRP1 as the VHL-mediated CRL2 recruitment should induce a strong 

signal. Mass spectrometry is a promising method to detect specific ubiquitination sites in 

proteins. Tools like the UbiSite antibody allow the enrichment of ubiquitin remnant-

containing peptides, before the exact sites can be identified by mass spectrometry 

(Akimov et al., 2018). Approaches like this can help to confirm VHL-VHHPYD-mediated 

NLRP1 ubiquitination and explore if and where NLRP1 is ubiquitinated in the context of 

different stimuli.  

 

In summary, I confirmed that HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells are useful reporter 

cells that enable the direct analysis of human NLRP1 inflammasome activation. Detection 

of ASC speck formation in these cells is a sufficient readout for NLRP1 inflammasome 

activity, as NLRP1 forms a critically ASC-dependent inflammasome in contrast to CARD8. 

While the HEK-based reporter cells allow easy manipulations within a minimal 

inflammasome setting, the N/TERT-1 cells reflect endogenous protein levels and potential 

inflammasome regulations. In addition, I used NLRP1PYD-specific nanobodies in 

combination with the VHL system to prove for the first time that targeted ubiquitination of 

human NLRP1PYD is sufficient for its activation by N-terminal degradation. The VHL-

VHHPYD system induces strong and NLRP1-specific inflammasome responses that can 

help to identify NLRP1 ubiquitination sites and to screen potential NLRP1 inflammasome-
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competent cells. The reporter cells and the VHL-VHHPYD system will be used throughout 

this thesis to analyze human NLRP1 inflammasome activation.  

 

2.4 Material and Methods 
 

Cells 
Cell culture 

HEK 293T cells (ATCC Cat# CRL-3216, RRID: CVCL_0063) were cultivated in Dulbecco's 

Modified Eagle's Medium (DMEM) containing 10 % fetal bovine serum (FBS) and 

GlutaMax (all Thermo Fisher Scientific). Human N/TERT-1 keratinocytes (a kind gift of 

James Rheinwald, Harvard Medical School) were cultivated in Keratinocyte serum-free 

medium (Thermo Fisher Scientific) supplement with 0.5x bovine pituitary extract (BPE), 

0.2 mg/mL epidermal growth factor (EGF), 1x penicillin/streptomycin, and 0.3 mM CaCl2 

(resulting in a final concentration of 0.4 mM CaCl2). 

 

Generation of genetically modified cell lines 

2.5∙105 HEK 293T (or HEK 293T derivatives) or 7∙104 N/TERT-1 (or N/TERT-1 derivatives) 

cells were seeded per well in 24 well-plates. Genetically modified cell lines were generated 

by lentiviral transduction in the presence of 10 µg/mL polybrene (Sigma-Aldrich) for 6-8 h. 

The next day, transduced cells were transferred into 10 cm dishes and selected by 

addition of required antibiotics.  

Lentiviral vectors for constitutive expression under control of pUbC were constructed by 

Gateway cloning (Thermo Fisher Scientific) using vectors modified from pRRL (a kind gift 

of Susan Lindquist, Whitehead Institute of Biomedical Research). HEK 293T cells 

expressing ASC-EGFP under control of pUbC (HEKASC) were generated by transduction 

with a dilution series of lentivirus to achieve single insertions. Individual clones were 

cultivated in medium supplemented with 1 µg/mL puromycin and tested for minimal 

background of ASC-EGFP specks. Derivatives of HEKASC expressing NLRP1-HA 

(HEKNLRP1+ASC; cell line H8-1), or NLRP3-HA (HEKNLRP3+ASC; cell line H98) under the 

control of pUbC from single insertions were generated using the same protocol and 

cultivated in the presence of 1 µg/mL puromycin and 50 µg/mL hygromycin B. Clones 

were selected based on optimal signal-to-noise ratio (after talabostat or LPS+nigericin 



51  

stimulation) and background. Polyclonal N/TERT-1 cells expressing caspase-1CARD-EGFP 

(C1C-EGFP) controlled by pUbC (N/TERT-1C1C-EGFP, cell line K14), were generated by 

lentiviral transduction with virus multiplicities of infection (MOIs) that permit multiple 

insertions and selection with 1 µg/mL puromycin. Lentiviral vectors for knockout 

generation were constructed by ligation of annealed oligonucleotides that encode single 

guide RNA (sgRNA) target sequences with vectors modified from pLenti CRISPR v2 (a 

kind gift of Feng Zhang, Broad Institute). The sgRNA target sequences were designed 

using CRISPick (Broad Institute, see Table 2 for sgRNA target sequences). Monoclonal 

knockout derivatives of N/TERT-1C1C-EGFP cells were generated using limiting dilutions of 

polyclonal cell lines generated by lentiviral transduction, and selection with 5 µg/mL 

blasticidin S. OutKnocker analyses were used to identify clones that have only two 

frameshift mutations in the target sequence, proving that these clones were derived from 

a single cell (Schmid-Burgk et al., 2014). The knockouts were additionally confirmed by 

immunoblot (N/TERT-1C1C-EGFP DASC (m), cell line K17-1 and N/TERT-1C1C-EGFP 

DNLRP1 (m), cell line K20-6). Lentiviral vectors for expression of C1C-EGFP and VHHs 

or VHL-VHH fusions under a bidirectional doxycycline-inducible promoter were 

constructed by Gibson cloning (New England Biolabs) based on lentiviral vector 

pInducer20bi-NA, a derivative of pInducer20-NA (Schmidt, Hanke, et al., 2016), using the 

promoter from pTRE3G-BI (Takara Bio). Polyclonal derivatives of N/TERT-1 cells were 

generated by lentiviral transduction with virus MOIs that permit multiple insertions and 

selection with 500 µg/mL geneticin (N/TERT-1(VHL-)VHH+C1C-EGFP, cell lines K44-K48). Flp-

In 293 T-REx cells (Thermo Fisher Scientific Cat# R78007, RRID:CVCL_U427) inducibly 

expressing NLRP1 (cell line HFT9) or NLRX1 (cell lines HFT44) with a C-terminal 

Strep-HA tag were generated using the Flp-In system (Thermo Fisher Scientific) according 

to the manufacturer´s recommendations, and cultivated in DMEM supplemented with 

10 % FBS, Glutamax, 4 µg/mL blasticidin S, and 50 µg/mL hygromycin B.   

 

Target gene sgRNA name Target sequence 

ASC ASC sg5 GCTGGATGCTCTGTACGGGA 

NLRP1 NLRP1 sg2 CAGGCCCAATAGGAAACGTG 

Table 2: sgRNA target sequences used for the generation of monoclonal ASC and 
NLRP1 knockout N/TERT-1 cell lines 
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Viruses 
Lentivirus production  

All experiments involving lentiviruses were conducted in a Biosafety Level 2 laboratory. 

For lentivirus production 2.5∙105 (24 well-plate) or 1∙106 (6 well-plate) HEK 293T cells were 

seeded per well. Lentiviruses for transduction of N/TERT-1 cells were always generated 

in 6 well-plates. The next day, cells were co-transfected with 0.3 µg lentiviral vector, 

0.13 µg psPax2, and 0.07 µg pMD2.G per 24 well, or 5 times the amounts per 6 well, 

using Polyethylenimine (PEI) Max (Polysciences). Packaging vectors psPax2 and 

pMD2.G were kind gifts from Didier Trono (École polytechnique fédérale de Lausanne). 

HEK 293T cells were transfected for 6-8 h, before addition of 600 µL (24 well) or 2 mL 

(6 well) full medium and further cultivation for 48 h. For generation of HEK 293T cell lines, 

lentivirus-containing supernatants were harvested, filtered using 0.45 µm polyethersulfon 

filter (Millipore) and directly used for transduction. For generation of N/TERT-1 cell lines, 

lentivirus-containing supernatants were similarly harvested and filtered but lentiviruses 

were additionally precipitated using Lenti-X™ Concentrator (Takara Bio). Pelleted 

lentiviruses were resuspended in keratinocyte serum-free medium to avoid contact of 

N/TERT-1 cells with serum during the transduction.  

 

Proteins 
Expression and purification of GST, GST-NLRP1PYD, GST-NLRP1LRR and GST-

NLRP1CARD 

Expression vectors for human GST-NLRP1PYD (amino acids (aa) 1-92), GST-NLRP1LRR 

(aa 808-973), and GST-NLRP1CARD (aa 1374-1463) were generated by Gateway cloning 

with a customized destination vector based on pGEX-2T (a kind gift of Mikko Taipale, 

Whitehead Institute of Biomedical Research). Proteins were expressed in E. coli BL21 

cells in Terrific Broth induced with 0.2 mM Isopropyl-b-D-thiogalactopyranosid (IPTG) at 

an optical density (OD)600 of 0.6. Cells were cultivated for 24 h at 18 °C, and lysed by 

sonication (Bandelin Sonopuls HD2070 with TT13 tip) in phosphate-buffered saline (PBS), 

supplemented with 1 µM Dithiothreitol (DTT), Ethylenediaminetetraacetic acid (EDTA)-

free protease inhibitor (Roche), 1 mg/mL lysozyme, and 5 µg/mL DNAse I. Clarified 

lysates were further purified by affinity chromatography using glutathione resin and 3-4 

elutions were collected in elution buffer containing 50 mM Tris pH 8.0, 150 mM NaCl, 
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1 mM DTT, and 10 mM reduced glutathione. The pooled elutions were purified by gel 

filtration with a HiLoad 16/600 Superdex 75 pg column in buffer containing 20 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4, 150 mM NaCl, and 

10 % glycerol. All collected fractions were tested by sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis (PAGE) and colloidal Coomassie staining, and 

fractions containing the desired protein were pooled and concentrated to 1 mg/mL. 

 

Expression and purification of nanobodies 

Nanobody-coding sequences were cloned into pHEN6-based bacterial, periplasmic 

expression vectors with C-terminal HA-His tags using Gibson cloning. Nanobodies were 

expressed in E. coli WK6 cells in Terrific Broth induced with 1 mM IPTG at an OD600 of 

0.6. Cells were cultivated for 16 h at 30 °C. Bacterial pellets were resuspended in TES 

buffer (200 mM Tris-HCl pH 8.0, 0.65 mM EDTA, 0.5 M sucrose) supplemented with 

protease inhibitor (Roche), and periplasmic extracts were generated by osmotic shock in 

0.25x TES. Nanobodies were purified by Ni-NTA purification and desalting by PD MiniTrap 

G-25 columns (GE Healthcare Life Sciences).  

 

Antibodies 
The following antibodies were used: rabbit polyclonal anti-ASC (AdipoGen Cat# AG-25B-

0006, RRID:AB_2490440), rabbit polyclonal anti-E-tag-HRP (Bethyl Cat# A190-133P, 

RRID:AB_345222), rabbit anti-FLAG clone D6W5B (Cell Signaling Technology Cat# 

14793, RRID:AB_2572291), mouse anti-GFP clone JL-8 (Takara Bio Cat# 632380, 

RRID:AB_10013427), mouse anti-HA clone 16B12 (Biolegend Cat# 901533, 

RRID:AB_2801249), mouse anti-HA-HRP clone 6E2 (Cell Signaling Technology Cat# 

2999S, RRID:AB_1264166), mouse anti-His-HRP clone J099B12 (Biolegend Cat# 

652504, RRID:AB_2563555), mouse anti-NLRP1 clone 9F9B12 (BioLegend Cat# 

679802, RRID:AB_2566263), mouse anti-vinculin clone hVIN-1 (Sigma-Aldrich Cat# 

V9131, RRID:AB_477629), goat polyclonal anti-rabbit IgG (H+L)-Alexa FlourTM Plus 647 

(Invitrogen Cat#A32733, RRID:AB_2633282), goat polyclonal anti-rabbit IgG (H+L)-HRP 

(Invitrogen Cat#31460, RRID:AB_228341), goat polyclonal anti-mouse IgG (H+L)-HRP 

(Invitrogen Cat#31430, RRID:AB_228307) 
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Small compound inhibitors and reagents 
The following small compound inhibitors and reagents were used: doxycycline (Thermo 

Fisher Scientific), LPS-EK Ultrapure (Invivogen), MG-132 (Selleckchem), MLN4924 

(MedChem Express), MLN7243 (ChemieTek), Nigericin sodium salt (Biomol), talabostat 

mesylate (MedChemExpress), Vx-765 (Selleckchem), and Z-VAD(Ome)-FMK 

(MedChemExpress). 

 

Nanobody library generation 
To raise heavy chain-only antibodies against NLRP1PYD, NLRP1LRR, and NLRP1CARD one 

alpaca and one llama were five times immunized with 200 µg His-NLRP1PYD/His-

NLRP1CARD and His-NLRP1LRR using Imject™ Alum Adjuvant (Thermo Fisher Scientific) 

or Gerbu Fama adjuvant (Gerbu Biotechnik) according to locally authorized protocols. 

Nanobody plasmid libraries in the M13 phagemid vector pD (pJSC) were generated as 

described before (Schmidt, Lu, et al., 2016) In brief, RNA from peripheral blood 

lymphocytes was extracted and used as a template to generate complementary DNA 

(cDNA) using three sets of primers (random hexamers, oligo(dT), and primers specific for 

the constant region of the alpaca heavy chain gene). Nanobody-coding sequences were 

amplified by polymerase chain reaction (PCR) using VHH-specific primers, cut with AscI 

and NotI, and ligated into pJSC linearized with the same restriction enzymes. E. coli TG1 

cells (Agilent) were electroporated with the ligation reactions and the obtained ampicillin-

resistant colonies were harvested, pooled, and stored as glycerol stocks. 

 

Nanobody identification 
NLRP1-specific nanobodies were identified by phage display and panning with a protocol 

modified from Schmidt et al. (Schmidt, Lu, et al., 2016). E. coli TG1 cells containing the 

VHH library were infected with helper phage VCSM13 (1013 pfu per 100 mL) in SOC 

medium (Super Optimal Broth with 20 mM glucose) at an OD600 of 0.6 to produce phages 

displaying the encoded nanobodies as pIII fusion proteins. After 2 h infection, phage-

producing bacteria cultures were cultivated for 16 h at 30 °C in 2YT medium with 0.1 % 

glucose. Phages in the supernatant were purified and concentrated by two rounds of 

precipitation using 20 % polyethylene glycol 6000 in 2.5 M NaCl. To exclude phages that 

present nanobodies binding to the selection beads or GST, all phages were negatively 
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selected using empty beads and cell culture flasks coated with 1 mg/mL purified GST in 

PBS. Phages presenting NLRP1-specific nanobodies were enriched using GST-

NLRP1PYD, GST-NLRP1LRR, or GST-NLRP1CARD immobilized to magnetic Pierce 

glutathione beads (Thermo Fisher Scientific, 1 µg protein per 1 µL beads). The retained 

phages were eluted using 50 mM reduced glutathione in PBS and used to infect E. coli 

ER2738. Bacteria containing the enriched nanobody sequences were subjected to a 

second round of panning. The second round was performed using less protein-loaded 

beads (0.25 µg protein per 1 µL beads) and phages, without prior negative selection. 

E. coli ER2738 infected with the retained phages were plated in 10-fold dilutions to obtain 

single colonies, each encoding one enriched nanobody sequence in the phagemid vector. 

95 colonies per nanobody target were grown in 2YT medium in 96 well-plates and 

nanobody expression was induced with IPTG for 16 h at 30 °C, leading to leakage of 

nanobodies into the supernatant. The specificity of nanobodies was tested using ELISA 

plates coated with 1 µg/mL control protein GST or GST fusion proteins in PBS. Bacterial 

supernatants were incubated with the immobilized antigen in 2 % bovine serum albumin 

(BSA) in PBS. Bound VHHs were detected with horseradish peroxidase (HRP)-coupled 

rabbit anti-E-Tag antibodies (1:10,000 in 4 % milk/PBS with 0.1 % Tween-20), and the 

chromogenic substrate 3,3′,5,5′-Tetramethylbenzidin (TMB). Reactions were stopped with 

1 M HCl and absorption at 450 nm was recorded using a SpectraMax i3 instrument and 

the SoftMax Pro 6.3 Software (Molecular Devices). ELISA signals were normalized to 

medium- and GST-only controls, and nanobodies presenting values >3 on the target plate 

and <2 on the GST control plate were defined as hits to be sequenced for further analyses. 

Sequences were analyzed using Jalview 2.11.2.6 software (Waterhouse et al., 2009). 

Sequences were aligned using Clustal algorithm and Average distance trees (Percentage 

Identity) were generated. All nanobodies within a branch length of 3 were clustered and 

the nanobody with the highest ELISA signal was defined as the cluster representative. 

Relevant nanobodies were cloned into bacterial expression vectors and purified for further 

analysis.  

 

Nanobody ELISA 
To test nanobody binding to purified NLRP1 domains, ELISA plates were coated with 

1 µg/mL GST-NLRP1PYD, GST-NLRP1CARD, or GST in PBS and blocked with 10 % FBS 
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in PBS. To test nanobody binding to full-length NLRP1, ELISA plates were coated with 

10 µg/mL streptactin in PBS and blocked with 10 % FBS in PBS. Flp-In 293 T-REx cells 

were treated with 1 µg/mL doxycycline for 24 h to induce expression of Strep-HA tagged-

NLRP1 or NLRX1. Four confluent 15 cm dishes per protein were lysed in 1 mL lysis buffer 

(0.2 % NP-40, 10 mM Tris pH 7.5, 10 mM KCl, 1.5 mM MgCl2) supplemented with 

protease inhibitor (Roche), and clarified lysates were added to the streptactin-coated 

ELISA plates for 1 h. His-tagged nanobodies were incubated with the immobilized antigen 

at a concentration of 1 µg/mL or a 10-fold dilution series in 10 % FBS/PBS, followed by 

HRP-coupled anti-His (1:1000), and the chromogenic substrate TMB. Incubation with 

1 µg/mL anti-HA antibody, followed by HRP-coupled anti-mouse Immunoglobulin (Ig)G 

served as a positive control for the detection of Strep-HA tagged proteins. Reactions were 

stopped with 1 M HCl and absorption was measured at 450 nm using a SpectraMax i3 

instrument and the SoftMax Pro 6.3 Software (Molecular Devices). 

 

Flow cytometry-based quantification of inflammasome assembly 
To quantify the assembly of ASC-EGFP specks or recruitment of C1C-EGFP to ASC 

specks (‘C1C specks’), cells were typically treated in 24-wells or 48-wells and analyzed 

by flow cytometry. 2.5∙105 (24 well-plate)/1.25∙105 (48 well-plate) HEKNLRP1+ASC (or other 

derivatives of HEK 293T), or 0.5-1∙105 (48 well-plate) N/TERT-1C1C-EGFP (or other 

derivatives of N/TERT-1) cells were seeded per well and cultivated overnight in the 

absence of antibiotics. Cells were stimulated in DMEM/10 % FBS (HEK 293T) or 

keratinocyte serum-free medium (BPE, EGF, CaCl2) (N/TERT-1). Importantly, 

N/TERT-1C1C-EGFP cells were stimulated in the presence of 100 µM Vx-765 for all flow 

cytometry experiments to prevent loss of responding cells by caspase-1-dependent 

pyroptosis.  
For drug-induced inflammasome stimulation, cells were treated with 200 ng/mL LPS for 

3 h followed by 10 µM nigericin for 1 h, or 30 µM talabostat for 20 h. Cells treated with the 

solvent dimethyl sufoxide (DMSO) only served as controls.  

For inflammasome stimulation by transient overexpression of HA- or FLAG-tagged VHHs 

and VHL-VHH fusions, expression vectors based on pCAGGS (Hitoshi et al., 1991) were 

constructed by Gibson cloning. HEK-based reporter cells in 24-wells were transfected with 

500 ng total expression vectors using Lipofectamine 2000 (Thermo Fisher Scientific). 
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Medium was replaced with full medium after 6 h and cells were cultivated for another 14 h. 

Cells treated with Lipofectamine 2000 only served as controls.  

For induction of doxycycline-inducible expression in lentivirus-generated cell lines, cells 

were cultivated in medium containing 1 µg/mL doxycycline for 6 or 20 h.  

In case of additional inhibitor treatments, small compound inhibitors were added 30 min 

before and during the stimulation, with the following concentrations: 1 µM MG-132, 1 µM 

MLN4924, 1 µM MLN7243, 100 µM Vx-765, or 50 µM Z-VAD(Ome)-FMK. In the case of 

stimulation by transient overexpression of HA- or FLAG-tagged VHHs and VHL-VHH 

fusions, inhibitors were only added with the medium change after 6 h transfection.  

After stimulation, cells were harvested by trypsinization, fixed in 4 % formaldehyde, and 

analyzed using BD FACSCanto flow cytometers, recording area, width, and height of the 

EGFP signal of single cells. Flow cytometers were provided and serviced by the Flow 

Cytometry Core Facility (University Hospital, Bonn, Germany). Where indicated, fixed and 

permeabilized cells were stained with anti-FLAG (1:300) in Intracellular Staining 

Permeabilization Wash Buffer (Biolegend) combined with Alexa FlourTM Plus 647-coupled, 

highly cross-absorbed secondary antibodies (1:500). Flow Cytometry data was analyzed 

using FlowJo 10.8.1 software. To determine the frequency of cells with ASC specks, cell 

debris and doublets were excluded based on forward and sideward scatter signals. Only 

cells expressing the ASC speck reporter ASC-EGFP or C1C-EGFP were included in the 

analysis of the ASC speck response based on height and width of the reporter signals.  

 

Cytokine quantification by HTRF 
To quantify IL-1b release, N/TERT-1-derived cells were seeded (105 cells in 300 µL per 

48 well-plate) and stimulated as described for flow cytometry experiments in the absence 

and presence of Vx-765. Supernatants for the quantification of IL-1b levels after inducible 

expression of (VHL)-VHH fusions were collected from 5∙104 cells in 200 µL per well in 96 

well-plates. IL-1b was quantified using the Human IL1 beta Homogeneous Time-Resolved 

Fluorescence (HTRF) kit (Ciscbio) according to the manufacturer’s instructions. 

Emissions at 620 nm and 665 nm were measured using a SpectraMax i3 instrument and 

IL-1b levels were calculated by the SoftMax Pro 6.3 Software (Molecular Devices) based 

on the standard curve.  
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Cell death quantification by LDH release 
To quantify cell death by pyroptosis, the same cell supernatants as for the IL-1b 

quantification were used. Release of LDH was quantified using the LDH Cytotoxicity 

Detection Kit (Takara Bio) according to the manufacturer’s instructions. Absorption at 

490 nm was measured using a SpectraMax i3 instrument and the SoftMax Pro 6.3 

Software (Molecular Devices). Control samples, in which cells were lysed in 1 % 

Triton X-100, were used to normalize LDH release, after subtraction of medium 

background signal.  

 

Cell death quantification by DRAQ7 uptake 
To quantify cell death over time, the uptake of the non-cell permeable DNA dye DRAQ7 

(Biolegend) was analyzed using the Incucyte Live-Cell Imaging system (Sartorius). 

N/TERT-1-derived cells were seeded (1.5∙104 cells in 96 well-plate) and stimulated as 

described for flow cytometry experiments using DRAQ7-containing medium (1:3000). 

Stimulation was performed in the absence and presence of Vx-765 or Z-VAD(Ome)-FMK. 

The cells were imaged every hour for a total of 20 h using the Incucyte SX5 instrument, 

taking 9 images per well. The number of DRAQ7-positive nuclei (cell death count) and the 

cell confluency were analyzed using the Incuycyte 2021C software. For every single 

image, the cell death count was corrected by subtraction of the value at the beginning of 

the experiment. The corrected cell death count was further normalized to the cell 

confluency by division, before the average value for all 9 images was calculated and 

plotted over time. 

 

Microscopy 
To generate microscopy samples, cells were seeded on 12 mm cover slips in 24 well-

plates and otherwise stimulated as described for flow cytometry experiments. Cells were 

fixed in 4 % formaldehyde and stained for DNA using Hoechst 33342 (1:5000; Thermo 

Fisher Scientific). Images were recorded with a Zeiss Observer.Z1 wide field microscope, 

provided and serviced by the Microscopy Core Facility (University Hospital, Bonn, 

Germany). Images were processed using ImageJ 2.3.0 software. 
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Immunoblot 
To confirm expression or knockout of proteins in cell lines, 106 cells were lysed in 200 µL 

1x SDS-PAGE buffer (50 mM Tris pH 6.8; 0.01 % Bromophenol blue, 10 % glycerol, 2 % 

SDS, 100 mM DTT) to generate immunoblot samples. Proteins were separated by SDS-

PAGE using 4–15 % Criterion™ TGX™ Precast Midi protein gels (Bio-Rad). Separated 

proteins were transferred to polyvinylidene difluoride membranes (0.45 µm, Merck) by 

semi-dry transfer. All immunoblots were blocked in 5 % non-fat dry milk (NFDM) solution 

in Tris-buffered saline (TBS) with 0.05 % Tween-20 (TBS-T) and probed with the following 

primary antibody dilutions: anti-ASC 1:1000, anti-GFP 1:1000, anti-HA-HRP 1:1000, anti-

NLRP1 1:1000, and anti-vinculin 1:1000. All primary antibodies were added in NFDM 

solution. After overnight incubation at 4 °C, the immunoblots were probed with HRP-

coupled secondary antibodies in NFDM solution (1:5000) for 2 h. Chemiluminescent signal 

was induced by Western Lightning Plus enhanced chemiluminescence (ECL) substrate 

(Perkin Elmer), except for immunoblots of ASC and NLRP1, which required Western 

Lightning Ultra-ECL (Perkin Elmer). The signal was detected using a Fusion Advancer 

imaging system (Vilber) and images were taken using the EvolutionCapt SL6 software 

(Vilber). 

 

Statistical analyses 
The generated data was analyzed using GraphPad Prism 9.5.1 software. All shown error 

bars represent the mean with 95 % confidence interval (CI). P-values were reported 

whenever the error bars show no clear separation and the difference between two groups 

is important for the statements in this thesis. P-values were calculated using an unpaired 

t-test assuming individual variance for each treatment.  
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3. P38 kinases mediate human NLRP1 inflammasome activation after 
ribotoxic stress response and virus infection 

 

3.1 Introduction 
 

In this chapter, I will use the NLRP1 reporter cells, as well as VHL-VHHPYD-mediated 

targeted NLRP1 degradation, to demonstrate that p38 kinases mediate NLRP1 activation 

by direct phosphorylation of the N-terminal linker region after UVB irradiation, SFV 

infection, and dsRNA transfection.  

The UV radiation of sunlight consists of 95 % UVA and 5 % UVB. While UVA damages 

cells mainly through the generation of ROS, UVB induces strong damage of cellular DNA 

and RNA (Karran & Brem, 2016). UVB-induced ribosomal RNA and messenger RNA 

(mRNA) damage causes ribosome stalling which activates the ribotoxic stress response 

(RSR) (Iordanov et al., 1998; Wu et al., 2020). The RSR can be activated by other stimuli 

that impair ribosome function such as ribotoxins and bacterial translation inhibitors. For 

example, the antibiotic anisomycin represents an established inducer of the RSR pathway 

by interfering with peptide-bond formation in the peptidyl transferase center (Garreau de 

Loubresse et al., 2014; Iordanov et al., 1997; Vind, Genzor, et al., 2020). RSR induction 

is dependent on mitogen-activated protein kinase kinase kinase (MAP3K) leucine zipper- 

and sterile alpha motif-containing kinase a (ZAKa). ZAKa is the longer of two splicing 

isoforms, directly binding to ribosomes to detect ribosome stalling and collisions. 

Activation leads to ZAKa autophosphorylation and initiation of subsequent mitogen-

activated protein kinase (MAPK) signaling cascades (Mathea et al., 2016; Vind, Snieckute, 

et al., 2020; X. Wang et al., 2005; Wu et al., 2020).  

Activation of ZAKa leads to the activation of MAPK p38 and C-Jun N-terminal kinase 

(JNK) via different MAP kinase kinases (MAP2K). P38 is phosphorylated by MAP2K 

MKK3 and MKK6, whereas MKK4 and MKK7 phosphorylate JNK. Both p38 and JNK are 

stress-activated protein kinases whose activity is initiated by diverse MAP3 kinases after 

various environmental stress and proinflammatory stimuli, like oxidative stress, UV 

irradiation, and cytokine signaling (Canovas & Nebreda, 2021; Cargnello & Roux, 2011; 

Raingeaud et al., 1996; Vind, Genzor, et al., 2020). 
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P38 exhibits four isoforms: P38a/b are ubiquitously expressed, in contrast to p38g/d, which 

show tissue-specific expression. Active p38 acts as a proline-directed serine/threonine 

kinase with more than 100 reported substrates. Thereby, p38 can regulate transcription, 

mRNA stability, protein degradation, endocytosis, metabolism, and more. P38a/b activate, 

for example, MAPK-activated protein kinases like MK2/3 which control especially cytokine 

mRNA stability to boost proinflammatory cytokine responses. Depending on the upstream 

signals and the cell type, p38 activity can result in pro-survival or inflammatory/cell death 

signaling (Canovas & Nebreda, 2021; Cargnello & Roux, 2011; Gaestel, 2006; J. L. 

Johnson et al., 2023). 

It was reported that UV- and anisomycin-induced ZAKa activation also plays a role in the 

general control nonderepressible 2 (GCN2)-mediated integrated stress response (ISR) 

(Wu et al., 2020). The ISR is mediated by four kinases which all phosphorylate eukaryotic 

initiation factor 2a (eIF2a) after recognition of different stress signals, thereby inhibiting 

translation: GCN2 detects amino acid deficiency, heme-regulated inhibitor detects heme 

deprivation, protein kinase R (PKR) detects dsRNA, and PKR-like endoplasmic reticulum 

(ER) kinase (PERK) detects ER stress. GCN2 is also activated in the context of impaired 

ribosome function, resulting in parallel activation of the RSR and ISR (Vind, Genzor, et 

al., 2020). 

UVB irradiation activates NLRP1 in human but not murine keratinocytes. The first studies 

only reported that primary human keratinocytes undergo caspase-1-dependent cell death 

and release IL-1b after UVB irradiation (Feldmeyer et al., 2007; Sollberger et al., 2015). 

Later, it was shown that these responses are caused by NLRP1 inflammasomes (Fenini, 

Grossi, Contassot, et al., 2018; Sand et al., 2018). Sand et al. were not able to detect 

similar inflammasome activities in murine keratinocytes, arguing that UV irradiation is no 

real threat for nocturnal animals with fur. The exact mechanism of UVB-induced NLRP1 

activation or the role of sensor degradation in this process were not examined. In a follow-

up report, Fenini et al. indicated that the activity of p38 is important for UVB-induced 

NLRP1 activation, but the authors did not explore how the kinase regulates the 

inflammasome (Fenini, Grossi, Gehrke, et al., 2018).  

 

SFV is an alphavirus, a genus that belongs to the family of Togaviridae. Alphaviruses form 

small, enveloped viruses with a 12 kb linear positive-sense single-stranded RNA (ssRNA) 
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genome. They are transmitted via arthropods (mostly mosquitos) and rodents, birds and 

non-human primates act as virus-maintaining hosts. Alphaviruses are classified into old- 

or new-world viruses, depending on the continent where they were first isolated. The old-

world alphaviruses SFV, Sindbis virus (SINV), and o’nyong-nyong virus (ONNV) are 

mostly found in Africa. Ross River virus (RRV) and Barmah Forest virus (BFV) cause 

infections in Oceania, and Chikungunya virus (CHIKV) is endemic to Asia, South Europe, 

and the Caribbean. Even though it is classified as an old-world virus, Mayaro virus (MAYV) 

is mainly found in America. Prominent representatives of new-world alphaviruses are 

Eastern, Venezuelan, and Western equine encephalitis virus (EEEV, VEEV, WEEV) 

(Acosta-Ampudia et al., 2018; Fros & Pijlman, 2016; Kafai et al., 2022; Powers et al., 

2001; Skidmore & Bradfute, 2023). Old-world alphaviruses replicate in joint-associated 

and musculoskeletal tissues, causing mostly fever and arthralgia with sometimes long-

lasting symptoms in the cases of CHIKV, MAYV, and RRV. New-world viruses can 

replicate in the nervous system and cause encephalitis. These viruses induce severe 

pathologies and death in livestock, whereas most humans show asymptomatic infections 

(Acosta-Ampudia et al., 2018; Kafai et al., 2022; Skidmore & Bradfute, 2023). SFV and 

SINV are widely used alphavirus models as they are less pathogenic than other family 

members and replicate well in cell culture (Atkins et al., 1999).  

Alphaviruses exhibit a broad cellular tropism, as they can bind to multiple receptors, which 

differ for distinct viruses. They enter the host cell via endocytosis and escape the 

endosome by membrane fusion induced by decreased pH. The nucleocapsid is 

disassembled, leading to the release of the genome into the cytosol. As the genome is 

capped and poly-A-tailed, translation of the non-structural polyprotein nsP1234 is initiated 

by the host machinery. The intermediate nsP1234 complex produces negative-sense 

genomic RNA before the polyprotein is cleaved by nsP2. The cleaved nsP1/2/3/4 

replicase complex can then synthesize new positive-sense genomic and subgenomic 

RNA based on the negative-sense template. Importantly, this replication causes the 

generation of dsRNA intermediates. The subgenomic RNA encodes the structural 

proteins, which form new virions that bud from the host cell membrane (Jose et al., 2009; 

Marsh et al., 1983; Skidmore & Bradfute, 2023).  

Infection with the alphavirus SFV and transfection of dsRNA longer than 500 bp leads to 

NLRP1 inflammasome formation in N/TERT keratinocytes (Bauernfried et al., 2021). 
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Neither of the stimuli activates CARD8 or murine Nlrp1b. Furthermore, binding of dsRNA 

to NLRP1LRR induces ATP hydrolysis in the NLRP1NACHT and the authors propose that 

binding of dsRNA to NLRP1 (also in the course of SFV infection) induces conformational 

changes of the sensor and subsequent inflammasome activation. Functional proteasomal 

degradation was required for this mode of NLRP1 activation. 

 

3.2 Results 
 

Contributions 

The NLRP1, ASC, and p38 knockout N/TERT-1 reporter cell lines were generated by Karl 

Elmar Lange. The experiments to quantify ASC speck formation in Fig. 3.1 B/F/G, as well 

as the immunoblots in Fig. 3.3 F, were performed by Lisa Schiffelers. The experiments to 

quantify ASC speck formation in Fig. 3.2 E/F/H, Fig. 3.5 A-F, Fig. 3.8 B, as well as the 

immunoblots in Fig. 3.1 E, Fig. 3.2 A/B/C, Fig. 3.3 D/E, Fig. 3.6 H, Fig. 3.7 D, were 

performed by Sabine Normann. The experiments to quantify ASC speck formation in Fig. 

3.2 I, Fig. 3.6 J, Fig. 3.7 A/B/F, as well as the immunoblots in Fig. 3.7 E, were performed 

by rotation student Laura Klein under my supervision. The experiments to quantify ASC 

speck formation in Fig. 3.3 G were performed by Jennifer Wuerth and Dorothee Lapp. The 

fluorescence microscopy pictures in Fig. 3.2 G/J were taken and processed by Florian 

Gohr. All were members of the Institute of Innate Immunity (Florian Schmidt lab) in Bonn 

when the experiments were performed and many of the experiments were coordinated by 

me to speed up the finalization of the manuscript.  

Infection experiments in Fig. 3.9 A,B were performed by Anja vom Hemdt, then a member 

of the Institute of Virology (Beate Kümmerer Lab) in Bonn. Production of recombinant p38 

kinase and in vitro kinase assays in Fig. 3.12 D were performed by Ines Kaltheuner. 

Recombinant NLRP1 for in vitro kinase assays was produced by Jonas Moecking. Both 

were members of the Institute of Structural Biology (Matthias Geyer lab) in Bonn, when 

the experiments were performed. Mass spectrometry experiments to identify NLRP1 

phosphorylation in Fig. 3.13 A were performed by Stefan Ebner, at that time member of 

the Institute of Innate Immunity (Felix Meissner lab) in Bonn. All other experiments and 

further analyses of the provided data were performed by myself. 
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Modified versions of the results and figures were published in: 

Journal of Experimental Medicine (2023) 220 (1): e20220837 
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3.2.1 UV irradiation activates NLRP1 inflammasomes through p38 kinase activity  
 

After establishing HEK 293T- and N/TERT-1-based NLRP1 inflammasome reporter cells, 

as well as the VHL-VHHPYD system to specifically activate human NLRP1 (see chapter 2), 

I wanted to use these tools to further analyze the mechanisms of NLRP1 activation. As a 

start, I followed up on the reported NLRP1 activation by UVB irradiation (Fenini, Grossi, 

Contassot, et al., 2018; Sand et al., 2018), as this is a relevant environmental stimulus of 

inflammation, especially for human keratinocytes which are regularly exposed to UV 

radiation. I stimulated the reporter cells with UVB for 3 min and analyzed the 

inflammasome response after 20 h (Fig. 3.1 A). Both HEKNLRP1+ASC and HEKNLRP3+ASC 

showed some level of ASC speck formation after UVB stimulation, but the response was 

substantially more pronounced in the NLRP1-expressing cells, with around 15 % of 
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HEKNLRP1+ASC cells forming ASC specks (Fig. 3.1 B). Similarly, UVB-stimulated 

N/TERT-1C1C-EGFP cells showed inflammasome assembly and caspase-1-dependent IL-1b 

release. Yet, with ASC speck levels around 1 %, the response rates were even lower than 

after talabostat treatment (see chapter 2, Fig. 2.2 G), and the response therefore hardly 

distinguishable from the NLRP1 knockout derivatives (Fig. 3.1 C). Immunoblot analyses 

showed no UVB-induced release of processed IL-1b, whereas the weak response to 

talabostat was sufficient to identify the cleaved p33 fragment of caspase-1 and p17 

fragment of IL-1b in the supernatant of stimulated N/TERT-1C1C-EGFP cells (Fig. 3.1 E). 

While talabostat did not trigger cell death in the earlier experiments, UVB irradiation 

caused substantial cell death as quantified by LDH release (Fig. 3.1 C) or uptake of the 

non-cell permeable DNA dye DRAQ7 (Fig. 3.1 D). In line with the weak inflammasome 

responses to UVB, knockout of NLRP1 did not alter cell death. Yet, UVB-induced cell 

death was completely blocked by pan-caspase inhibitor Z-VAD(OMe)-FMK (Z-VAD). I 

further observed apoptosis-related cleavage of caspase-3 and poly-ADP-ribose-

polymerase (PARP) in immunoblots (Fig. 3.1 E), which was also independent of NLRP1. 

I thus conclude that NLRP1 activation by UVB irradiation does not dominate the cell death 

response, but promotes inflammation by inflammasome-mediated IL-1b release.  

 

After recapitulation of UVB-induced NLRP1 activation in the reporter cells, I was 

wondering which upstream pathways are involved. As described before, UVB irradiation  

damages mostly cellular DNA and RNA, the latter causing induction of the RSR. DNA 

damage and ROS as possible factors in UVB-induced NLRP1 activation had already been 

excluded, as no response had been observed after treatment with DNA-damaging agents 

and H2O2 (data not shown). I next tested whether UVB-induced inflammasome assembly 

relies on the RSR and p38 signaling. Therefore, ASC speck formation was quantified in 

HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells treated with the p38a/b inhibitor SB202190 (SB)  

(Kumar et al., 1997), or the pan-p38 inhibitor doramapimod (Dora) (Kuma et al., 2005) 

(Fig. 3.1 F,G). Assembly of ASC specks was completely abrogated by both inhibitors, 

suggesting that UVB-induced NLRP1 activation was indeed critically dependent on p38 

kinase activity. Inflammasome assembly was not sensitive to ISRIB, a small molecule that 

reverses the effects of eIF2a phosphorylation after ISR induction (Sidrauski et al., 2013) 

or PF3644022 (PF), which inhibits the MAPK-activated protein kinase MK2 downstream 
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of p38. Thus, changes in mRNA stability, regulated by MK2, seem not to be involved in 

NLRP1 inflammasome activation after UVB irradiation, although p38-dependent gene 
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regulation could not be ruled out. The inflammasome response in N/TERT-1C1C-EGFP cells 

was also completely abrogated by Jnk-In-8 (Jnk), a reversible inhibitor of JNK1, JNK2, 

and JNK3, whereas the response in HEKNLRP1+ASC was only partially affected. As only p38 

inhibitors robustly abrogated UVB-induced NLRP1 inflammasome assembly in both 

reporter cell lines, I decided to focus on the role of p38 in NLRP1 inflammasome activation.  

 

3.2.2 The ribotoxic stress response activates NLRP1 inflammasomes  
 

NLRP1 activation by UVB was dependent on p38 activity and in line with that, I observed 

robust phosphorylation of p38 after UVB irradiation (Fig. 3.2 A). P38 is activated through 

UVB-triggered RNA damage in the course of the RSR (Iordanov et al., 1998; Wu et al., 

2020). Thus, I next evaluated whether other activators of the RSR were also able to 

activate NLRP1 inflammasomes. I first tested anisomycin (Aniso), an antibiotic produced 

by Streptomyces griseolus and a strong inducer of the RSR pathway (Vind, Snieckute, et 

Figure 3.1: NLRP1 inflammasome activation by UV irradiation is dependent on 
p38 activity. (A) Schematic overview of the experimental setup. HEKNLRP1+ASC, 
HEKNLRP3+ASC, and N/TERT-1C1C-EGFP cells were stimulated with UV for 3 min, or left 
untreated (UT), and further incubated for 20 h, where indicated in the presence of 
100 µM VX, 50 µM Z-VAD, 20 µM SB202190 (SB), 10 µM doramapimod (Dora), 1 µM 
MLN4, 1 µM PF3644022 (PF), 200 nM ISRIB, 3 µM Jnk-In-8 (Jnk), or DMSO. ASC 
speck formation in N/TERT-1 cells was detected in the presence of caspase-1 inhibitor 
VX. (B) ASC speck formation in HEKNLRP1+ASC and HEKNLRP3+ASC cells was quantified 
by flow cytometry, as described in Fig. 2.1. (C) ASC speck formation in 
N/TERT-1C1C-EGFP cells and their monoclonal NLRP1 knockout derivatives was 
quantified by flow cytometry and supernatants from the same cells were collected. 
IL-1β release was quantified by HTRF. Cell death was quantified by detection of LDH 
release. (D) Cell death of N/TERT-1C1C-EGFP cells and their monoclonal NLRP1 
knockout derivatives was quantified by uptake of non-cell permeable DNA dye DRAQ7 
over 20 h. (E) Lysates and precipitated supernatants of N/TERT-1C1C-EGFP cells and 
their monoclonal NLRP1 knockout derivatives were analyzed by immunoblot with the 
indicated antibodies. Cells treated with 30 µM Tal served as control. (F,G) ASC speck 
formation in HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells was quantified by flow 
cytometry. Data represents average values (with individual data points) from two (C, 
LDH release, UT+VX) or three independent experiments ± 95 % CI, p-values were 
calculated using unpaired t-test. Quantifications of DRAQ7 uptake over time in (D) 
display experiment representatives of three independent experiments. Immunoblots in 
(E) display experiment representatives of two independent experiments.  
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al., 2020). I confirmed robust phosphorylation and thus activation of p38 in HEK 293T cells 

 
Figure 3.2: Induction of the ribotoxic stress response activates the NLRP1 
inflammasome. (A) HEKNLRP1+ASC cells were stimulated with UV for 3 min, or left 
untreated (UT), and further incubated for 6 or 20 h. Lysates were analyzed by 
immunoblot with the indicated antibodies to confirm the phosphorylation of p38 (P-p38). 
(B-D) HEKNLRP1+ASC, HEKNLRP3+ASC, and N/TERT-1C1C-EGFP cells were treated with 
15 µM anisomycin (Aniso) or DMSO for 1 h, where indicated in the presence of 20 µM 
SB or 10 µM Dora. (B,C) Lysates were analyzed by immunoblot with the indicated 
antibodies. (D) Fixed cells were stained for P-p38 and analyzed by flow cytometry. 
(E,H) HEKNLRP1+ASC, HEKNLRP3+ASC, and N/TERT-1C1C-EGFP cells were stimulated with 
DMSO or 15/1.5/0.15 µM Aniso for 6 h. (F,I) HEKNLRP1+ASC, HEKNLRP3+ASC and 
N/TERT-1C1C-EGFP cells were stimulated with DMSO or 2.5/0.5/0.1 µM lactimidomycin 
(Lacti) for 20 h. ASC speck formation was quantified by flow cytometry, as described 
in Fig. 2.1. ASC speck formation in N/TERT-1 cells was detected in the presence of 
caspase-1 inhibitor VX. (G,J) HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells were 
stimulated with 15 µM Aniso for 6 h. ASC speck formation was detected by wide-field 
fluorescence microscopy, as described in Fig. 2.1. Scale bars represent 50 μm. Data 
represents average values (with individual data points) from three independent 
experiments ± 95 % CI. Immunoblots in (A-C), flow cytometry histograms in (D) and 
microscopy images in (G,J) display experiment representatives of two independent 
experiments.  
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and N/TERT-1 keratinocytes after anisomycin treatment by immunoblot (Fig. 3.2 B,C) and 

flow cytometry (Fig. 3.2 D) using phospho-p38-specific antibodies, suggesting that the 

RSR is functional in the inflammasome reporter cells. I was excited to see that anisomycin 

treatment activated NLRP1 inflammasomes in HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells 

in a dose-dependent manner (Fig. 3.2 E,G,H,J). With 40 % ASC speck formation in 

HEKNLRP1+ASC cells, the fraction of responding cells was comparable to talabostat 

stimulation. In contrast, responses in N/TERT-1 keratinocytes were substantially stronger 

than after talabostat treatment, with more than 15 % of the cells assembling ASC specks 

already after 6 h.  

Next, I tested lactimidomycin (Lacti) produced by Streptomyces amphibiosporus, which 

inhibits ribosomes by interfering with polypeptide translocation (Garreau de Loubresse et 

al., 2014). Similarly, lactimidomycin activated NLRP1 inflammasomes in a dose-

dependent manner in HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells (Fig. 3.2 F,I). In 

comparison to anisomycin, the lactimidomycin-induced NLRP1 response was weaker and 

started later in both reporter cells. Importantly, neither of the antibiotics activated 

inflammasomes in HEKNLRP3+ASC cells.  

 

Worth noting, I also observed weak NLRP1 inflammasome activation after stimulation with 

cycloheximide, which inhibits ribosomes similar to lactimidomycin, and blasticidin S, which 

impairs the termination of translation at the ribosome (data not shown). However, I 

focused further analyses on the stronger NLRP1 activators anisomycin and 

lactimidomycin (Fig. 3.3 A). In both cases, ASC speck assembly depended on NLRP1 and 

ASC, as neither NLRP1 nor ASC knockout derivatives of N/TERT-1C1C-EGFP cells 

assembled inflammasomes in response to both stimuli (Fig. 3.3 B). Remarkably, more 

than 50 % of the N/TERT-1 reporter cells responded to anisomycin after 20 h stimulation. 

ASC speck formation was also accompanied by caspase-1-dependent IL-1b release in 

the wild type keratinocytes. NLRP1-dependent cleavage of caspase-1 and IL-1b was 

additionally confirmed by immunoblot (Fig. 3.3 D,E). To test whether NLRP1 activation by 

anisomycin and lactimidomycin was indeed initiated by the RSR, I again quantified 

inflammasome assembly in the presence of p38 inhibitors SB202190 and doramapimod 

(Fig. 3.3 C). I also tested compound 6p (ZAKi), an inhibitor of the RSR-inducing MAP3K 

ZAKa (J. Yang et al., 2020). Inflammasome assembly and IL-1b release were completely 
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blocked by both p38 inhibitors as well as by the ZAKa inhibitor. This was not the case for 
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talabostat-induced NLRP1 responses, which were even slightly boosted by the p38 

inhibitors. Doramapimod also inhibited cleavage of caspase-1 and IL-1b as confirmed by 

immunoblot (Fig. 3.3 D,E).  

 

To evaluate the role of the different p38 isoforms in the activation of NLRP1 

inflammasomes, polyclonal p38a and p38b knockout derivatives of N/TERT-1C1C-EGFP 

cells were generated and compared to polyclonal ASC knockouts (expecting similar 

knockout efficiencies) (Fig. 3.3 F). Analysis of p38 levels by immunoblot using a p38 

antibody recognizing p38a, b, and g isoforms revealed that p38 signals were substantially 

diminished in p38a knockout keratinocytes, suggesting that p38a is the most abundant 

 
Figure 3.3: NLRP1 inflammasome activation by the ribotoxic stress response is 
dependent on p38 activity. (A) Schematic overview of the experimental setup. 
N/TERT-1C1C-EGFP cells were stimulated with 15 µM Aniso, 2 µM Lacti, DMSO, or 30 µM 
Tal as a control, for 20 h, where indicated in the presence of 20 µM SB, 10 µM Dora, 
100 nM ZAKa inhibitor 6p (ZAKi), or DMSO. ASC speck formation was detected in the 
presence of caspase-1 inhibitor VX. (B,C) ASC speck formation in N/TERT-1C1C-EGFP 
cells and their monoclonal ASC and NLRP1 knockout derivatives was quantified by 
flow cytometry, as described in Fig. 2.1, and supernatants from the same cells were 
collected. IL-1β release was quantified by HTRF. (D,E) Lysates and precipitated 
supernatants of N/TERT-1C1C-EGFP cells and their monoclonal NLRP1 knockout 
derivatives were analyzed by immunoblot with the indicated antibodies. The DMSO 
control in (D) is the same as shown in Fig. 3.1 E. (F) Polyclonal ASC, p38a, and p38b 
knockout derivatives of N/TERT-1C1C-EGFP cells were confirmed by immunoblot with the 
indicated antibodies. (G) ASC speck formation in N/TERT-1C1C-EGFP cells and their 
polyclonal ASC, p38a, and p38b knockout derivatives was quantified by flow cytometry. 
Data represents average values (with individual data points) from three independent 
experiments ± 95 % CI, p-values were calculated using unpaired t-test. Immunoblots in 
(D-F) display experiment representatives of two independent experiments.  
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isoform in these cells. In line with these results, knockout of p38a inhibited anisomycin- 

and lactimidomycin-induced NLRP1 speck assembly to similar levels as ASC knockouts, 

whereas responses in knockouts of p38b were unchanged (Fig. 3.3 G). NLRP1 

inflammasome assembly triggered by talabostat was not impaired in p38a knockouts, in 

line with the p38 inhibitor experiments. This suggests that activation of NLRP1 by the RSR 

follows a mechanism independent of DPP9 complex perturbations.  

 

Next, I wondered whether NLRP1 activation by the RSR controls subsequent cell death 

(Fig. 3.4 A). Similar to UVB irradiation, anisomycin and lactimidomycin induced high levels 

of cell death as shown by strong release of LDH (Fig. 3.4 B) and uptake of DNA dye 

DRAQ7 in N/TERTC1C-EGFP cells (Fig. 3.4 C). In the case of lactimidomycin, cell death was 

largely abrogated in NLRP1 knockout derivatives, whereas anisomycin-induced cell death 

was only delayed. Microscopy analyses of cells at earlier time points (6 h for anisomycin, 

12 h for lactimidomycin) revealed that wild type N/TERT-1 cells look clearly pyroptotic, 

whereas the NLRP1 knockout cells looked round and shriveled but did not undergo 

pyroptosis (Fig. 3.4 D). This shows that both antibiotics cause NLRP1-dependent 

pyroptosis at earlier time points. However, at later time points, especially the anisomycin-

treated cells revealed similar morphologies and levels of cell death, independent of 

NLRP1. DRAQ7 uptake after anisomycin and lactimidomycin treatment was completely 

inhibited by pan-caspase inhibitor Z-VAD(OMe)-FMK. In addition, immunoblot analyses 

revealed NLRP1-independent cleavage of caspase-3 and PARP (Fig. 3.3 D,E), 

demonstrating that anisomycin and lactimidomycin also cause apoptosis, as described 

before (Y. Liu et al., 2012; X. Wang et al., 2005; Wu et al., 2020). Cell death and apoptosis 

were largely prevented by p38 inhibitor doramapimod, suggesting that apoptosis and cell 

death were additional consequences of p38 MAPK signaling. Thus, NLRP1-induced 

pyroptosis partially contributes to RSR-induced cell death at the beginning of the 

stimulation, but is dominated by apoptosis at later time points. 

 

To define the cellular activities required for NLRP1 activation by the RSR, inflammasome 

responses were quantified in the presence of different inhibitors in HEKNLRP1+ASC and 

N/TERT-1C1C-EGFP cells (Fig. 3.5 A-D). As controls, activation of NLRP1 by anisomycin and 

lactimidomycin was consistently inhibited by p38 inhibitors SB202190 and doramapimod 
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in both reporter cells. To analyze the role of proteasomal degradation, the proteasome 
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inhibitors MG-132 and bortezomib (Borte), as well as the E1 enzyme inhibitor MLN7243 

(MLN7), were used for 6 h activation experiments, complemented with the less toxic 

neddylation inhibitor MLN4924 (MLN4) for 20 h stimulations, as already described in 

chapter 2. NLRP1 activation by the RSR was consistently shut down by all mentioned 

inhibitors of proteasomal degradation in both reporter cells, implying that NLRP1 

degradation, involving E1 enzymes, CRL complexes, and the proteasome, is necessary 

to activate NLRP1 after ribotoxic stress. Inhibition of MAPK-activated protein kinase MK2 

(PF) or the integrated stress response (ISRIB) did not inhibit NLRP1 activation by either 

activator. Bestatin methyl esters (BeMeEs) are non-specific inhibitors of metallo-

aminopeptidases, which were reported to interfere with N-degron pathway-mediated 

Nlrp1b activation after lethal factor-mediated cleavage (Chui et al., 2019; Orth-He et al., 

2023; Wickliffe et al., 2008). However, addition of bestatin methyl esters did not impair 

RSR-induced NLRP1 activation. Inhibition of JNK kinases (Jnk) affected NLRP1 activation 

in variable degrees, similar to the results after UVB irradiation. Importantly, inhibition of 

p38, neddylation, E1, or the proteasome for the same time duration did not inhibit NLRP3 

activation by LPS and nigericin in HEKNLRP3+ASC cells (Fig. 3.5 E,F); E1 and proteasome 

inhibitors even enhanced NLRP3 responses. This indicates that the requirement for these 

cellular activities is specific for NLRP1, and not inflammasomes in general. As before, 

activation of NLRP1 by talabostat (Fig. 3.5 B,D) did not require p38 activity. Interestingly, 

inhibition of neddylation abolished talabostat-induced NLRP1 inflammasome assembly in 

N/TERT-1 keratinocytes but not in the more artificial HEK cell system.  

Figure 3.4: NLRP1 inflammasome activation only partially contributes to 
ribotoxic stress response-induced cell death. (A) Schematic overview of the 
experimental setup. N/TERT-1C1C-EGFP cells were stimulated with 15 µM Aniso, 2 µM 
Lacti, or DMSO for 20 h, where indicated in the presence of 100 µM VX, 50 µM Z-VAD, 
10 µM Dora, or DMSO. (B) Cell death of N/TERT-1C1C-EGFP cells and their monoclonal 
ASC and NLRP1 knockout derivatives was quantified by detection of LDH release. The 
same supernatants as in Fig. 3.3 B were used. (C) Cell death of N/TERT-1C1C-EGFP cells 
and their monoclonal NLRP1 knockout derivatives was quantified by uptake of non-cell 
permeable DNA dye DRAQ7 over 20 h. Values shown for DMSO are the same as in 
Fig. 2.2 H. (D) Representative microscopy images of DRAQ7 uptake and pyroptotic 
cells. Scale bars represent 100 μm. Data represents average values (with individual 
data points) from three independent experiments ± 95 % CI. Quantifications of DRAQ7 
uptake over time in (C) and microscopy images in (D) display experiment 
representatives of three independent experiments.  
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Taken together, I show that diverse activators of the RSR activate human NLRP1. This 

response is distinct from NLRP1 activation by inhibition of DPP8/9, as it depends on p38 

kinase activity. Since several of the described NLRP1 activators also efficiently inhibit 

 
Figure 3.5: NLRP1 inflammasome activation by the ribotoxic stress response 
relies on the ubiquitination machinery and proteasomes. (A-D) HEKNLRP1+ASC or 
N/TERT-1C1C-EGFP cells were stimulated with 15 µM Aniso, 2 µM Lacti, 30 µM Tal, or 
DMSO for 6 or 20 h. (E,F) HEKNLRP3+ASC cells were stimulated with 200 ng/mL LPS for 
3 h and 10 µM Nig for 1 h, or left untreated (UT). Stimulations were performed in the 
presence of 10 µM Dora, 1 µM MLN7, 1 µM MLN4, 1 µM PF, 200 nM ISRIB, 3 µM Jnk, 
20 µM SB, 20 µM bestatin methyl ester (BeMeEs), 1 µM MG-132, 1 µM bortezomib 
(Borte), or DMSO, as indicated. Note that LPS+Nig stimulation was performed towards 
the end of inhibitor treatment to evaluate NLRP3 responses after 6 or 20 h of inhibitor 
effect. ASC speck formation was quantified by flow cytometry, as described in Fig. 2.1. 
ASC speck formation in N/TERT-1 cells was detected in the presence of caspase-1 
inhibitor VX. Data represents average values (with individual data points) from three 
independent experiments ± 95 % CI, p-values were calculated using unpaired t-test.  
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translation, NLRP1 activation does probably not depend on p38-dependent gene 

upregulation, but rather directly on the kinase activity of p38. As described for other 

NLRP1 stimuli, NLRP1 activation through the RSR required E1 activity, neddylation, and 

proteasome activity. The ubiquitin-proteasome pathway likely contributes to the N-

terminal degradation of NLRP1 itself, followed by the release of the C-terminal 

NLRP1UPA-CARD. 

 

3.2.3 Activation of NLRP1 by alphavirus infection is also dependent on p38 kinase 
activity  
 

Since I had found that activators of the RSR activate human NLRP1 in a p38-dependent 

manner, I was curious whether other reported stimuli of NLRP1 also depend on p38 

activity. Thus, I tested NLRP1 activation by the model alphavirus SFV (Bauernfried et al., 

2021). To study NLRP1 activation in response to viral infection, I infected HEKNLRP1+ASC, 

HEKNLRP3+ASC, and N/TERT-1C1C-EGFP cells with SFV, the closely related SINV, as well as 

vesicular stomatitis virus (VSV), a negative-sense ssRNA virus, and analyzed the 

inflammasome response after 20 h (Fig. 3.6 A). Infection was quantified by staining of 

dsRNA (SFV, SINV) or the VSV G protein, and only infected cells were included in the 

flow cytometry analysis of inflammasome activation. Nearly all of the cells were infected 

with the respective viruses, but only SFV and SINV induced a detectable assembly of ASC 

specks in HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells (Fig. 3.6 B,D). With less than 10 % 

ASC speck formation in HEKNLRP1+ASC cells, the inflammasome response was weak 

compared to talabostat or anisomycin stimulation. Around 10 % of SFV-infected 

N/TERT-1C1C-EGFP cells showed inflammasome formation, so the responses were higher 

than after talabostat treatment but also clearly weaker than after anisomycin stimulation. 

As SFV was the stronger inflammasome activator in both reporter cell lines, I focused 

further analyses on this alphavirus. Treatment of the cells with the V-ATPase inhibitor 

bafilomycin A1 (BafA) completely abolished SFV infection, as alphaviruses require 

endosomal acidification to fuse with the membrane of endosomes (Marsh et al., 1983) 

(Fig. 3.6 C,E). The treatment also abrogated ASC speck formation, demonstrating that 

cytosolic delivery of viral genomes was critical to activate NLRP1 in the reporter cells. 

Alphavirus-infected N/TERT-1C1C-EGFP cells released IL-1b in a caspase-1-dependent 
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manner, which was also inhibited by bafilomycin A1 (Fig. 3.6 F). ASC speck formation and 
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release of IL-1b after SFV infection were abrogated in NLRP1 knockout N/TERT-1C1C-EGFP 

cells (Fig. 3.6 G). NLRP1-dependent processing of IL-1b was also confirmed by 

immunoblot (Fig. 3.6 H). Similar to the RSR stimuli, SFV infection led to caspase-3 and 

PARP cleavage, as well as strong NLRP1-independent DRAQ7 uptake (Fig. 3.6 I). This 

suggests that apoptosis dominated the observed cell death after infection with cytotoxic 

SFV. However, as for the RSR initiated by UV and anisomycin, activation of NLRP1 

inflammasomes substantially alters the physiological response because it triggers the 

release of the strong pro-inflammatory cytokine IL-1b.  

 

As I was able to recapitulate NLRP1 activation by SFV in both reporter cells, I next 

analyzed the role of p38 in this response. ASC speck formation in HEKNLRP1+ASC and 

Figure 3.6: NLRP1 inflammasome activation by alphavirus infection is dependent 
on p38 activity. (A) Schematic overview of the experimental setup. HEKNLRP1+ASC, 
HEKNLRP3+ASC, or N/TERT-1C1C-EGFP cells were infected with Semliki Forest virus (SFV), 
Sindbis virus (SINV), or vesicular stomatitis virus (VSV) as control, at multiplicity of 
infection (MOI) 1 (HEK) or 5 (N/TERT-1) for 1 h. Cells were further incubated for 19 h, 
where indicated in the presence of 20 µM SB, 100 µM VX, 10 µM Dora, 50 µM Z-VAD, 
or DMSO. 100 nM bafilomycin A1 (BafA) was added before, during, and after infection. 
ASC speck formation in N/TERT-1 cells was detected in the presence of caspase-1 
inhibitor VX. Infection was confirmed by staining of double-stranded RNA (dsRNA) 
(SFV, SINV) or VSV G (VSV). Quantification of specks was limited to infected cells, 
with exception of mock controls and BafA-treated cells. (B,C) Infection and ASC speck 
formation in HEKNLRP1+ASC and HEKNLRP3+ASC cells were quantified by flow cytometry, 
as described in Fig. 2.1. (D,E) Infection and ASC speck formation in N/TERT-1C1C-EGFP 

cells were quantified by flow cytometry and supernatants from the same cells were 
collected. (F) IL-1β release was quantified by HTRF. (G) Infection and ASC speck 
formation in N/TERT-1C1C-EGFP cells and their monoclonal NLRP1 knockout derivatives 
were quantified by flow cytometry and supernatants from the same cells were collected. 
IL-1β release was quantified by HTRF. (H) Lysates and precipitated supernatants of 
N/TERT-1C1C-EGFP cells and their monoclonal NLRP1 knockout derivatives were 
analyzed by immunoblot with the indicated antibodies. The DMSO control is the same 
as shown in Fig. 3.3 E. (I) Cell death of N/TERT-1C1C-EGFP cells and their monoclonal 
NLRP1 knockout derivatives was quantified by uptake of non-cell permeable DNA dye 
DRAQ7 over 20 h. (J) Infection and ASC speck formation in N/TERT-1C1C-EGFP cells 
and their polyclonal ASC, p38a, and p38b knockout derivatives were quantified by flow 
cytometry. Data represents average values (with individual data points) from three 
independent experiments ± 95 % CI, p-values were calculated using unpaired t-test. 
Immunoblots in (H) display experiment representatives of two independent 
experiments. Quantifications of DRAQ7 uptake over time in (I) display experiment 
representatives of three independent experiments. 
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N/TERT-1C1C-EGFP cells infected with SFV and SINV was completely inhibited by the 

p38a/b inhibitor SB202190 (Fig. 3.6 B,D). In line with this, IL-1b release by alphavirus-

infected keratinocytes was substantially reduced by SB202190 and pan-p38 inhibitor 

doramapimod (Fig 2.6 F,H). In contrast, inhibition of p38 did not rescue N/TERT-1C1C-EGFP 

from SFV-induced cell death (Fig. 3.6 I), in line with unaltered cleavage of caspase-3 and 

PARP in the presence of doramapimod in immunoblots (Fig. 3.6 H). Polyclonal p38a 

knockout derivatives of N/TERT-1C1C-EGFP cells exhibited impaired SFV-induced NLRP1 

speck assembly to similar levels as ASC knockouts (Fig. 3.6 J), confirming a crucial role 

of p38 activity for alphavirus-induced NLRP1 activation.  

Not only p38 inhibitors SB202190 and doramapimod inhibited SFV-induced NLRP1 

activation, but also neddylation (MLN4) and JNK (Jnk) inhibitors completely abrogated 

inflammasome assembly in HEKNLRP1+ASC and N/TERT-1C1C-EGFP cells after infection with 

SFV (Fig. 3.7 A,B). Since NLRP1 inflammasome activation by alphavirus infection 

depends on p38 kinase activity and neddylation, virus infection likely activates NLRP1 by 

a mechanism that resembles activation by the RSR. To test whether NLRP1 activation by 

alphaviruses engages a similar signaling cascade relying on MAP3K ZAKa, I infected 

N/TERT-1C1C-EGFP cells with SFV in the presence of p38 or ZAKa inhibitors (Fig. 3.7 C). 

While inflammasome assembly was completely abrogated by both p38 inhibitors, ZAK 

inhibition blocked the formation of ASC specks substantially, but not completely. The 

same trend was observed for the release of IL-1b. To verify the specificity of the used 

kinase inhibitors, I wanted to confirm that the pan-p38 inhibitor doramapimod does not 

interfere with the anisomycin-induced phosphorylation of MAP2K MKK3 (Fig. 3.7 D). 

Indeed, immunoblots with phospho-specific antibodies revealed that doramapimod did not 

inhibit phosphorylation of MKK3, suggesting that the MAP3K ZAKa is still active in 

presence of the p38 inhibitor. As expected, inhibition of ZAKa completely blocked 

anisomycin-induced phosphorylation of MKK3 and the downstream kinase p38. I can thus 

be confident that the inhibition of SFV-induced NLRP1 activation by p38 inhibitors is not 

caused by indirect interference with ZAKa activity. To further study the contribution of 

ZAKa, I generated knockouts of ZAK as well as control MAP3K TAO kinase 2 (TAOK2), 

in the background of N/TERT-1C1C-EGFP cells (Fig. 3.7 E). As expected, NLRP1 activation 

by talabostat was not affected by either of the knockouts (Fig. 3.7 F). Anisomycin-induced 
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ASC speck assembly was completely abrogated in ZAK-knockout cells, validating the 

critical role of ZAKa for the RSR and the resulting p38-dependent NLRP1 activation. In 

comparison, SFV-induced NLRP1 inflammasome activation was reduced by around 70 % 

in ZAK-knockout cells, but the response was not completely abrogated, resembling the 

ZAK inhibitor experiments. This suggests that other MAP3 kinases can contribute to p38 

activation in the context of alphavirus infections, even though ZAKa seems to play a 

substantial role in this inflammasome activation pathway.  
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It was proposed that dsRNA intermediates of SFV are the relevant trigger for NLRP1 

(Bauernfried et al., 2021). I therefore transfected the HEK 293T and N/TERT-1 reporter 

cells with either synthetic dsRNA poly(I:C), low or high molecular weight (LMW/HMW), 

synthetic DNA poly(dA:dT), or herring testis-DNA (HT-DNA). Inflammasome activation 

was analyzed 20 h post-transfection (Fig. 3.8 A). Although proposed as a direct NLRP1 

ligand, transfection of poly(I:C) did not induce inflammasome activation above background 

levels in HEKNLRP1+ASC cells, and neither did poly(dA:dT) or HT-DNA (Fig. 3.8 B). In 

contrast, N/TERT-1C1C-EGFP assembled inflammasomes and released IL-1b in a 

caspase-1-dependent manner when transfected with dsRNA, which was not observed in 

NLRP1 knockout cells (Fig. 3.8 C). This suggests that additional factors absent in 

HEK 293T cells contributed to NLRP1 activation in N/TERT-1 keratinocytes. Transfection 

of poly(dA:dT), but not HT-DNA, induced minor inflammasome activation and IL-1b 

release in N/TERT-1 cells, but this was independent of NLRP1. Cell death after dsRNA 

and DNA transfection was also NLRP1-independent. When I transfected the cells in the 

presence of p38 and ZAKa inhibitors, I found that poly(I:C)-induced formation of ASC 

Figure 3.7: NLRP1 inflammasome activation by alphavirus infection is dependent 
on p38 and ZAKa activity. (A-C) HEKNLRP1+ASC or N/TERT-1C1C-EGFP cells were 
infected with SFV at MOI 1 (HEK) or 5 (N/TERT-1) for 1 h. Cells were further incubated 
for 19 h, where indicated in the presence of 20 µM SB, 10 µM Dora, 1 µM MLN4, 1 µM 
PF, 200 nM ISRIB, 3 µM Jnk, 100 nM ZAKi, 100 µM VX, or DMSO. ASC speck 
formation in N/TERT-1 cells was detected in the presence of caspase-1 inhibitor VX. 
Infection was confirmed by staining of dsRNA. Quantification of specks was limited to 
infected cells, with exception of mock controls. Infection and ASC speck formation in 
HEKNLRP1+ASC (A) or N/TERT-1C1C-EGFP (B) cells were quantified by flow cytometry, as 
described in Fig. 2.1. Infection and ASC speck formation in N/TERT-1C1C-EGFP cells (C) 
was quantified by flow cytometry and supernatants from the same cells were collected. 
IL-1β release was quantified by HTRF. (D) N/TERT-1C1C-EGFP cells were stimulated with 
15 µM Aniso for 0.5 h, 30 µM Tal, or DMSO for 20 h, where indicated in the presence 
of 10 µM Dora, 100 nM ZAKi, or DMSO. Lysates were analyzed by immunoblot with 
the indicated antibodies to confirm phosphorylation of p38 (P-p38) and MKK3 
(P-MKK3). (E) Polyclonal ZAK knockout derivatives of N/TERT-1C1C-EGFP cells were 
confirmed by immunoblot with the indicated antibodies. (F) N/TERT-1C1C-EGFP cells and 
their polyclonal ZAK and TAOK2 knockout derivatives were infected with SFV at MOI 5, 
or stimulated with 15 µM Aniso for 6 h, or 30 µM Tal for 20 h. Infection and ASC speck 
formation were quantified by flow cytometry. Quantification of specks was limited to 
infected cells in SFV samples. Data represents average values (with individual data 
points) from three independent experiments ± 95 % CI, p-values were calculated using 
unpaired t-test. Immunoblots in (D,E) display experiment representatives of two 
independent experiments. 
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specks and release of IL-1b was strongly decreased by all inhibitors (Fig. 3.8 D). In 

contrast, the NLRP1-independent inflammasome response to poly(dA:dT) was mostly 

unaffected by the inhibitors. This indicates that cytosolic dsRNA, accumulated during both 

 
Figure 3.8: NLRP1 inflammasome activation by dsRNA is dependent on p38 and 
ZAKa activity. (A) Schematic overview of the experimental setup. HEKNLRP1+ASC, 
HEKNLRP3+ASC, or N/TERT-1C1C-EGFP cells were transfected with 1 µg/mL poly(I:C) low 
molecular weight (LMW), poly(I:C) high molecular weight (HMW), poly(dA:dT), or 
herring testis DNA (HT-DNA) for 6 h, where indicated in the presence of 20 µM SB, 
10 µM Dora, 100 nM ZAKi, 100 µM VX, or DMSO. Lipofectamine (LF) only treated cells 
served as controls. Cells were further incubated for 14 h. ASC speck formation in 
N/TERT-1 cells was detected in the presence of caspase-1 inhibitor VX. (B) ASC speck 
formation in HEKNLRP1+ASC and HEKNLRP3+ASC cells was quantified by flow cytometry, as 
described in Fig. 2.1. (C,D) ASC speck formation in N/TERT-1C1C-EGFP cells and their 
monoclonal NLRP1 knockout derivatives was quantified by flow cytometry and 
supernatants from the same cells were collected. IL-1β release was quantified by 
HTRF. Cell death was quantified by detection of LDH release. Data represents average 
values (with individual data points) from three independent experiments ± 95 % CI, p-
values were calculated using unpaired t-test.  
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alphavirus infection and poly(I:C) transfection, initiates NLRP1 activation through an RSR-

like pathway involving ZAKa and p38 in the endogenous keratinocyte system, while only 

alphavirus infection is sufficient to activate NLRP1 in HEK 293T cells. Further experiments 

will be required to dissect if alphavirus infection induces genuine ribotoxic stress, or 

activates ZAKa differently.  

 

I next tested whether NLRP1 is also important in the detection of alphaviruses that are 

clinically relevant as human pathogens. In collaboration with Anja vom Hemdt from the 

Institute of Virology in Bonn, we infected the HEK 293T and keratinocyte reporter cells 

with a panel of human pathogenic alphaviruses including EEEV, VEEV, MAYV, CHIKV, 

ONNV, BFV, and RRV, in the presence and absence of SB202190. All tested viruses were 

able to infect both HEKNLRP1+ASC and HEKNLRP3+ASC cells, as confirmed by staining of 

dsRNA (Fig. 3.9 A). In addition to the positive control SFV, we found that CHIKV and RRV 

activated NLRP1-dependent inflammasomes. ASC assembly in response to all three 

alphaviruses was inhibited by the p38a/b inhibitor SB202190. We were not able to infect 

the N/TERT-1C1C-EGFP cells with ONNV, BFV, and RRV (Fig. 3.9 B) and the fraction of 

infected cells was generally more variable for keratinocytes. However, analysis of 

inflammasome assembly in infected cells revealed clear ASC speck responses in 

keratinocytes infected with SFV, MAYV, and CHIKV. I cannot rule out that a weak NLRP1 

activation in response to MAYV infection was not detected in HEKNLRP1+ASC cells due to 

the higher background caused by ectopically expressed ASC-EGFP. CHIKV-induced ASC 

speck assembly in the reporter keratinocytes was also dependent on p38 activity. Since 

SB202190 strongly decreased MAYV infection, we could not assess whether the weak 

inflammasome response depends on p38.  

It is likely that related alphaviruses expose similar viral molecules in the cytosol and that 

they hijack similar cellular functions. Yet, only distinct alphaviruses triggered NLRP1 

inflammasome assembly. I thus wondered if differential NLRP1 activation correlated to 

differences in p38 activation. I infected HEKNLRP1+ASC cells with two alphaviruses shown to 

trigger ASC specks (SFV and RRV) as well as two viruses that did not initiate 

inflammasome assembly (ONNV and BFV). I detected robust phosphorylation of p38 by 

flow cytometry in cells infected with SFV and RRV, which was comparable to p38 

phosphorylation in anisomycin-treated cells (Fig. 3.9 C,D). However, cells infected with 
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ONNV and BFV did not trigger p38 phosphorylation. The ability to activate p38 thus 

correlated with NLRP1 activation, indicating that MAPK signaling is the critical determinant 

of NLRP1 activation by alphaviruses. Surprisingly, infection with the control virus VSV 

induced p38 phosphorylation as well, implying that either p38 activation by alphaviruses 

 
Figure 3.9: Alphavirus-induced p38 activity correlates with NLRP1 activation. (A-
C) HEKNLRP1+ASC, HEKNLRP3+ASC, or N/TERT-1C1C-EGFP cells were infected with SFV 
(HEK: MOI 1/N/TERT-1: MOI 5), Eastern equine encephalitis virus (EEEV, MOI 1/5), 
Venezuelan equine encephalitis virus (VEEV, MOI 1/50), Chikungunya virus (CHIKV, 
MOI 1/50), Mayaro virus (MAYV, MOI 25/50), o’nyong nyong virus (ONNV, MOI 25/50), 
Barmah Forest Virus (BFV, MOI 25/50), or Ross River virus (RRV, MOI 25/50) for 1 h. 
Cells were further incubated for 19 h, where indicated in the presence of 20 µM SB. 
ASC speck formation in N/TERT-1 cells was detected in the presence of caspase-1 
inhibitor VX. Infection was confirmed by staining of dsRNA. Quantification of specks 
was limited to infected cells, with exception of mock controls. Infection and ASC speck 
formation in HEKNLRP1+ASC and HEKNLRP3+ASC (A) or N/TERT-1C1C-EGFP cells (B) were 
quantified by flow cytometry, as described in Fig. 2.1. Fixed HEKNLRP1+ASC cells (C) 
were stained for phosphorylated p38 (P-p38), and infection and P-p38 were quantified 
by flow cytometry. Cells infected with VSV (MOI 1) or stimulated with 15 µM Aniso 
served as controls. (D) Representative histograms of P-p38 signal. Data represents 
average values (with individual data points) from three independent experiments ± 
95 % CI, p-values were calculated using unpaired t-test.  
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differs from activation by VSV, or that VSV counteracts p38-dependent NLRP1 

inflammasome stimulation.  

 

Taken together, I confirmed NLRP1 activation by SFV infection in NLRP1 HEK 293T and 

keratinocyte reporter cells, but found that inflammasome activation is critically dependent 

on p38 and mostly dependent on ZAKa activation. It is thus unlikely that direct dsRNA 

binding to NLRP1 alone is sufficient for NLRP1 activation. We identified four additional 

alphaviruses, SINV, RRV, MAYV, and CHIKV, that activate NLRP1, supporting the 

relevance of NLRP1 as a sensor for the detection of alphavirus in the first organ that these 

viruses encounter after transmission by insect vectors. 

 
3.2.4 Activation of NLRP1 by N-terminal ubiquitination is independent of p38 kinase 
activity 
 

Up until here, I could show that NLRP1 inflammasome activation by both the RSR and 

alphavirus infection requires p38 activation. Both responses also require functional 

proteasomal degradation, suggesting that NLRP1 is N-terminally degraded, releasing the 

active NLRP1UPA-CARD. Thus, I wanted to test whether the degradation of NLRP1 itself 

relies on p38 activity. Several viral proteases, like the HRV14 3C protease, cleave NLRP1 

at the N-terminus, thereby inducing N-terminal degradation and inflammasome assembly 

(Planès et al., 2022; Robinson et al., 2020; Tsu et al., 2021). I transiently transfected a 

plasmid encoding FLAG-tagged HRV14 3C, or the catalytically inactive mutant C146A 

(Robinson et al., 2020), in HEKNLRP1+ASC and HEKNLRP3+ASC reporter cells (Fig. 3.10 A). 

Both proteases were sufficiently expressed, enabling the analysis of inflammasome 

assembly in successfully transfected FLAG+ cells. Only expression of catalytically active 

HRV14 3C induced ASC speck formation in more than 40 % of FLAG+ HEKNLRP1+ASC cells 

(Fig. 3.10 B), recapitulating the reports about NLRP1 activation by this viral protease. Yet, 

p38 inhibitors SB202190 and doramapimod did not affect inflammasome assembly 

(Fig. 3.10 C), suggesting that NLRP1 was still degraded after cleavage by the viral 

protease. The neddylation inhibitor MLN4924 reduced ASC speck formation but also 

affected the expression of HRV14 3C.  

 

 



86  

To further delineate the role of p38 kinase activity in N-terminal degradation of NLRP1, I 

made use of the VHL-VHHPYD system to induce targeted ubiquitination – and therefore 

direction activation – of NLRP1 (as established in chapter 2). Treatment with 

doramapimod had no effect on the activation of NLRP1 induced by the transient 

expression of VHL-VHHPYD 1 and VHL-VHHPYD 2 in HEKNLRP1+ASC cells (Fig. 3.10 D). 

Similar results were observed in N/TERT-1 cells, which still assembled ASC specks 

(Fig. 3.10 E), and released IL-1b and LDH (Fig. 3.10 F) following expression of 

VHL-VHHPYD 1 or VHL-VHHPYD 2 in the presence of the p38 inhibitor. Since VHL recruits 

CRL2 complexes to initiate ubiquitination, all observed responses were blocked by 

neddylation inhibitor MLN4924, as shown before. 
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These experiments demonstrate that induction of NLRP1 degradation, by viral proteases 

or targeted ubiquitination, is sufficient for inflammasome activation. In contrast to NLRP1 

activation by the RSR and alphaviruses, p38 activity is dispensable for this process. These 

findings suggest that activation of the MAP kinase is involved in a signaling step upstream 

of NLRP1 ubiquitination during p38-mediated inflammasome activation. 

 

3.2.5 Strong p38 stimulation is sufficient for NLRP1 activation 
 

So far, I could show that p38 activation, in the context of the RSR and alphavirus infection, 

is a critical part of a yet unknown signaling pathway upstream of NLRP1 ubiquitination 

and subsequent inflammasome activation. Importantly, p38 activation is not limited to the 

RSR, as it can be activated by diverse pathways like TLR (Han et al., 1994; C. Wang et 

al., 2001), tumor necrosis factor (TNF) (Kant et al., 2011), and EGF signaling (Kozyulina 

et al., 2013). To test whether other p38-stimulating pathways can induce NLRP1 

Figure 3.10: NLRP1 activation by N-terminal degradation is independent of p38 
activity. (A) Schematic overview of the experimental setup. HEKNLRP1+ASC and 
HEKNLRP3+ASC cells were transiently transfected with expression vectors for FLAG-
tagged human rhinovirus (HRV) 14 3C protease or its catalytically inactive mutant 
(C146A) for 6 h, where indicated in the presence of 1 µM MLN4, 20 µM SB, 10 µM 
Dora, 3 µM Jnk, or DMSO. Lipofectamine (LF) only treated cells served as controls. 
Cells were further incubated for 14 h. (B,C) FLAG-tagged HRV14 3C expression and 
ASC speck formation were quantified by flow cytometry, as described in Fig. 2.1. 
Quantification of specks was limited to FLAG-positive cells, except for untransfected 
controls. (D) HEKNLRP1+ASC cells were transiently transfected with expression vectors 
for FLAG-tagged VHL-VHH fusions, as described in Fig. 2.4, where indicated in the 
presence of 1 µM MLN4, 10 µM Dora, 3 µM Jnk, or DMSO. FLAG-tagged VHL-VHH 
expression and ASC speck formation were quantified by flow cytometry. Quantification 
of specks was limited to FLAG-positive cells. Values shown for DMSO and MLN4 are 
the same as in Fig. 2.4 C. (E,F) N/TERT-1 cells were transduced with lentiviral vectors 
encoding C1C-EGFP and VHL-VHH controlled by a bidirectional dox-inducible 
promoter, as described in Fig. 2.5. N/TERT-1VHL-VHH+C1C-EGFP cells were treated with 
1 µg/mL dox for 6 or 20 h to induce expression, where indicated in the presence of 
1 µM MLN4, 10 µM Dora, 3 µM Jnk, or DMSO. ASC speck formation was detected in 
the presence of caspase-1 inhibitor VX. (E) C1C-EGFP expression and ASC speck 
formation in C1C-EGFP+ cells were quantified after 6 h dox treatment by flow 
cytometry. Values shown for DMSO and MLN4 are the same as in Fig. 2.5 C. (F) 
Supernatants were collected after 20 h dox treatment. IL-1β release was quantified by 
HTRF. Cell death was quantified by detection of LDH release. Values shown for DMSO 
and MLN4 are the same as in Fig. 2.5 E. Data represents average values (with 
individual data points) from three independent experiments ± 95 % CI. 
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activation, I treated N/TERT-1C1C-EGFP cells with the TLR ligands LPS and Pam3CSK4 

(Pam3), as well as TNF-a or EGF, and analyzed p38 phosphorylation and ASC speck 

formation after 4 and 20 h. However, only stimulation with the positive control anisomycin 

induced a clear p38 phosphorylation signal, which was accompanied by ASC speck 

assembly in the reporter cells (Fig. 3.11 A,B). This indicates that either the N/TERT-1 cells 

do not express the relevant receptors to induce p38 activation, or the levels of activation 

are too low to exceed a threshold necessary for NLRP1 inflammasome formation.  

Another way to stimulate p38 activation is the transient overexpression of relevant 

upstream kinases. I transiently transfected plasmids encoding the FLAG-tagged catalytic 

domain of TAOK2 (TAOK2 CD), a MAP3K that activates p38 via MKK3 or MKK6 (Canovas 

& Nebreda, 2021), in HEKNLRP1+ASC and HEKNLRP3+ASC reporter cells (Fig. 3.11 C). TAOK2 

CD expression induced a clear phosphorylation of p38, similar to the direct upstream 

kinase MKK3 (Fig. 3.11 D). TAOK2 CD-induced p38 activity was accompanied by ASC 

speck assembly in HEKNLRP1+ASC cells (Fig. 3.11 E). The TAOK2 CD-induced 

inflammasome response was abrogated in the presence of p38 and neddylation inhibitors. 

However, ZAKa inhibitors had no such effect, indicating that p38 activation by other 

MAP3K than ZAKa can stimulate NLRP1 in the HEK 293T cell model (Fig. 3.11.F). 

 

These data show that strong p38 activation is sufficient for NLRP1 inflammasome 

activation, at least in the reconstituted HEK 293T system. Further analyses are required 

to screen for additional stimuli that might trigger an adequate p38 activation and 

subsequent NLRP1 inflammasome response in more physiological cell models like 

keratinocytes.  

 
3.2.6 P38 directly phosphorylates NLRP1 in the N-terminal linker region 
 

All previously described experiments were performed using cells expressing human 

NLRP1. The human inflammasome sensor substantially differs from murine Nlrp1b alleles 

which lack the N-terminal PYD and the subsequent linker (Sastalla et al., 2013). To test if 

the RSR activates both human and murine NLRP1b, I generated polyclonal cell lines 

expressing HA-tagged human NLRP1 or the different murine Nlrp1b alleles in the 
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background of HEK 293T cells expressing ASC-EGFP (HEKASC), exploiting that all 

variants can interact with human ASC (Fig. 3.12 A). Expression of all murine Nlrp1b alleles 

was verified by immunoblot (Fig. 3.12 B) and functionality was confirmed by treatment 

with talabostat (Fig. 3.12 C), a common activator of human NLRP1 and murine Nlrp1b. All 

 
Figure 3.11: Strong P38 activation is sufficient for NLRP1 activation. (A,B) 
N/TERT-1C1C-EGFP cells were stimulated with 15 µM Aniso, 0.2/1 µg/mL LPS, 
0.1/1 µg/mL Pam3CSK4 (Pam3), 10/50/100 ng/mL TNF-a, 0.01/0.1/1 µg/mL EGF, or 
DMSO for 4/20 h, all in the presence of caspase-1 inhibitor VX. (A) Fixed cells were 
stained for phosphorylated p38 (P-p38) and analyzed by flow cytometry. (B) ASC speck 
formation was quantified by flow cytometry, as described in Fig. 2.1. Data represents 
values from one experiment. (C) Schematic overview of the experimental setup. 
HEKNLRP1+ASC and HEKNLRP3+ASC cells were transiently transfected with expression 
vectors for FLAG-tagged catalytic domain of TAO kinase 2 (TAOK2 CD) for 6 h, where 
indicated in the presence of 1 µM MLN4, 10 µM Dora, 1 µM ZAKi, 3 µM Jnk, or DMSO. 
Lipofectamine (LF) only treated cells served as controls. Cells were further incubated 
for 14 h. (D) Fixed HEKNLRP1+ASC cells were stained for P-p38 and analyzed by flow 
cytometry, as shown in the representative histograms. Cell transfected with MKK3 and 
MKK4 served as controls. (E,F) FLAG-tagged TAOK2 expression and ASC speck 
formation were quantified by flow cytometry. Quantification of specks was limited to 
FLAG-positive cells, except for untransfected controls. Data represents average values 
(with individual data points) from three independent experiments ± 95 % CI.  
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variants except for Nlrp1b3 were activated by talabostat treatment and stable expression 

of Nlrp1b2 led to substantial background activation, as described before (Chavarría-Smith 

et al., 2016; Gai et al., 2019). Cells expressing human NLRP1 assembled ASC specks in 

response to anisomycin treatment, while none of the murine alleles initiated ASC specks 

beyond background levels. Thus, murine Nlrp1b is not activated by the RSR, indicating 

that the N-terminal PYD and linker of human NLRP1 may determine responsiveness to 

this mode of activation.  

Human NLRP1 activation by targeted ubiquitination of NLRP1PYD did not require p38 

activity, and neither did the activation of NLRP1 by talabostat. This indicates that p38 is 

not required for NLRP1 function per se, but that p38 contributes to an upstream signaling 

cascade that integrates information from different stress signaling cascades to activate 

NLRP1. To test whether p38 can directly phosphorylate NLRP1, we performed radiometric 

in vitro kinase assays in collaboration with Ines Kaltheuner and Jonas Moecking from the 

Institute of Structural Biology in Bonn. The assays were based on recombinant activated 

p38a and purified full-length NLRP1 expressed in insect cells. We found that active p38a 

readily phosphorylates NLRP1, as detected by the transfer of radioactive phosphate from 

[32P]-γ-ATP to purified NLRP1 protein (Fig. 3.12 D). Importantly, a truncated NLRP1 

protein lacking the N-terminal PYD and part of the linker, as well as the C-terminal FIIND-

CARD, could no longer be phosphorylated by p38a. Combined with the results from the 

murine Nlrp1b stimulation experiments, it is tempting to speculate that p38 phosphorylates 

human NLRP1 at the N-terminus, which is why murine Nlrp1b is not responsive to 

anisomycin. 

 

To evaluate the role of NLRP1 phosphorylation and ubiquitination for activation, I 

generated polyclonal cell lines expressing HA-tagged wild type or mutant NLRP1 in the 

background of HEKASC cells. As anisomycin-responsive human NLRP1 differs from 

unresponsive murine Nlrp1b primarily in the N-terminal PYD and linker region, I mutated 

serines, threonines, and lysines in the N-terminus of NLRP1 (Fig. 3.12 E). The preferred 

amino acid motifs recognized by p38 are SP and TP (J. L. Johnson et al., 2023). Hence, 

to study the potential direct phosphorylation of NLRP1 by p38, I designed constructs 

where every serine and threonine followed by proline in the PYD (aa 1-92) and linker 

region (aa 93-327) of NLRP1 is mutated to alanine (NLRP1 SP-AP TP-AP [PYD + linker]). 
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In a more unspecific approach, I designed constructs where all serines and threonines in 

 
 

E PYD
linker

CARD
NLRP1
NLRP1 SP-AP TP-AP [PYD+Linker]
NLRP1 SA TA [Linker]
NLRP1 KR [PYD]
NLRP1 KR [linker]
NLRP1 D1401R

1+8*
42*
5*
5*
1*

B

MW
[kDa]

Vinculin

NLRP1-HA

NLRP1_C-HA

anti-HA

anti-GFP
anti-
Vinculin

250

25
37
50

100
75

150

25 NLRP1_C-HA
anti-HA
(long
exposure)

ASC-EGFP50
150

HEKASC

NL
RP

1
Nl

rp
1b

1
Nl

rp
1b

2
Nl

rp
1b

3
Nl

rp
1b

5
NL

RP
1 

SP
-A

P 
TP

-A
P 

[P
YD

+L
ink

er
]

NL
RP

1 
SA

TA
 [L

ink
er

]
NL

RP
1 

KR
 [P

YD
]

NL
RP

1 
KR

 [li
nk

er
]

NL
RP

1 
D1

40
1R

A

Transduction
of murine NLRP1

and human NLRP1
(mutants)

14h incubation

ASC speck 
formationTalabostat

Anisomycin

VHH

FLAG

VHL

HEKASC Transfection 
for 6h

6/20h incubation

C HEKASC

NL
RP

1

Nl
rp

1b
1

Nl
rp

1b
2

Nl
rp

1b
3

Nl
rp

1b
5

%
 sp

ec
ks

 of
AS

C-
EG

FP
+ c

ell
s

SB + + + ++
Tal 20hAniso 6h
DMSO

0
10
20
30
40

D

[32
P]

 co
un

ts
pe

rm
inu

te

NL
RP

1
NL

RP
1NA

CH
T-

LR
R

+p38α

0

500

1000

1500

F HEKASC

SB + + + ++

NL
RP

1

NL
RP

1
SP

-A
P 

TP
-A

P
[P

YD
+L

ink
er

]
NL

RP
1

SA
TA

 [L
ink

er
]

NL
RP

1
KR

 [P
YD

]

NL
RP

1
KR

 [li
nk

er
] +

NL
RP

1
D1

40
1R

%
 sp

ec
ks

 of
AS

C-
EG

FP
+ c

ell
s

Tal 20hAniso 6h
DMSO

0
10
20
30
40

G HEKASC

%
 F

LA
G+

 ce
lls

0
10
20
30
40
50

VHL-VHHNPVHL-VHHPYD 1VHL-VHHPYD 2Tal

LF only

%
 sp

ec
ks

 of
AS

C-
EG

FP
+ c

ell
s

NL
RP

1

NL
RP

1
SP

-A
P 

TP
-A

P
[P

YD
+L

ink
er

]

NL
RP

1
SA

TA
 [L

ink
er

]

NL
RP

1
KR

 [P
YD

]

NL
RP

1
KR

 [li
nk

er
]

NL
RP

1
D1

40
1R

0
10
20
30
40
50



92  

the linker are mutated to alanine (NLRP1 SA TA [linker]). Robust expression of NLRP1 

variants was verified by immunoblot (Fig. 3.12 B). Expression of wild type NLRP1 allowed 

inflammasome activation by talabostat, anisomycin, and transient expression of 

VHL-VHHPYD as before (Fig. 3.12 F,G). As a negative control, the oligomerization-

incompetent NLRP1 D1401R mutant (Hollingsworth, David, et al., 2021) was not activated 

by any of these stimuli. HEKASC cells expressing NLRP1 SP-AP TP-AP [PYD + linker] 

responded normally to talabostat and ectopic VHL-VHHPYD, but were not activated by 

anisomycin treatment (Fig. 3.12 F,G). Of note, NLRP1 SA TA [linker] showed greater 

activation than the other NLRP1 constructs by talabostat, which may be explained by its 

higher expression (Fig. 3.12 B). Nevertheless, cells expressing NLRP1 SA TA [linker] 

were not activated by anisomycin either. This suggests that phosphorylation of canonical 

p38 substrate motifs in the NLRP1 linker is critical for p38-mediated activation of NLRP1, 

but not for p38-independent activation.  

Figure 3.12: Direct phosphorylation of the human NLRP1 linker region by p38 is 
critical for activation by the ribotoxic stress response. (A) Schematic overview of 
the experimental setup. HEK cells expressing ASC-EGFP (HEKASC) were transduced 
with lentiviral vectors encoding murine NLRP1b alleles, human NLRP1 wild type, or 
human NLRP1 mutants, controlled by a constitutive promoter. Cells were either 
stimulated with 15 µM Aniso for 6 h, 30 µM Tal, or DMSO for 20 h, where indicated in 
the presence of 20 µM SB, or transiently transfected with expression vectors for FLAG-
tagged VHL-VHH fusions, as described in Fig. 2.4. (B) Lysates of generated HEKASC 
cell lines expressing the depicted forms of NLRP1 were analyzed by immunoblot with 
the indicated antibodies to confirm expression of NLRP1-HA and ASC-EGFP. (C) ASC 
speck formation in HEKASC cells expressing human NLRP1 or murine NLRP1b alleles 
was quantified by flow cytometry, as described in Fig. 2.1. (D) 0.2 µM activated p38a 
was incubated with 7 µM MBP-NLRP1, MBP-NLRP1NACHT-LRR (aa 230-990), or no 
substrate (⦰) at 30 °C for 30 min in kinase buffer containing [32P]-γ-ATP. Protein-
associated 32P was quantified by liquid scintillation counting. (E) Scheme of generated 
HEKASC cell lines expressing human NLRP1 mutants. The number of mutated amino 
acids in the PYD or linker is indicated to the left of the molecule. (F,G) FLAG-tagged 
VHL-VHH expression and ASC speck formation in HEKASC cells expressing human 
NLRP1 wild type or human NLRP1 mutants were quantified by flow cytometry. 
Quantification of specks was limited to FLAG-positive cells in VHL-VHH-transfected 
samples. The values for wild type NLRP1 in (F) are the same as in (C) as the 
experiments were performed in parallel. Data represents average values (with 
individual data points) from three independent experiments ± 95 % CI. Immunoblot in 
(B) displays experiment representatives of two independent experiments.  
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The prior inhibitor experiments indicate that most triggers of NLRP1 inflammasome 

activation rely on proteasome activity, NEDD8, and the E1 enzyme. I thus generated 

HEKASC cell lines expressing NLRP1 with all five lysines in the PYD (NLRP1 KR [PYD]), 

or all five lysines in the linker region (NLRP1 KR [linker]), mutated to arginine to prevent 

ubiquitination. I found that mutation of lysines in the PYD abrogated responses to 

talabostat, anisomycin, and VHL-VHHPYD 1 transfection (Fig. 3.12 F,G). Of note, NLRP1 

KR [PYD] was expressed at a weaker level than the other mutants (Fig. 3.12 B). Yet, the 

strong VHL-VHHPYD 1-induced response was completely abolished in these cells, which is 

unlikely due to weak expression alone. Interestingly, transient expression of 

VHL-VHHPYD 2 in NLRP1 KR [PYD] cells still induced a weak inflammasome response. It 

is possible that binding of VHL-VHHPYD 2 enables the ubiquitination of lysines in the linker 

region of NLRP1 KR [PYD]. However, mutation of lysines in the linker did not affect 

responses at all, indicating that NLRP1PYD is the preferred domain for ubiquitination This 

suggests that ubiquitination of lysines in the PYD of NLRP1 is crucial for activation by p38-

dependent and p38-independent stimuli.  

 

I next set out to identify phosphorylation sites on NLRP1 during activation. HEKNLRP1+ASC 

cells were treated with anisomycin for 1 h or left untreated, followed by 

immunoprecipitation of NLRP1-HA with anti-HA antibodies bound to magnetic beads. 

Captured proteins were directly subjected to digestion with proteases to generate peptides 

for analysis by mass spectrometry. As the resulting peptides after trypsin cleavage did not 

represent the linker region of NLRP1 well, we also used chymotrypsin as an alternative 

protease. In collaboration with Stefan Ebner from the Institute of Innate Immunity in Bonn, 

we identified at least two amino acids in the linker region that were phosphorylated after 

anisomycin treatment: serine 107 and threonine 240. Notably, both phosphorylation sites 

were followed by prolines, suggesting they could be canonical p38 substrates. As the 

coverage of the linker was incomplete, it is possible that our efforts did not identify all 

phosphorylation sites in the linker region. We further identified anisomycin-induced 

phosphorylation sites in the C-terminal regions of NLRP1, including serines 1017, 1022, 

and 1371, as well as threonine 993. Threonine 993 and serine 1371 were followed by 

prolines and thus were part of canonical p38 motifs. 
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To analyze the functional role of identified p38 phosphorylation sites in the NLRP1 linker 

region, I next generated cell lines expressing HA-tagged NLRP1 S107A and T240A 

mutants. As controls, I also included NLRP1 mutants altered in the previously identified 

canonical p38 phosphorylation site T41 in the PYD (Casado et al., 2013), or S1371 in the 

UPA domain (Fig. 3.13 A). All NLRP1 mutants were expressed to comparable levels 

(Fig. 3.13 B). All phosphorylation mutants responded normally to talabostat and 

anisomycin, except NLRP1 S107A. This mutant was unresponsive to anisomycin 

stimulation and thus resembled the NLRP1 SP-AP TP-AP [PYD + linker] mutant 

(Fig. 3.13 C). As expected, the S107A mutation did not affect the p38-independent 

activation of NLRP1 by talabostat or transient expression of VHL-VHHPYD (Fig. 3.13 C,D). 
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Thus, phosphorylation of the SP motif at S107 is critical for anisomycin-induced NLRP1 

activation.  

Next, I tested the rescue mutant NLRP1 SP-AP TP-AP [PYD + linker] A107S, in which 

only the SP motif containing S107 was restored to wild type. This NLRP1 variant remained 

inactive following anisomycin stimulation (Fig. 3.13 C), suggesting that S107 is not the 

only important serine/threonine in the N-terminal linker region. Other serine or threonine 

residues may either be substrates of p38, or may be required for other functions of NLRP1, 

such as binding to p38 or ubiquitin ligases. 

 

Due to the lower response rates in the polyclonal NLRP1 HEK cells, I could not determine 

the role of the SP motif at S107 in SFV-induced NLRP1 activation with this setup. Thus, I 

reconstituted NLRP1 knockout N/TERT-1C1C-EGFP cells with doxycycline-inducible HA-

tagged NLRP1, NLRP1 S107A, and NLRP1 KR [PYD], selected polyclonal cell lines 

(Fig. 3.14 A), and confirmed robust inducible expression of the NLRP1 mutants 

(Fig. 3.14 B). I stimulated these cells with talabostat, anisomycin, and SFV, in the absence 

or presence of doxycycline. N/TERT-1 cells reconstituted with wild type NLRP1 responded 

to all stimuli, and all mutants responded to talabostat treatment with similar levels of 

inflammasome assembly, despite the somewhat varying expression levels of NLRP1 

(Fig. 3.14 C). Cells expressing NLRP1 S107A did not respond to anisomycin and SFV, 

Figure 3.13: Serine 107 in the linker region is critical for p38-dependent NLRP1 
activation by the ribotoxic stress response. (A) Scheme of NLRP1 phosphorylation 
sites detected in immunoprecipitated NLRP1-HA after stimulation with 15 µM Aniso for 
1 h. (B) HEK cells expressing ASC-EGFP (HEKASC) were transduced with lentiviral 
vectors encoding human NLRP1 wild type or human NLRP1 phosphorylation mutants 
controlled by a constitutive promoter. Lysates of generated HEKASC cell lines 
expressing the depicted forms of NLRP1 were analyzed by immunoblot with the 
indicated antibodies to confirm expression of NLRP1-HA and ASC-EGFP. (C) HEKASC 
cells expressing NLRP1 phosphorylation mutants were stimulated with 15 µM Aniso for 
6 h, 30 µM Tal, or DMSO for 20 h, where indicated in the presence of 20 µM SB. ASC 
speck formation was quantified by flow cytometry, as described in Fig. 2.1. (D) HEKASC 
cells expressing NLRP1 phosphorylation mutants were transiently transfected with 
expression vectors for FLAG-tagged VHL-VHH fusions, as described in Fig. 2.4. FLAG-
tagged VHL-VHH expression and ASC speck formation were quantified by flow 
cytometry. Quantification of specks was limited to FLAG-positive cells, except for 
untransfected controls. Data represents average values (with individual data points) 
from three independent experiments ± 95 % CI. Immunoblot in (B) displays experiment 
representatives of two independent experiments.  
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confirming that phosphorylation of the SP motif at S107 is critical for the p38-dependent 

activation of NLRP1 by the RSR and SFV. In line with the universal role of proteasome-

dependent N-terminal degradation of NLRP1, cells reconstituted with the lysine mutant 
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NLRP1 KR [PYD] were unresponsive to anisomycin and SFV. Interestingly, in N/TERT 

keratinocytes, NLRP1 lacking lysine residues in the PYD was activated normally by 

talabostat, in contrast to HEK NLRP1 reporter cells.  

 

In summary, in this section, I show that p38 can directly phosphorylate NLRP1 in vitro. 

Moreover, serine and threonine residues in canonical p38 motifs in the NLRP1 linker 

region are required for anisomycin-induced NLRP1 activation, with one critical SP motif at 

S107. This indicates that these residues are phosphorylated by p38 in the course of p38-

mediated NLRP1 activation. Moreover, ubiquitination of NLRP1PYD is required for 

activation of NLRP1 by both anisomycin and SFV. It is well possible that phosphorylation 

of the NLRP1 linker marks NLRP1 for ubiquitination by yet to be identified E3 ligases. 

 

3.3 Discussion 
 

The ribotoxic stress response activates human NLRP1 inflammasomes 
UVB irradiation leads to NLRP1 inflammasome formation in human primary keratinocytes. 

However, the exact mechanism of NLRP1 activation was not explored (Fenini, Grossi, 

Contassot, et al., 2018; Sand et al., 2018). Here, I show that UVB-mediated NLRP1 

activation depends on the induction of the RSR and the subsequent activation of the 

MAPK p38. The important role of p38 was also reported by Fenini et al. but they did not 

Figure 3.14: Serine 107 in the linker region is critical for p38-dependent NLRP1 
activation by alphaviruses. (A) Schematic overview of the experimental setup. 
Monoclonal NLRP1 knockout derivatives of N/TERTC1C-EGFP cells were reconstituted 
with lentiviral vectors encoding human wild type NLRP1 or human NLRP1 mutants 
controlled by a doxycycline (dox)-inducible promoter. Cells were treated with 1 µg/mL 
dox for 6 h to induce expression. Untreated cells (UT) served as a control. Cells were 
then either stimulated with 15 µM Aniso, 30 µM Tal, or DMSO for 20 h or were infected 
with SFV at MOI 5 for 1 h, followed by incubation for 19 h. ASC speck formation was 
detected in the presence of caspase-1 inhibitor VX. Infection was confirmed by staining 
of dsRNA. (B) Lysates of N/TERT-1C1C-EGFP DNLRP1(m) cell lines reconstituted with 
NLRP1 mutants were analyzed by immunoblot with the indicated antibodies to confirm 
dox-inducible expression of NLRP1-HA. (C) Infection and ASC speck formation were 
quantified by flow cytometry, as described in Fig. 2.1. Quantification of specks was 
limited to infected cells in the SFV samples. Data represents average values (with 
individual data points) from four independent experiments ± 95 % CI. Immunoblot in 
(B) displays experiment representatives of two independent experiments.  
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further elucidate this mode of activation (Fenini, Grossi, Gehrke, et al., 2018). I 

demonstrated that additional stimuli of the RSR, like the antibiotics anisomycin and 

lactimidomycin, induce a strong NLRP1 inflammasome response in the HEK 293T and 

N/TERT-1 reporter cells. HEK 293T cells expressing murine Nlrp1b alleles revealed that 

activation by the RSR is specific for human NLRP1. Robinson et al. reported RSR-

dependent human NLRP1 activation as well, confirming my observations of NLRP1 

inflammasome formation in N/TERT keratinocytes after UVB and anisomycin stimulation 

(Robinson et al., 2022).  

I used a set of inhibitors to prove the p38 dependency of RSR-mediated NLRP1 activation. 

In these experiments, inhibition of the MAPK JNK also reduced NLRP1 activation, mostly 

to a higher degree in N/TERT-1 keratinocytes than in the HEK 293T cells. Fenini et al. 

observed a reduction of UVB-mediated IL-1b release in JNK-inhibited keratinocytes as 

well (Fenini, Grossi, Gehrke, et al., 2018). Both MAP kinases are activated during the RSR 

and both preferentially phosphorylate SP/TP motifs, implying possible redundant activities 

(J. L. Johnson et al., 2023; Vind, Genzor, et al., 2020). However, JNK inhibition did not 

impair NLRP1 activation as clearly as p38 inhibition, especially in the HEKNLRP1+ASC 

reporter cells. Furthermore, NLRP1 responses were blocked to a similar degree in ASC 

and p38a knockout N/TERT-1 keratinocytes. It was reported that p38 negatively regulates 

JNK activity (Batlle et al., 2019; Miura et al., 2018; Staples et al., 2010), which implies that 

JNK might be more active in the presence of p38 inhibitors. These should thus boost any 

JNK-mediated NLRP1 activation. However, p38 inhibitors completely abrogated NLRP1 

inflammasome activation. On the other hand, inhibition of JNK in cancer cell lines reduces 

p38 phosphorylation, in line with described positive feedback loops between the two MAP 

kinases (Ozfiliz Kilbas et al., 2020; Yue & López, 2020). Therefore, I conclude that NLRP1 

activation depends on RSR-mediated p38 activation, which might be promoted by JNK in 

our reporter cells. Immunoblot analyses of phosphorylated p38 and JNK in the presence 

of the different inhibitors and after RSR stimulations, would help to delineate the interplay 

between the two MAP kinases in the context of NLRP1 activation.  

 

NLRP1 activation by alphavirus infection is also dependent on p38 kinase activity 
Bauernfried et al. reported that infection with the alphavirus SFV and transfection of 

dsRNA longer than 500 bp leads to NLRP1 inflammasome formation in N/TERT 
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keratinocytes (Bauernfried et al., 2021). I confirmed NLRP1 activation by SFV and dsRNA 

transfection, and further identified four additional alphaviruses that lead to NLRP1 

inflammasome activation, namely SINV, RRV, MAYV, and CHIKV. Surprisingly, 

alphavirus- and dsRNA-induced NLRP1 activation was also critically dependent on p38 

and mostly dependent on ZAKa activation, suggesting that both stimuli cause an RSR-

like response. How alphavirus infection and intracellular dsRNA induce this RSR-like 

response is not clear yet. Infection with SINV (Nakatsue et al., 1998) and CHIKV (Nayak 

et al., 2019; Varghese et al., 2016) leads to p38 and JNK activation, and p38 activity is 

further required for successful replication of some viruses including MAYV (Cheng et al., 

2020; Sugasti-Salazar et al., 2021). In accordance, MAYV replication was impaired by 

p38 inhibition in my N/TERT-1 keratinocyte infection assays. How alphaviruses activate 

p38 and whether this activation requires ZAKa was not explored. In a murine CHIKV 

infection model, the viral nsP2 protein interacted with phosphorylated p38 and JNK (Nayak 

et al., 2019). However, direct p38 activation by the virus would not explain why ZAKa 

inhibitors impair alphavirus-induced NLRP1 activation. The RSR is induced by ZAKa after 

the detection of ribosome stalling (Vind, Snieckute, et al., 2020) or ribosome collision (Wu 

et al., 2020). So how could alphavirus infections cause ZAKa activation by ribosome 

interference?  

Alphavirus infection induces the ISR by PKR-mediated detection of dsRNA (Ventoso et 

al., 2006; White et al., 2011) and PERK-mediated detection of glycoprotein folding in the 

ER (Fros & Pijlman, 2016). This leads to eIF2a phosphorylation and host translational 

shutoff. Nevertheless, the viruses are still able to translate their structural proteins 

encoded by the subgenomic 26S mRNA. Indeed, this mRNA contains a downstream 

hairpin loop (DHL) close to the start codon and it was speculated that this DHL enables 

translation initiation in the absence of eIF2a by stalling the ribosome at the site of the start 

codon (Toribio et al., 2016; Ventoso et al., 2006). DHL-induced ribosome stalling could 

explain the RSR-like response during alphavirus infection, but I observed no p38 

phosphorylation after expression of SFV 26S mRNA in HEK cells in preliminary 

experiments (data not shown). In line with that, others were not able to confirm DHL-

induced translation initiation using artificial loops and start codons (Garcia-Moreno et al., 

2015), or in vitro-transcribed 26S mRNA, suggesting that eIF2a-independent translation 
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of structural proteins requires transcription by the viral machinery (Sanz et al., 2007). 

Moreover, viruses like CHIKV exhibit no DHL at all (Toribio et al., 2016) but I still observe 

p38-dependent NLRP1 activation.  

Additionally to inducing a strong PKR-dependent ISR, alphaviruses cause PKR-

independent host translational shutdown via yet unknown mechanisms (White et al., 

2011). The nonstructural proteins nsP2 (Gorchakov et al., 2005) and nsP3 (Akhrymuk et 

al., 2018), as well as excess viral RNA (Patel et al., 2013; Sanz et al., 2015), are proposed 

mediators of this alternative shutdown of translation. Furthermore, alphavirus mRNA binds 

to host proteins, causing their redistribution between nucleus and cytosol, and interfering 

with translation (Barnhart et al., 2013; Carrasco et al., 2018). It is worth speculating that 

this ISR-independent inhibition of host translation induces interferences in ribosome 

function, thereby stimulating ZAKa. This could also explain why only old-world 

alphaviruses stimulated NLRP1 in my experiments. Old- and new-world alphavirus host-

modulatory proteins differ in their function during infection. For example, the old-world 

alphaviruses SFV, SINV, and CHIKV inhibit host transcription by nsP2-mediated 

degradation of RNA polymerase II subunits (Akhrymuk et al., 2012), whereas the new-

world alphavirus VEEV blocks nuclear important using the capsid protein (Atasheva et al., 

2010). Thus, differences in the mechanism of host translation inhibition between the two 

virus groups could explain the difference in NLRP1 stimulation. I tested the possible role 

of SINV nsP2 in NLRP1 activation by transient overexpression of the viral protein in 

HEKNLRP1+ASC reporter cells (data not shown). The nsP2 protein is also the viral protease 

that cleaves the polyprotein after initial translation. It is thus also possible that NLRP1 is 

activated by nsP2-mediated N-terminal cleavage. Transient expression of SINV nsP2 did 

not activate NLRP1 in the reporter cells, in line with my observations that p38 activity is 

not required for NLRP1 activation in the context of targeted or N-degron pathway-

mediated degradation. Nevertheless, this overexpression experiment does not exclude 

the possibility that nsP2 (or another viral protein) interferes with ribosomes and stimulates 

ZAKa in the presence of additional viral factors that are only present during infection, such 

as dsRNA.  

Another possible factor in alphavirus-induced NLRP1 activation is PKR. As already 

mentioned, alphavirus infections lead to strong PKR phosphorylation. PKR is required for 

dsRNA-induced p38 activation in the mouse (Goh et al., 2000). This is not the case for 
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RSR stimuli like UV irradiation and anisomycin. Goh et al. did not analyze how PKR 

initiates p38 activity, but PKR is not a MAP3K. I also already mentioned that ZAKa seems 

to interact with the ISR kinase GCN2 after stimulation with UV or anisomycin. Both kinases 

bind to ribosomes to detect their respective stimuli (Wu et al., 2020). As PKR binds 

ribosomes as well, it is tempting to speculate that active PKR stimulates ZAKa at the 

ribosome (H.-R. Zhou et al., 2014; Zhu et al., 1997). This mechanism would unify 

alphavirus- and dsRNA-mediated NLRP1 activation downstream of PKR stimulation. It 

could also explain why alphavirus infection, but not transfection of dsRNA, activates 

NLRP1 in HEKNLRP1+ASC reporter cells. HEK 293T cells might have impaired PKR 

signaling, enabling ZAKa activation after alphavirus-mediated PKR phosphorylation, but 

not after detection of dsRNA alone. One argument against a direct involvement of PKR in 

NLRP1 activation is the fact that Bauernfried et al. detected no difference in the NLRP1 

inflammasome response after dsRNA transfection and SFV infection in PKR knockout 

keratinocytes (Bauernfried et al., 2021). We further found that some alphaviruses did not 

induce p38 phosphorylation and NLRP1 activation, even though their dsRNA should 

always be detected by PKR. However, most alphavirus studies are actually based on old-

world alphaviruses, especially SFV and SINV as model viruses, which is why it is difficult 

to just extrapolate the findings to all other alphaviruses. Detailed analyses of PKR, ZAKa, 

and p38 phosphorylation for all tested alphaviruses would be necessary to make a clear 

statement about the role of PKR in alphavirus and dsRNA-induced p38 and NLRP1 

activation. The experiments in PKR knockout keratinocytes should be reproduced as well.  

 

Importantly, NLRP1 activation by alphaviruses and dsRNA was mostly but not completely 

dependent on ZAKa. Both drug-based inhibition and knockout of the MAP3K in N/TERT-1 

cells were sufficient to abolish NLRP1 inflammasome formation after ZAKa stimulation 

with anisomycin, but not after SFV infection and dsRNA transfection. Zhou et al. confirmed 

ZAKa-independent NLRP1 activation by dsRNA and showed that p38 is still 

phosphorylated in dsRNA-transfected ZAKa knockout keratinocytes (J. Y. Zhou et al., 

2023). Thus, alphavirus infection and intracellular dsRNA induce some form of cellular 

stress which can be detected by an alternative MAP3K to stimulate p38. CRISPR screens 

would be a great tool to identify the responsible MAP3K as well as other relevant factors 
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(like PKR), which may be involved in p38-dependent NLRP1 activation after alphavirus 

infection or dsRNA transfection.  

 

Binding of (alphavirus) dsRNA to NLRP1LRR was proposed to induce conformational 

changes of NLRP1, ATP hydrolysis at the NLRP1NACHT, and subsequent inflammasome 

activation by degradation (Bauernfried et al., 2021). In my experiments, alphavirus-

induced NLRP1 activation was indeed inhibited by neddylation inhibitors, implying that 

NLRP1 is ubiquitinated by CRLs. However, my observations that alphavirus- and dsRNA-

induced NLRP1 activation was dependent on p38 activity suggest that direct dsRNA 

binding to NLRP1 alone is not sufficient for NLRP1 activation. This is also supported by 

the fact that transfection of dsRNA is not sufficient to activate NLRP1 in HEK 293T reporter 

cells. 

NLRP1LRR seems to negatively regulate NLRP1 activation, as NLRP1DLRR mutants are 

autoactive in reconstituted cell systems (Chavarría-Smith et al., 2016; Liao & Mogridge, 

2009) and mutations in NLRP1LRR lead to NLRP1-associated inflammatory diseases 

(Drutman et al., 2019; M. Li et al., 2023; Zhong et al., 2016). The same is true for the 

ATPase motifs within NLRP1NACHT, the Walker A/B motifs. Reconstitution of cells with 

NLRP1 exhibiting inactive Walker A or B motifs leads to autoactivation (Ball et al., 2022; 

Neiman-Zenevich et al., 2014). Thus, it can be speculated that NLRP1NACHT-LRR keeps 

NLRP1 in an inhibited state, in a process that requires ATP hydrolysis. Binding of dsRNA 

to NLRP1LRR might induce conformational changes that facilitate subsequent activation by 

additional signals. In line with this model, it was reported that oxidized TRX1 negatively 

regulates NLRP1 by binding to its NACHT-LRR domains. Reductive stress impairs the 

binding of TRX1, again potentially inducing conformational changes of the inflammasome 

sensor and causing higher responsiveness to subsequent talabostat stimulation (Ball et 

al., 2022). Binding of dsRNA to NLRP1LRR did not interfere with TRX1 binding to 

NLRP1NACHT-LRR, suggesting that the two mechanisms are independent. This model raises 

the question whether RSR-induced NLRP1 activation induces similar conformational 

changes in NLRP1NACHT-LRR and, if this is the case, how this is accomplished. It is also 

possible that the observed binding of dsRNA to NLRP1 is just an artifact and not required 

for inflammasome activation. In fact, dsRNA also binds NLRP6NACHT-LRR, implying that this 

property is not restricted to NLRP1 (Shen et al., 2021).  
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I showed NLRP1 activation by five different alphaviruses, implying that NLRP1 plays an 

important role in the detection of alphaviruses. In line with this, CHIKV- and MAYV-

infected patients show increased serum IL-1b levels (W. Chen et al., 2017; de Castro-

Jorge et al., 2019; Ng et al., 2009) suggesting underlying inflammasome activity. However, 

in addition to NLRP1, alphaviruses were also reported to activate NLRP3 in infected mice 

(W. Chen et al., 2017; de Castro-Jorge et al., 2019) and AIM2 in human skin fibroblasts 

(Ekchariyawat et al., 2015). In addition, since alphaviruses are cytotoxic, inflammasome 

activation could be due to the release of DAMPs by dying cells, rather than the infection 

itself. So is there a relevance of NLRP1 as a sensor for the detection of alphaviruses? 

Alphaviruses infect humans through mosquito bites. Keratinocytes are thus indeed one of 

the first cells these viruses encounter upon infection. It was shown that primary and 

immortalized HaCaT keratinocytes allow no productive infection with CHIKV because of 

impaired viral RNA synthesis (Bernard et al., 2015). In contrast, in my experiments, 

CHIKV-infected N/TERT-1 keratinocytes were positive for dsRNA, indicating viral RNA 

production. Puiprom et al. found productive CHIKV infection of HaCaT keratinocytes as 

well (Puiprom et al., 2013). MAYV replicated preferentially in skin fibroblasts, but not 

keratinocytes, in a skin explant infection model, but replication was confirmed by protein 

and not dsRNA staining (Esterly et al., 2022). I did not detect dsRNA in N/TERT-1 reporter 

cells infected with ONNV, RRV, and BFV, suggesting that either these viruses use 

different receptors for cell entry or that viral replication is restricted by the cells. 

Independent of the different host cell tropism, I detected inflammasome formation after 

infection with SFV, CHIKV, and MAYV, suggesting that NLRP1 in keratinocytes can help 

to induce an early immune response after infection. In line with this, patients infected with 

CHIKV and other old-world alphaviruses are prone to develop skin rashes (Hochedez et 

al., 2006; Ng et al., 2009; Skidmore & Bradfute, 2023).  

As mentioned, alphavirus infections are cytotoxic and alphavirus-infected cells were 

described to undergo apoptosis at later stages (Levine et al., 1993; Sheahan et al., 1998). 

This was also reported for CHIKV-infected keratinocytes (Bernard et al., 2015). In line with 

other reports (Bauernfried et al., 2021) and the low percentage of NLRP1-responsive 

N/TERT-1 cells after SFV infection, I observed that virus-induced cell death was largely 

independent of NLRP1 in my experiments. This was similar to the tested RSR stimuli, 

UVB irradiation and anisomycin, which in the majority of cells triggered apoptosis but not 
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NLRP1-dependent pyroptosis, as it was previously reported (Y. Liu et al., 2012; X. Wang 

et al., 2005; Wu et al., 2020). Even if NLRP1 activation does not determine the cell fate, it 

promotes inflammation through the processing and release of IL-1b, thereby influencing 

the host response to the pathogen or danger signal.  

 

Strong p38 stimulation is sufficient for NLRP1 activation  
In addition to transfection of dsRNA, NLRP1 was in a later study also reported to be 

activated by transfection of the DNA analog poly(dA:dT) in N/TERT keratinocytes. 

Interestingly, NLRP1 inflammasome activation was dependent on p38/ZAKa activity and 

proteasomal degradation, suggesting a similar mechanism to alphavirus infection and 

dsRNA transfection (J. Y. Zhou et al., 2023). I also observed weak inflammasome activity 

after poly(dA:dT) transfection in the N/TERT-1 reporter cells but these responses were 

not inhibited in NLRP1 knockout cells, suggesting activation of a different sensor. The 

DNA analog poly(dA:dT) is a widely used stimulus of the AIM2 inflammasome (Fernandes-

Alnemri et al., 2009; Hornung et al., 2009) and keratinocytes increase expression of this 

inflammasome sensor after IFN-g stimulation (Dombrowski et al., 2011; J. Y. Zhou et al., 

2023). Hence, the weak inflammasome response in my assays may be based on low 

baseline expression of AIM2 in the N/TERT-1 cells. In line with this, poly(dA:dT)-induced 

inflammasome formation was p38- and ZAKa-independent in my experiments. The 

contradicting observations could be explained by the fact that Zhou et al. used N/TERT-2G 

cells for their study, which substantially differ from N/TERT-1 cells (Smits et al., 2017). 

The fact that NLRP1 activation was specific to poly(dA:dT), and not DNA in general, 

implies that the DNA analog induces particular cellular stress that leads to p38-dependent 

NLRP1 activation. Zhou et al. propose that poly(dA:dT) induces oxidative nucleic acid 

damage that activates p38, which is in line with reported p38 stimulation by oxidative 

stress (Canovas & Nebreda, 2021).  

 

Activation of p38 lies downstream of various cellular stress and inflammatory signals. It is 

thus tempting to speculate that NLRP1 detects multiple stress stimuli mediated by p38. I 

did not detect clear p38 phosphorylation in N/TERT-1 cells after stimulation of TLRs, TNF, 

or EGF receptors, even though these are reported to trigger downstream p38 activation 

(Goh et al., 2000; Han et al., 1994; Kant et al., 2011; Kozyulina et al., 2013; C. Wang et 
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al., 2001). Primary keratinocytes express the relevant TLRs, TLR2 and TLR4, and secrete 

CXCL8 and TNF-a after LPS stimulation (Lebre et al., 2007; Nestle et al., 2009). Human 

keratinocytes express TNF receptor 1 (Trefzer et al., 1993) and respond to TNF-a 

stimulation (Smits et al., 2017). N/TERT cells also require EGF to grow (Dickson et al., 

2000). This implies that keratinocytes express all relevant receptors. In my experiments, 

TLR-, TNF-a-, and EGF-induced p38 activation was possibly too weak to be detected by 

flow cytometry, or the tested time points were suboptimal. As I did not observe NLRP1 

activation for any of the tested stimuli, p38 activation was either not strong enough to 

activate NLRP1 inflammasomes or p38 activation alone is not sufficient. In line with the 

first hypothesis, p38 activity after TNF-a stimulation was reported to be less pronounced 

and shorter than after anisomycin or UV stimulation (Miura et al., 2018). Moreover, many 

studies showed that strong and sustained p38/JNK activation is necessary to induce 

apoptosis (Staples et al., 2010; Tobiume et al., 2001; Yue & López, 2020). Thus, it is 

possible that a similar threshold of MAPK activity exists for NLRP1 activation. The fact 

that p38 activation by transient overexpression of the MAP3K TAOK2 was sufficient to 

activate NLRP1 in HEKNLRP1+ASC cells, supports the idea that strong p38 activity alone 

induces inflammasome formation, independent of the upstream stress signals. It would be 

important to confirm this theory in the endogenous N/TERT-1 keratinocyte system. For 

this, additional p38 stimuli like IL-1b, osmotic shock, arsenite, and heat shock could be 

tested (Goh et al., 2000). Alternatively, primary keratinocytes could be used, as they might 

show stronger stimulation of p38 than N/TERT-1 cells. 

On the other hand, VSV infection induced strong p38 phosphorylation, but no 

inflammasome formation in the HEK 293T system, arguing against the hypothesis that 

strong p38 activity alone induces NLRP1 activation. It is tempting to speculate that the 

virus counteracts NLRP1 inflammasome stimulation downstream of p38. To test this, one 

could analyze whether infection with VSV impairs NLRP1 responses induced by different 

NLRP1 stimuli in HEK 293T and N/TERT-1 keratinocyte reporter cells. 

Another interesting p38 stimulus to be tested is muramyl-dipeptide (MDP). MDP was 

initially reported to activate NLRP1 (Faustin et al., 2007; L.-C. Hsu et al., 2008) but was 

then proven to stimulate the NLR sensor NOD2. MDP-mediated NOD2 activation leads to 

p38 phosphorylation as well (Girardin et al., 2003; Windheim et al., 2007). In addition, 

mutations in NOD2NBD cause the Blau syndrome which is associated with inflammation of 
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the skin and eyes (Sfriso et al., 2012), similar to NLRP1-associated inflammatory 

diseases. Thus, it is tempting to speculate that MDP-mediated NOD2 activation can cause 

subsequent p38-dependent NLRP1 inflammasome formation.  

 

P38 directly phosphorylates NLRP1 in the N-terminal linker region 
I showed that p38-dependent NLRP1 activation by RSR stimuli and alphavirus infection 

requires direct phosphorylation of NLRP1 by p38. NLRP1 was phosphorylated by p38a in 

vitro and canonical p38 SP/TP motifs in the N-terminal linker region determined the 

responsiveness of the inflammasome sensor. I identified a critical phosphorylation site at 

serine 107, which was necessary for SFV- and anisomycin-induced NLRP1 activation. 

Robinson et al. reported phosphorylation of the N-terminal linker of NLRP1 after RSR 

stimulation as well, but they proposed that direct phosphorylation by ZAKa was involved 

as well (Robinson et al., 2022). In contrast to my findings, in their experiments, knockout 

and inhibition of p38 did not completely abolish RSR-mediated NLRP1 activation. They 

also identified a critical ZAKa motif (TST, 178-180) in the linker region, which was 

necessary for NLRP1 activation by anisomycin. I showed that ZAKa is still active in the 

presence of p38 inhibitors. Thus, in these conditions, ZAKa-mediated NLRP1 

phosphorylation should still be possible. However, p38 inhibition completely abrogated 

NLRP1 activation in my experiments, suggesting that ZAKa alone cannot activate the 

sensor by phosphorylation. Furthermore, HEK cells expressing the p38 motif mutant 

NLRP1 SP-AP TP-AP [PYD + linker], which still includes the ZAKa motif, did not respond 

to anisomycin stimulation. Moreover, alphavirus infection or intracellular dsRNA delivery 

induced ZAKa-independent and p38-dependent inflammasome assembly. The activation 

of p38 by transient overexpression of MAP3K TAOK2 was also sufficient to activate 

NLRP1 in HEKNLRP1+ASC cells. Thus, my observations strongly suggest that direct 

phosphorylation by p38 is the relevant stimulus for NLRP1 inflammasome activation. The 

p38 motif mutant of NLRP1, rescued with the critical phosphorylation site at serine 107, 

was not able to respond to anisomycin. This implies that either the other seven serines 

and threonines in the linker are involved in phosphorylation-independent functions or 

additional phosphorylations in the linker region may be important to activate NLRP1. The 

latter hypothesis is in line with the reported hyperphosphorylation of the NLRP1 N-terminal 
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linker after RSR stimulation (Robinson et al., 2022). It is also possible that both p38 and 

ZAKa phosphorylate NLRP1. It will be interesting to test the reported ZAKa motif mutant 

in my experimental setup, including stimulation with SFV.  

 

I found that phosphorylation sites in the linker were not the only critical residues for NLRP1 

activation. Lysine residues in NLRP1PYD were important for anisomycin- and SFV-induced 

NLRP1 activation. This is in line with abolished NLRP1 inflammasome responses in the 

presence of neddylation and proteasomal degradation inhibitors. Thus, phosphorylation 

of the N-terminal linker region leads to ubiquitination of NLRP1PYD, N-terminal 

degradation, and release of the active NLRP1UPA-CARD fragment. The N-terminal linker 

region of NLRP1 shows signs of positive selection in primate genomes and represents a 

largely unstructured coil (Chavarría-Smith et al., 2016). Phosphorylation modifications are 

often found in degron sequences. Specific CRL substrate receptors recognize these 

phospho-degrons and initiate degradation (Bulatov & Ciulli, 2015). In addition, degron 

sequences are mostly found within disordered regions of proteins, as these are critical 

initiation sites for proteasomal degradation (Prakash et al., 2004; Timms & Koren, 2020). 

It can thus be speculated that p38 phosphorylates NLRP1 in the N-terminal linker, creating 

a phospho-degron that is recognized by certain CRL substrate receptors, as indicated by 

the neddylation inhibitor experiments. CRLs then induce the ubiquitination of NLRP1PYD, 

leading to efficient proteasomal degradation in combination with the unstructured linker 

region. Interestingly, similar regulatory phosphorylation sites were reported for NLRP3 and 

pyrin inflammasomes (McKee et al., 2021). Another possibility is that phosphorylation of 

the N-terminal linker interferes with the proposed inter- or intramolecular interaction of the 

linker region and the UPA-like domain of the FIIND (X. Yang et al., 2022). The 

ubiquitination of NLRP1PYD could be enabled by the disruption of this interaction and 

subsequent conformational changes of the sensor. Regardless of the exact mechanism, 

it is remarkable that lysines in NLRP1PYD but not the linker region are necessary for NLRP1 

activation. It was shown that the N-terminal linker alone sensitizes CARD8 to RSR stimuli, 

without the need for PYD as a potential ubiquitination site (Robinson et al., 2022). 

However, it was also reported that one lysine in the N-terminal region or the ZU5-like 

domain of CARD8 is sufficient for talabostat-induced CARD8 activation, indicating that 

CARD8 can be ubiquitinated at multiple sites and is probably less restricted than NLRP1 
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(Chui et al., 2020). Hence, NLRP1PYD and the linker might form a regulated system that 

allows N-terminal degradation of NLRP1 after p38-dependent phosphorylation. 

Identification of the CRL ligase complex that ubiquitinates NLRP1 after RSR stimulation 

and alphavirus infection will help to elucidate such a potential regulatory system. 

Ubiquitination could also be mediated by different substrate receptors and CRLs. CRISPR 

screens will be helpful tools to find the responsible factors. As already discussed in 

chapter 2, mass spectrometry would further help identify the exact positions of 

ubiquitination sites within NLRP1PYD (Akimov et al., 2018).  

 
N-terminal degradation of NLRP1 after inhibition of DPP8/9 
When NLRP1UPA-CARD and CARD8UPA-CARD were shown to be sequestered by DPP8/9, it 

was assumed that both inflammasome sensors undergo spontaneous degradation during 

cell homeostasis to release free UPA-CARD fragments (Hollingsworth, Sharif, et al., 

2021). It was later reported that talabostat not only interferes with DPP8/9 complexes but 

also induces further N-terminal degradation of both sensors (Orth-He et al., 2023; Q. 

Wang et al., 2023). This is in line with observations that activation of CARD8 (D. C. 

Johnson et al., 2018) and Nlrp1b (Okondo et al., 2018) by talabostat still required 

functional proteasomal degradation. Importantly, both observations were based on 

experiments with cells that endogenously express the respective sensors. Similarly, I 

found that talabostat-induced NLRP1 activation in N/TERT-1 cells was inhibited in the 

presence of neddylation inhibitors, which was also reported by others (Robinson et al., 

2022). In contrast, neddylation inhibitors did not interfere with talabostat-induced NLRP1 

activation in the HEK 293T reporter cells. This suggests that CRLs are responsible for the 

release of active NLRP1UPA-CARD fragments in keratinocytes, which then accumulate upon 

DPP8/9 inhibition. As HEKNLRP1+ASC cells exhibit a higher and probably less controlled 

NLRP1 expression, they might already generate higher levels of NLRP1UPA-CARD 

fragments during cell homeostasis. Following talabostat treatment, this would induce 

NLRP1 inflammasome activation without the need for further NLRP1 degradation. 

Furthermore, the HEKNLRP1+ASC cells were selected for a high NLRP1 response to 

talabostat which may further minimize the requirement for degradation. 

Together these observations raise the following questions:  
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1) Which CRL components induce degradation of NLRP1 during cell homeostasis and 

after inhibition of DPP8/9? For CARD8, it was proposed that talabostat treatment leads to 

the degradation of proteins that present N-terminal disordered regions, including CARD8 

(Chui et al., 2020). A follow-up study reported that CARD8 is degraded by 20S 

proteasomes independent of ubiquitination after talabostat stimulation (Hsiao et al., 2022), 

contradicting an earlier observation that one lysine is necessary for talabostat-induced 

CARD8 activation (Chui et al., 2020). Talabostat might indeed induce increased 

degradation of NLRP1 via a mechanism that differs from degradation during homeostasis. 

CRISPR screens and knockout experiments could answer this question. Experiments 

should be performed in endogenous systems, as overexpression of the sensor apparently 

alters homeostatic regulations.  

2) Where is NLRP1 ubiquitinated in these processes? I could show that lysines in 

NLRP1PYD are necessary for activation after RSR stimuli and alphavirus infection. 

However, overexpression of NLRP1 KR [PYD] mutants in N/TERT-1 cells allowed 

unchanged stimulation by talabostat. This would mean that ubiquitination of other lysines 

of NLRP1 is sufficient for talabostat-induced degradation. Another option would be non-

canonical ubiquitination of NLRP1PYD at cysteines, serines, threonines, or the N-terminus 

(Kelsall, 2022). This option is rather unlikely since canonical ubiquitination of lysines was 

critical for p38-dependent NLRP1 activation and linear ubiquitinations of N-termini are 

mostly associated with non-proteolytic processes (Tracz & Bialek, 2021). Similar to the 

reports about CARD8, NLRP1 KR [PYD] could be degraded by 20S proteasomes without 

the requirement of ubiquitination. The N-terminal linker region could provide the necessary 

disordered region (Ben-Nissan & Sharon, 2014). The NLRP1 KR [PYD] mutant in 

HEK 293T cells did not respond to talabostat, but this NLRP1 mutant showed impaired 

processing which was reported to directly correlate with talabostat responses (Chui et al., 

2020). After all, reconstitution of NLRP1 knockout keratinocytes with NLRP1 KR [PYD] 

may disrupt endogenous regulations. Hence, lysines in NLRP1PYD expressed at 

endogenous levels might still get ubiquitinated in wild type cells after talabostat treatment. 

Mass spectrometry is a sensitive method that would allow to analyze ubiquitination of 

endogenous NLRP1 during cell homeostasis and talabostat treatment. 
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In summary, I showed that different stimuli of the RSR activate human NLRP1 in a p38-

dependent manner. Similarly, SFV infection and transfection of dsRNA induced RSR-like 

responses that led to NLRP1 inflammasome formation. Thus, I defined the mechanism 

upstream of dsRNA-mediated NLRP1 stimulation, even though the involved components 

causing (ZAKa-dependent) p38 activation still await identification. I also determined four 

additional alphaviruses, namely SINV, CHIKV, MAYV, and RRV, which activate NLRP1 in 

a p38-dependent manner. Furthermore, p38 directly phosphorylates the N-terminal linker 

region of NLRP1, causing ubiquitination of NLRP1PYD, N-terminal degradation, and 

inflammasome assembly. Serine 107 represents a critical phosphorylation site but 

additional phosphorylations of canonical p38 motifs may be required for activation of the 

inflammasome. The potential contribution of ZAKa in linker phosphorylation requires 

further analyses. It is also unclear under which circumstances p38 activates NLRP1 and 

where and how NLRP1 is ubiquitinated before and during stimulation.  

 
3.4 Material and Methods 
 

Cells 
Cell culture 

HEK 293T and N/TERT-1 keratinocytes were cultivated as described in chapter 2. Syrian 

baby hamster kidney (BHK)-21 cell clone BSR-T7/5 (Mesocricetus auratus, a kind gift of 

SeanWhelan, Harvard Medical School) were cultivated in DMEM containing 10 % FBS 

and GlutaMax. BHK-21/J cells (Mesocricetus auratus, a kind gift of Charles M. Rice, 

Rockefeller University) were cultivated in Minimum Essential medium (MEM) containing 

7.5 % FBS, 1 % nonessential amino acids, and 1 % L-glutamine (all Thermo Fisher 

Scientific). 

 

Generation of genetically modified cell lines 

All genetically modified cell lines were generated as described in chapter 2. Generation 

and cultivation of HEKNLRP1+ASC, HEKNLRP3+ASC, N/TERT-1C1C-EGFP, N/TERT-1C1C-EGFP 

DNLRP1 (m), N/TERT-1C1C-EGFP DASC (m), and N/TERT-1(VHL-)VHH+C1C-EGFP, were already 

described in chapter 2. Similarly, derivatives of HEKASC expressing wild type (cell line 

H151) and mutant human NLRP1 (cells lines H156-H160, H162-H164, H166, H172), as 
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well as murine Nlrp1b alleles (H152-H155), under the control of pUbC were generated by 

lentiviral transduction with virus MOIs that permit multiple insertions and selection in the 

presence of 1 µg/mL puromycin and 50 µg/mL hygromycin B. Lentiviral vectors for 

knockout generation were constructed as described in chapter 2 (see Table 3 for sgRNA 

target sequences). ASC (cell line K17), p38a (cell lines K23, K24), p38b (cell lines K27, 

K28), ZAKa (cell lines K63-K65), and TAOK2 (cell lines K66-K68) knockout derivatives of 

N/TERT-1C1C-EGFP cells were generated by lentiviral transduction with virus MOIs that 

permit multiple insertions and selection with 5 µg/mL blasticidin S (ASC, p38) or 

500 µg/mL geneticin (ZAKa, TAOK2). All knockouts were verified by immunoblot. 

Reconstitution of monoclonal NLRP1 knockout N/TERT-1 keratinocytes with wild type (cell 

line K100) or mutant NLRP1 (cell lines K101, K102) was achieved by transduction with 

lentiviral vectors based on pInducer20 (Meerbrey et al., 2011), with virus MOIs that permit 

multiple insertions and selection with 500 µg/mL geneticin.  

 

Target gene sgRNA name Target sequence 

ASC ASC sg5 GCTGGATGCTCTGTACGGGA 

P38a P38a sg1 (KO 1) TGATGAAATGACAGGCTACG 

P38a P38a sg2 (KO 2) CACAAAAACGGGGTTACGTG 

P38b P38b sg2 (KO 1) GCTTCTGGACGTCTTCACGC 

P38b P38b sg3 (KO 2) GGTGGATGATCCCGGCCGAG 

ZAKa ZAKa sg1 TGTATGGTTATGGAACCGAG 

ZAKa ZAKa sg2 GTGACAATGCCATAGTTGGG 

ZAKa ZAKa sg3 TCCTACACAACAAGGCGGAG 

TAOK2 TAOK2 sg1 TCAAGACAGACCAACCTCAG 

TAOK2 TAOK2 sg2 CCCAACACCATTCAGTACCG 

TAOK2 TAOK2 sg3 GCACTGAGTGGCTACTCTCG 

Table 3: sgRNA target sequences used for the generation of polyclonal ASC, p38, 
ZAKa, and TAOK2 knockout N/TERT-1 cell lines. 
 

Viruses 
Lentivirus production  

Lentiviruses were produced as described in chapter 2.  
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Virus production for infection assays 

All experiments involving viruses were conducted in respective Biosafety Level 2 or 3 

laboratories. SFV 4 (a kind gift of Giuseppe Balistreri and Ari Helenius, ETH Zurich), SINV 

strain Toto 1101 (recovered from in vitro transcribed RNA (Rice et al., 1987)), and VSV 

strain Indiana (recovered from plasmid as described in (Whelan et al., 1995)) were 

amplified in BSR-T7 cells. EEEV, VEEV, MAYV, ONNV, BFV, and RRV (kindly provided 

by Klaus Grywna (Grywna et al., 2010)) were amplified in BHK-J cells. CHIKV was derived 

from an infectious cDNA clone as described earlier (Kümmerer et al., 2012). Virus-

containing supernatants clarified from cell debris were aliquoted and frozen at -80 °C. Viral 

titers of SFV, SINV, and VSV were determined in BSR-T7 cells by flow cytometry using 

anti-dsRNA antibody J2 (Schonborn et al., 1991) or anti-VSV G I14 (clone 1E9F9, 

(Lefrancois & Lyles, 1982)) combined with fluorescent secondary antibodies. Viral titers 

of EEEV, VEEV, MAYV, ONNV, BFV, RRV, and CHIKV were determined by plaque assay 

using BHK-J cells (Karliuk et al., 2021). 

 

Proteins 
Expression and purification of active p38a 

Human p38a-His, as well as untagged constitutively active human MKK3 S218E S222E, 

were cloned into pET-Duet by Gibson cloning. Proteins were expressed in E. coli LOBSTR 

(Andersen et al., 2013) cells in Terrific Broth induced with 0.2 mM IPTG at an OD600 of 

0.6. Cells were cultivated for 24 h at 18 °C, and lysed by French Press. MKK3-activated 

p38a-His was purified by Ni-NTA affinity chromatography and gel filtration with a HiLoad 

16/600 Superdex 75 pg column in buffers containing 50 mM HEPES pH 7.5, 150 mM 

NaCl, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP).  

 

Expression and purification of MBP-NLRP1 

Full-length human NLRP1 (aa 1-1473) and NLRP1NACHT-LRR (aa 230-990) constructs were 

expressed as N-terminal maltose-binding protein (MBP) fusion proteins in baculovirus-

infected Spodoptera frugiperda (Sf9) insect cells. For expression, 0.5 L of Sf9 cells at a 

density of 2.0∙106 cells/mL were infected with 5 % P2 virus and incubated at 28 °C for 

48 h. Cells were lysed by sonication in buffer A (50 mM HEPES pH 7.5, 150 mM NaCl, 

0.5 mM TCEP), freshly supplemented with 1 mM phenylmethylsulfonyl fluoride. Proteins 
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in the clarified lysate were affinity purified using an MBPTrap HP (GE Healthcare) affinity 

column and eluted in buffer A supplemented with 10 mM maltose. 

 
Antibodies 
The following antibodies were used: rabbit polyclonal anti-ASC (AdipoGen Cat# AG-25B-

0006, RRID:AB_2490440), mouse anti-Caspase-1 clone Bally-1 (Apidogen Cat# AG-20B-

0048, RRID:AB_2490257), rabbit anti-caspase-3 clone D3R6Y (Cell Signaling 

Technology Cat# 14220, RRID:AB_2798429), rabbit anti-FLAG clone D6W5B (Cell 

Signaling Technology Cat# 14793, RRID:AB_2572291), mouse anti-GAPDH clone 0411 

(Santa Cruz, Cat# sc-47724, RRID:AB_627678), mouse anti-GFP clone JL-8 (Takara Bio 

Cat# 632380, RRID:AB_10013427), mouse anti-HA-HRP clone 6E2 (Cell Signaling 

Technology Cat# 2999S, RRID:AB_1264166), mouse anti-IL-1b clone 3A6 (Cell Signaling 

Technology Cat# 12242, RRID:AB_2715503), rabbit polyclonal anti-MKK3b (Cell 

Signaling Technology Cat# 9238, RRID:AB_2140797), rabbit anti-phospho-MKK3 

(Ser189)/ MKK6 (Ser207) clone 22A8 (Cell Signaling Technology Cat# 9236, 

RRID:AB_491009), mouse anti-NLRP1 clone 9F9B12 (BioLegend Cat# 679802, 

RRID:AB_2566263), rabbit polyclonal anti-p38 (Cell Signaling Technology Cat# 9212, 

RRID:AB_330713), rabbit anti-phospho-p38 (T180/Y182) clone D3F9 (Cell Signaling 

Technology Cat# 4511, RRID:AB_2139682), rabbit anti-PARP clone 46D11 (Cell 

Signaling Technology Cat# 9532, RRID:AB_659884), mouse anti-dsRNA clone J2 

(SCICONS Cat# 10010200, RRID:AB_2651015), mouse anti-vinculin clone hVIN-1 

(Sigma-Aldrich Cat# V9131, RRID:AB_477629), mouse anti-VSV G I14 clone 1E9F9 

(from D.S. Lyles, kindly provided by Ari Helenius), rabbit polyclonal anti-ZAK (Bethyl 

laboratories Cat# A301-993A, RRID:AB_1576612), goat polyclonal anti-rabbit IgG (H+L)-

Alexa FlourTM Plus 647 (Invitrogen Cat#A32733, RRID:AB_2633282), goat polyclonal 

anti-mouse IgG (H+L)-Alexa FlourTM Plus 647 (Invitrogen Cat#A32728, 

RRID:AB_2633277), goat polyclonal anti-mouse IgG (H+L)-DyLightTM 405 (Invitrogen 

Cat#35500BID, RRID:AB_2533208), goat polyclonal anti-rabbit IgG (H+L)-HRP 

(Invitrogen Cat#31460, RRID:AB_228341), goat polyclonal anti-mouse IgG (H+L)-HRP 

(Invitrogen Cat#31430, RRID:AB_228307) 
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Small compound inhibitors and reagents 
The following small compound inhibitors and reagents were used: anisomycin (Sigma-

Aldrich), bafilomycin A1 (Sigma-Aldrich), bestatin methyl ester (Abcam), bortezomib 

(Selleckchem), deoxyribonucleic acid sodium salt from herring testes (Sigma-Aldrich), 

doramapimod (Cayman), doxycycline (Thermo Fisher Scientific), EGF (Thermo Fisher 

Scientific), ISRIB (Selleckchem), JNK-IN-8 (Selleckchem), lactimidomycin (Sigma-

Aldrich), LPS-EK Ultrapure (Invivogen), MG-132 (Selleckchem), MLN4924 (MedChem 

Express), MLN7243 (ChemieTek), Nigericin sodium salt (Biomol), Pam3CSK4 

(Invivogen), PF-3644022 (Sigma-Aldrich), poly(dA:dT) (Invivogen), poly(I:C) LMW and 

HMW (Invivogen), SB202190 (Sigma-Aldrich), talabostat mesylate (MedChemExpress), 

TNF-a (Immunotools), Vx-765 (Selleckchem), Z-VAD(Ome)-FMK (MedChemExpress), 

and ZAKa inhibitor 6p (J. Yang et al., 2020), was kindly provided by IFM Therapeutics. 

 

Flow cytometry-based quantification of inflammasome assembly 
The experimental procedures to quantify the assembly of ASC-EGFP or C1C-EGFP 

specks by flow cytometry were already described in chapter 2. Similarly, 2.5∙105 (24 well-

plate)/1.25∙105 (48 well-plate) HEKNLRP1+ASC (or other derivatives of HEK 293T), or 1∙105 

(24 well-plate)/0.5-1∙105 (48 well-plate) N/TERT-1C1C-EGFP (or other derivatives of 

N/TERT-1) cells were seeded per well and cultivated overnight in the absence of 

antibiotics. For UVB stimulation experiments cells were partially seeded in 12 well-plates 

(5∙105 HEK 293T cells or 2∙105 N/TERT-1 cells per well) to increase the coverage of UVB 

irradiation. 

For drug-induced inflammasome stimulation, cells were generally treated with 15 µM 

anisomycin, 2 µM lactimidomycin, 200 ng/mL LPS followed by 10 µM nigericin, or 30 µM 

talabostat. Cells treated with the solvent DMSO only served as controls.  

For UVB-induced inflammasome stimulation, cells were irradiated in tissue culture plates 

(without lid) in a Bio-Link UVB irradiation system equipped with 5x 8 Watt T-8.M tubes 

emitting UVB at 312 nm for 3 min, followed by cultivation for 20 h.  

For nucleic acid-induced inflammasome stimulation, cells were transfected with 1 µg/mL 

poly(I:C), poly(dA:dT), or HT-DNA using Lipofectamine 2000 (Thermo Fisher Scientific). 

Medium was replaced with full medium after 6 h, and cells were cultivated for another 

14 h. Cells treated with Lipofectamine 2000 only served as controls.  
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For virus-induced inflammasome stimulation, cells were infected for 1 h in serum-free 

medium (0.2 % BSA, 20 mM HEPES in DMEM) at the indicated MOI, ranging from 1-50. 

Medium was subsequently replaced with full medium and cells were cultivated for another 

19 h. Cells treated with infection medium only served as mock controls.  

For inflammasome stimulation by transient overexpression of FLAG-tagged HRV14 3C 

protease, VHL-VHH fusions, MAP2K MKK3/4, or the catalytic domain of MAP3K TAOK2 

in HEK-based reporter cells, cells in 24-wells were transfected with 500 ng total of 

expression vectors based on pCAGGS (Hitoshi et al., 1991) (HRV14 3C and VHL-VHH 

fusions) or Gateway-compatible derivatives of pcDNA3.1 (kinases) using 

Lipofectamine 2000. Medium was replaced with full medium after 6 h and cells were 

cultivated for another 14 h. Cells treated with Lipofectamine 2000 only served as controls.  

For induction of doxycycline-inducible expression in lentivirus-generated cell lines, cells 

were cultivated in medium containing 1 µg/mL doxycycline for 6 or 20 h. For p38 

stimulation, cells were treated with 0.2/1 µg/mL LPS, 0.1/1 µg/mL Pam3CSK4, 

10/50/100 ng/mL TNF-a, or 0.01/0.1/1 µg/mL EGF for 4 or 20 h.  

In case of additional inhibitor treatments, small compound inhibitors were added 30 min 

before and during the stimulation, with the following concentrations: 100 nM 

bafilomycin A1, 20 µM bestatin methyl ester, 1 µM bortezomib, 10 µM doramapimod, 

200 nM ISRIB, 3 µM Jnk-In-8, 1 µM MG-132, 1 µM MLN4924, 1 µM MLN7243, 1 µM 

PF3644022, 20 µM SB202190, 100 µM Vx-765, 50 µM Z-VAD(Ome)-FMK or 100 nM 

(N/TERT-1 cells)/ 1 µM (HEK 293T cells) ZAKa inhibitor 6p. In the case of virus infection 

experiments, inhibitors were only added after 1 h infection, except for Bafilomycin A1 

which was added before, during, and after infection. In the case of stimulation by transient 

overexpression of FLAG-tagged VHL-VHH fusions, inhibitors were only added with the 

medium change after 6 h transfection.  

Stimulated cells were harvested and analyzed by flow cytometry as described in 

chapter 2. Where indicated, fixed and permeabilized cells were stained with anti-FLAG 

(1:300), anti-phospho-p38 (1:500), anti-dsRNA (1:500), or anti-VSV G (1:1,000) in 

Intracellular Staining Permeabilization Wash Buffer (Biolegend) combined with 

DyLightTM 405- or Alexa FlourTM Plus 647-coupled, highly cross-absorbed secondary 

antibodies (1:500). For the quantification of specks after virus infection or transient 
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transfection, only cells positive for dsRNA/VSV G, or FLAG were included in the analysis 

(with the exception of mock-infected or untreated controls). 

 

Cytokine quantification by HTRF 
To quantify IL-1b release, N/TERT-1-derived cells were seeded (105 cells in 300 µL per 

48 well-plate) and stimulated as described for flow cytometry experiments in the absence 

and presence of Vx-765. Supernatants for the quantification of IL-1b levels after inducible 

expression of VHL-VHH fusions were collected from 5∙104 cells in 200 µL per well in 96 

well-plates. Supernatants for the quantification of IL-1b levels after infection with SFV, 

SINV, and VSV were collected from 5∙104 cells in 250 µL per well in 48 well-plates. IL-1b 

was quantified as described in chapter 2. 

 

Cell death quantification by LDH release 

The same cell supernatants as for the IL-1b quantification were used to quantify cell death 

by pyroptosis. Release of lactate dehydrogenase (LDH) was quantified as described in 

chapter 2. 

 

Cell death quantification by DRAQ7 uptake 
To quantify cell death over time, the uptake of the non-cell permeable DNA dye DRAQ7 

was analyzed as described in chapter 2.  

 

Microscopy 
Microscopy samples were generated as described in chapter 2. 

 

Immunoblot 
To confirm expression or knockout of proteins in cell lines, 106 cells were lysed in 200 µL 

1x SDS-PAGE buffer (50 mM Tris pH 6.8; 0.01 % Bromophenol blue, 10 % glycerol, 2 % 

SDS, 100 mM DTT) to generate immunoblot samples. To confirm the doxycycline-

inducible reconstitution of NLRP1 in N/TERT-1C1C-EGFP DNLRP1 (m) cells, 8∙105 cells per 

well were seeded in 6 well-plates, followed by doxycycline stimulation for 6 h and lysis in 

150 µL 1x SDS-PAGE buffer the next day. The same setup was used to analyze the 

phosphorylation of p38 and MKK3 in N/TERT-1C1C-EGFP cells after 0.5 h anisomycin or 20 h 
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talabostat stimulation in the presence of ZAKa and p38 inhibitors. To analyze p38 

phosphorylation in HEK 293T and keratinocyte reporter cells after UVB and anisomycin 

stimulation, 1.5∙106 HEK cells and 6∙105 N/TERT-1 cells per well were seeded in 6 well-

plates, followed by stimulation and lysis in 500 µL 1x SDS-PAGE buffer the next day. To 

analyze the processing of caspase-1, caspase-3, PARP, and IL-1b, N/TERT-1C1C-EGFP 

cells were seeded into 10 cm dishes and grown until they were around 70 % confluent. 

The inflammasome stimulations were performed in 6 mL medium. After stimulation, the 

cells were lysed in 400 µL 1x SDS-PAGE buffer to generate lysate immunoblot samples. 

The supernatant was harvested, clarified by centrifugation, and released proteins were 

precipitated using methanol and chloroform (Jakobs et al., 2013). Precipitated protein was 

resuspended in 50 µL 2x SDS-PAGE buffer to generate supernatant immunoblot samples. 

Immunoblots were performed as described in chapter 2, except for immunoblots of MKK3 

and P-MKK3 which were detected on nitrocellulose membranes (0.45 µm, GVS). 

Membranes were probed with the following primary antibody dilutions: anti-ASC 1:1000, 

anti-caspase-1 1:1000, anti-caspase-3 1:500, anti-GAPDH 1:2000, anti-GFP 1:1000, anti-

HA-HRP 1:1000, anti-IL-1b 1:1000, anti-MKK3 1:1000, anti-P-MKK3 1:1000, anti-NLRP1 

1:1000, anti-p38 1:1000, anti-P-p38 1:1000, anti-PARP 1:500, anti-vinculin 1:1000, and 

anti-ZAK 1:1000. All primary antibodies were added in 5 % NFDM solution, except anti-

IL-1b, anti-MKK3, anti-P-MKK3, anti-p38, and anti-P-p38 which were added in TBS-T 

(TBS with 0.05 % Tween-20) containing 3 % BSA. Chemiluminescent signal was induced 

by Western Lightning Plus-ECL (Perkin Elmer), except for immunoblots of ASC, 

Caspase-1, Caspase-3, IL-1b, MKK3, P-MKK3, NLRP1, PARP and ZAKa which required 

Western Lightning Ultra-ECL (Perkin Elmer). 

 

In vitro kinase assay 
For in vitro kinase assays, 0.2 µM kinase was incubated with 7 µM substrate and 0.2 mM 

ATP containing 0.45 mCi [32P]-γ-ATP/mL (Perkin Elmer) in kinase buffer (50 mM HEPES 

pH 7.6, 34 mM KCl, 7 mM MgCl2, 2.5 mM DTT, 5 mM b-glycerol phosphate). Reactions 

were incubated for 30 min at 30 °C and 300 rpm, and stopped by addition of EDTA to a 

final concentration of 50 mM. Samples were spotted onto Amersham Protran 

nitrocellulose membrane (GE Healthcare), followed by three washing steps for 5 min each 
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with PBS. Counts per minute were determined in a Beckman Liquid Scintillation Counter 

(Beckman-Coulter) for 1 min.  

 

Identification of phosphorylation sites by mass spectrometry 
To reveal phosphorylation sites on NLRP1, HEKNLRP1+ASC cells in 15 cm dishes (3 dishes 

per IP) were stimulated with or without 15 µM anisomycin for 1 h. Cells were lysed in low 

salt lysis buffer (1 % IGEPAL CA-630, 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA) 

supplemented with HALT protease and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific). After sedimentation of nuclei and debris, lysates were supplemented with NaCl 

to reach a final concentration of 500 mM. 50 µL Pierce magnetic anti-HA beads (Thermo 

Fisher Scientific) were subsequently incubated with the lysates to immunoprecipitate 

NLRP1-HA. Beads were washed 5 times with high salt lysis buffer (1 % IGEPAL CA-630, 

50 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA), once with detergent-free wash buffer 

(50 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA), and twice with 50 mM Tris. Proteins 

were then denatured in 6 M Urea, 50 mM Tris pH 8.0 for 20 min on ice. Samples were 

reduced with 10 mM TCEP, alkylated with 40 mM chloroacetamide, and digested on 

beads with 1 µg trypsin and Lys-C (Promega) or chymotrypsin (Sigma-Aldrich) overnight. 

Peptides were desalted with SDB-RPS stage tips and resolubilized in buffer A (0.1 % 

formic acid) before loading onto 50-cm columns packed in-house with C18 1.9 μm 

ReproSil particles (Dr. Maisch GmbH), with an EASY-nLC 1200 system (Thermo Fisher 

Scientific) coupled to the Orbitrap Exploris 480 (Thermo Fisher Scientific). Temperature 

was maintained at 50 °C and peptides were eluted with a 70-min gradient starting at 5 % 

buffer B (80 % ACN, 0.1 % formic acid), followed by a stepwise increase to 30 % in 55 min, 

65 % in 5 min, 95 % in 5 min, and maintained at 95 % for 5 min, at a flow rate of 

300 nL/min. A data-dependent (TopN) acquisition MS method was used for proteome 

analysis in which one full scan (300–1650 m/z, R = 60000, ACG target 300 %) was first 

performed, followed by 10 data-dependent MS/MS scans with higher-energy collisional 

dissociation (ACG target 100 %, maximum injection time at 28 ms, isolation window 

1.4 m/z, HCD collision energy 30 %, R=15000). Dynamic exclusion of 30 s was enabled. 

Data was acquired with the Xcalibur software (Thermo Fisher Scientific) and MS raw files 

were processed with MaxQuant version 2.0.3. Fragment lists were searched against the 

human UniProt FASTA database (November 2021) with cysteine carbamidomethylation 
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as a fixed modification and N-terminal acetylation, and serine/threonine/tyrosine 

phosphorylation and methionine oxidations as variable modifications. False-discovery rate 

was set to less than 1 % at the peptide and protein levels and a minimum ratio count of 1 

was required for valid quantification events using MaxQuant’s LFQ algorithm (MaxLFQ). 

All bioinformatics analyses were done with Perseus (version 1.6.15.0). Data were filtered 

for common contaminants and hits to the reverse data database. For phosphosite 

analysis, the localization probability cutoff was set to 0.75. 

 

Statistical analyses 
Statistical analyses were performed as described in chapter 2. 
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4. Simian rotavirus activates the human NLRP1 inflammasome by 
NSP1-induced degradation 

 
4.1 Introduction 
 

In this chapter, I will use the HEK 293T NLRP1 reporter cells to identify rotaviruses as 

another group of viruses that activate NLRP1 inflammasomes with a novel mechanism. 

Rotaviruses (RV) belong to the family of Reoviridae and form triple-layered virions with a 

viral genome consisting of 11 dsRNA segments. Rotaviruses cause acute and often 

severe gastroenteritis, leading to life-threatening diseases in children younger than five 

years. These viruses are transmitted by the fecal-oral route and other mammals, including 

livestock, cats, dogs, and rodents, can be infected as well. Rotaviruses are classified into 

species (currently RVA-RVJ) based on the antigenicity of the middle layer protein VP6. 

Out of these species, RVA is responsible for most human infections (Caddy et al., 2021; 

Desselberger, 2014; Omatola & Olaniran, 2022; Sadiq et al., 2018). Furthermore, the 

genotypes of all 11 segments are defined based on distinct sequence identity cutoffs and 

by now specified for established and newly discovered virus strains (Matthijnssens, 

Ciarlet, Heiman, et al., 2008; Matthijnssens, Ciarlet, Rahman, et al., 2008).  

Triple-layered rotavirus particles (TLPs) infect enterocytes at the top of small intestine villi 

and enteroendocrine cells. The outer layer contains trimers of VP7 and the spike protein 

VP4. VP4 is processed by trypsin-like proteases in the intestine into VP5 and VP8. 

Rotaviruses bind sialoglycans or histo-blood antigens to enter host cells by endocytosis. 

Low Ca2+ levels induce the removal of the outer layer and the release of double-layered 

particles (DLPs) into the cytosol. In addition to the genome segments, the inner VP2 layer 

contains the viral RNA-polymerase VP1 and the capping enzyme VP3. These two proteins 

form transcription complexes inside the DLPs that release capped mRNA through 

channels in the particles. Released mRNAs are translated by the host machinery and 

serve as templates for new genome segments later during infection (Arias & López, 2021; 

Desselberger, 2014; Omatola & Olaniran, 2022). Production of viral protein and RNA 

leads to the formation of protein-RNA condensates, the so-called viroplasm, in which 

replication of viral RNA and packaging of new DLPs takes place. Importantly, new dsRNA 

genomes are only synthesized in intermediate capsid assemblies (Geiger et al., 2021; 

Papa et al., 2021). Newly formed DLPs are transiently enveloped in the ER, enabling the 
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formation of VP4- and VP7-containing TLPs. The envelope is lost after TLP formation and 

the new virions are released by cell lysis or non-classical transport mechanisms (Caddy 

et al., 2021).  

Rotaviruses antagonize host immune responses with the help of the non-structural protein 

NSP1. NSP1 has the highest sequence variability of all rotavirus proteins and is classified 

into at least 15 genotypes (A1-A15) based on a 79 % sequence identity cutoff (M. M. 

Arnold & Patton, 2011; Matthijnssens, Ciarlet, Heiman, et al., 2008; Matthijnssens et al., 

2011). NSP1 induces the degradation of interferon regulatory factor (IRF) 3/5/7 or NF-kB 

regulator b-transducin repeats-containing protein (b-TrCP), thereby inhibiting expression 

of IFN or NF-kB -induced genes in infected cells (M. M. Arnold & Patton, 2011; Barro & 

Patton, 2007; Graff et al., 2009). b-TrCP is an F-box protein serving as a substrate 

receptor for CRL1 complexes and mediates the degradation of NF-kB inhibitor IkB after 

its phosphorylation by IkB kinases (Bulatov & Ciulli, 2015; Graff et al., 2009). NSP1 

exhibits an N-terminal zinc-binding domain that is similar to the RING domain of E3 

ligases, although a potential ubiquitin ligase activity of NSP1 has not been demonstrated 

so far (M. M. Arnold, 2016; Graff et al., 2007, 2009). Instead, NSP1 proteins seem to 

recruit CRL1/2/3 complexes to induce degradation of target proteins which are bound with 

the C-terminal target-binding domain (M. M. Arnold, 2016; S. Ding et al., 2016; Lutz et al., 

2016). In the case of b-TrCP, NSP1 seems to mimic the phospho-degron of IkB to recruit 

the NF-kB regulator (K. A. Davis et al., 2017). 

 
4.2 Results 
 

Contributions 

The experiments to quantify ASC speck formation in Fig. 4.1 C/D were performed by 

rotation student Laura Klein under my supervision. Part of the rotavirus SA11-4F stocks, 

as well as Alexa FlourTM 647-coupled anti-VP6 nanobodies, were generated by Florian 

Gohr. Both were members of the Institute of Innate Immunity (Florian Schmidt Lab) in 

Bonn when the experiments were performed. The recombinant rotavirus SA11-4F strains 

were generated by Lee Sherry, then member of the Department of Biochemistry (Alex 

Borodavka lab) in Cambridge. All other experiments and further analyses of the provided 

data were performed by myself.  
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4.2.1 Simian rotaviruses activate NLRP1 inflammasomes in a p38-independent 
manner 
 

In the course of my experiments to analyze alphavirus-induced NLRP1 activation, I also 

screened other relevant viruses for potential NLRP1 inflammasome activation. One of the 

candidates was the simian RVA strain SA11-4F. As rotaviruses encode a segmented 

dsRNA-genome, accumulation of these segments in the cytosol might stimulate NLRP1, 

even though the genome is mostly concealed in viral particles (Papa et al., 2021). 

Accordingly, staining of infected cells with dsRNA antibodies yielded no signal beyond the 

background. Therefore, infection was quantified by staining VP6 proteins, which coat virus 

DLPs in the cell, using a fluorescently labeled nanobody (Garaicoechea et al., 2008). I 

was able to infect HEK 293T inflammasome reporter cells with RVA SA11-4F, but not 

N/TERT-1 cells (Fig. 4.1 A). Adequate infection levels in HEKNLRP1+ASC and HEKNLRP3+ASC 

cells also required MOIs up to 100, based on titration of virus stocks on MA-104 cells 

which are commonly used to produce and titer rotavirus stocks (Fig. 4.1 B). Interestingly, 

I observed a strong inflammasome response in infected HEKNLRP1+ASC cells with nearly 

80 % of infected cells forming ASC specks 20 h post-infection. This response rate was 

therefore as high as after transient expression of VHL-VHHPYD constructs, which was the 

strongest NLRP1 stimulus in HEKNLRP1+ASC cells observed so far (see chapter 2). 

Moreover, ASC speck formation was unchanged in the presence of p38a/b inhibitor 

SB202190 (SB), indicating a different mode of NLRP1 activation by rotaviruses compared 

to infection with alphaviruses.  

 

To further define the cellular activities required for NLRP1 activation after rotavirus 

infection, I quantified inflammasome responses in HEKNLRP1+ASC cells in the presence of 

p38 inhibitors SB202190 and doramapimod (Dora), neddylation inhibitor MLN4924 

(MLN4) and JNK kinases inhibitor (Jnk), which all inhibited NLRP1 activation by the RSR 

and alphaviruses to some extend (see chapter 3). As RVA SA11-4F induced a robust 

inflammasome formation already 6 h post-infection, I could analyze the role of 

proteasomal degradation using the more toxic E1 enzyme inhibitor MLN7243 (MLN7), as 

well as proteasome inhibitors MG-132 and bortezomib (Borte) (Fig. 4.1 C). NLRP1 

activation by rotavirus infection was consistently shut down by all inhibitors of the ubiquitin-
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proteasome pathway, whereas inhibition of p38 and JNK kinases had no influence 

(Fig. 4.1 C,D). In the previous chapter, I described HEKASC cells expressing NLRP1 
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mutants that cannot be phosphorylated by p38 in SP/TP motifs of the linker region (NLRP1 

SP-AP TP-AP [PYD + linker] and NLRP1 SA TA [linker]), as well as NLRP1 mutants that 

cannot be ubiquitinated at lysines in the PYD (NLRP1 KR [PYD]) or the linker region 

(NLRP1 KR [linker]). RVA SA11-4F-infected HEKASC cells expressing NLRP1 SP-AP 

TP-AP [PYD + linker] and NLRP1 SA TA [linker] responded similarly to HEKASC cells 

expressing wild type NLRP1, confirming that phosphorylation by p38 is not necessary for 

inflammasome assembly (Fig. 4.1 E). In line with the proteasomal degradation inhibitor 

experiments, HEKASC cells expressing NLRP1 KR [PYD], but not NLRP1 KR [linker], 

showed reduced inflammasome assembly after rotavirus infection, even though NLRP1 

activation was not completely blocked. As a control, expression of the NLRP1 D1401R 

mutant, which cannot oligomerize NLRP1CARD, fully abrogated the response. Overall, the 

NLRP1 activation by RVA SA11-4F resembled either activation by DPP8/9 inhibitor 

talabostat or by VHL-VHHPYD-mediated degradation, which were also independent of p38 

phosphorylation but required ubiquitination of NLRP1PYD in the HEK cell system. If 

rotavirus infection releases DPP9-sequestered NLRP1UPA-CARD similarly to talabostat, the 

virus should also be able to activate murine Nlrp1b alleles expressed in the HEKASC 

system. I have already shown that murine Nlrp1b alleles 1,2, and 5 assembled 

inflammasomes in HEKASC cells after talabostat treatment (Fig. 4.1 F). When infected with 

RVA SA11-4F, HEKASC cells expressing murine Nlrp1b allele 1,2, and 5 showed no 

increased ASC speck formation compared to mock-infected cells. This shows that murine 

Figure 4.1: Simian rotavirus SA11-4F activates human NLRP1 in a p38-
independent manner. (A) Schematic overview of the experimental setup. 
HEKNLRP1+ASC and HEKNLRP3+ASC cells were infected with rotavirus species A (RVA) 
SA11-4F at MOI 10-100 for 1 h. Cells were further incubated for 5 or 19 h, where 
indicated in the presence of 20 µM SB, 1 µM MLN4, 1 µM MLN7, 1 µM Borte, 1 µM 
MG-132, 10 µM Dora, 3 µM Jnk, or DMSO. Infection was confirmed by staining of RVA 
VP6 protein. Quantification of specks was limited to infected cells, with exception of 
uninfected controls. (B-D) Infection and ASC speck formation in HEKNLRP1+ASC and 
HEKNLRP3+ASC cells were quantified by flow cytometry, as described in Fig. 2.1. (E,F) 
Infection and ASC speck formation in HEKASC cells expressing human NLRP1, human 
NLRP1 mutants, or murine NLRP1b alleles, as described in Fig. 3.12, were quantified 
by flow cytometry. Cell stimulated with 30 µM Tal served as controls. Values shown for 
Tal are the same as in Fig. 3.12 C,F. The values for wild type NLRP1 in (E) are the 
same as in (F) as the experiments were performed in parallel. Data represents average 
values (with individual data points) from two (Dora in C) or three independent 
experiments ± 95 % CI, p-values were calculated using unpaired t-test.  
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Nlrp1b is not activated by rotaviruses, indicating that the mechanism of activation is 

different from talabostat-mediated release of DPP9-sequestered NLRP1UPA-CARD, but 

rather requires properties that are specific for human NLRP1.  

 

Next, I infected HEK 293T inflammasome reporter cells with RVA RRV, another simian 

RVA strain obtained from Sarah Londrigan (University of Melbourne). In a preliminary 

experiment, HEKNLRP1+ASC cells were similarly infected by RVA SA11-4F and RVA RRV 

(Fig. 4.2 A). Likewise, both viruses induced strong ASC speck assembly in more than 

70 % of the infected cells (Fig. 4.2 B). To further characterize the NLRP1 response after 

 
 
Figure 4.2: Rhesus rotavirus RRV activates NLRP1 in a p38-independent manner. 
HEKNLRP1+ASC cells were infected with RVA SA11-4F or RVA RRV at MOI 100 for 1 h. 
Cells were further incubated for 19 h. (A) Infection was confirmed by staining of RVA 
VP6 protein and quantified by flow cytometry. (B) ASC speck formation was quantified 
by flow cytometry, as shown in the dot plots. Quantification of specks was limited to 
infected cells, with exception of uninfected controls. (C) HEKNLRP1+ASC and 
HEKNLRP3+ASC cells were infected with RVA SA11-4F at MOI 10 or RVA RRV at MOI 6 
for 1 h, where indicated in the presence of 1 µM MLN4, 10 µM Dora, or DMSO. Cells 
were further incubated for 19 h. Infection and ASC speck formation were quantified by 
flow cytometry. Quantification of specks was limited to infected cells, with exception of 
uninfected controls. Data represents values from one experiment 
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RVA RRV infection, I needed to amplify this rotavirus strain to perform more experiments. 

Unfortunately, I only achieved RVA RRV stocks with a low titer in preliminary attempts, 

allowing a maximal MOI of 6 in the HEK reporter cells. This new stock infected around 

20 % of HEKNLRP1+ASC and HEKNLRP3+ASC cells, while infection rates with RVA SA11-4F, 

using only a slightly higher MOI, were three times higher (Fig. 4.2 C). The poor quality of 

the RVA RRV stock probably interfered with successful infection and replication of the 

virus in the HEK reporter cells. Nevertheless, I still observed a clearly detectable formation 

of ASC specks in HEKNLRP1+ASC cells, but not HEKNLRP3+ASC cells, after infection with RVA 

RRV, confirming that the response is NLRP1-specific. The neddylation inhibitor MLN4924, 

but not p38 inhibitor doramapimod, blocked RVA RRV-induced inflammasome activation, 

indicating that RVA RRV stimulates NLRP1 in a similar manner to RVA SA11-4F. The 

RVA RRV-induced inflammasome response was weak compared to the experiment using 

the original stock, suggesting that successful infection and virus replication are necessary 

for NLRP1 activation by rotaviruses.  

 

In summary, I show that two simian RVA strains activate human NLRP1 in a p38-

independent manner. Instead, activation by RVA SA11-4F requires ubiquitination of 

NLRP1PYD and proteasomal degradation, and it is specific for human NLRP1. Since 

human and mouse sensors mostly differ at the N-terminus, and rotavirus-induced 

activation of NLRP1 resembles that of VHL-VHHPYD, it is tempting to speculate that 

rotavirus infection is specifically recognized by the N-terminus of human NLRP1, followed 

by subsequent degradation and inflammasome activation. 

 

4.2.2 Rotavirus SA11-4F NSP1 is necessary and sufficient to activate NLRP1 
inflammasomes 
 

Since NLRP1 activation by rotaviruses resembled activation by VHL-VHHPYD-mediated 

targeted ubiquitination, I wondered how the virus could induce the N-terminal degradation 

of the inflammasome sensor. I was especially intrigued by RVA non-structural protein 

NSP1, a known interferon antagonist that mediates the degradation of interferon pathway-

relevant molecules like IRF3 (Barro & Patton, 2007), and the NF-kB regulator b-TrCP 

(Graff et al., 2009). More importantly, NSP1 was reported to act as a substrate adaptor 

for CRLs (S. Ding et al., 2016; Lutz et al., 2016) and NLRP1 activation by rotaviruses was 
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sensitive to inhibitors of neddylation, suggesting that CRLs are critical for inflammasome 

assembly. Therefore, I speculated that RVA NSP1 might bind NLRP1, thereby causing its 

degradation and activation. To test this, I generated expression vectors for FLAG-tagged 

RVA NSP1 and transiently transfected these constructs in HEKNLRP1+ASC and 

HEKNLRP3+ASC reporter cells (Fig. 4.3 A). I decided to test NSP1 proteins from SA11-4F 

and RRV, as well as from RVA strains that represent the different NSP1 genotypes, as 

NSP1 exhibits the highest sequence variability amongst all rotavirus proteins (M. M. 

Arnold & Patton, 2011)(Fig. 4.3 B). I also included NSP1 from RVA SA11-5S which 

represents a truncated form of RVA SA11-4F NSP1, lacking 17 amino acids at the C-

terminal target-binding domain, and which is no longer able to induce degradation of IRF3 

(M. M. Arnold & Patton, 2011; Barro & Patton, 2007). As positive controls, I transiently 

transfected plasmids encoding FLAG-tagged HRV14 3C protease, which activates 

NLRP1 by N-terminal cleavage, as well as the catalytic domain of TAOK2 (TAOK2 CD), 

which activates the inflammasome by stimulating p38, as established in chapter 3. 

All RVA NSP1 proteins were expressed in varying levels in the HEK 293T inflammasome 

reporter cells (Fig. 4.3 C,D). Expression of RVA SA11-4F and RVA SA11-5S NSP1 was 

indeed sufficient to induce inflammasome assembly in HEKNLRP1+ASC cells, but not 

HEKNLRP3+ASC cells. Thus, NLRP1 activation by RVA SA11-4F might be solely dependent 

on the expression of the viral host antagonist NSP1. Activation by the truncated form of 

NSP1 was only slightly diminished compared to the full-length form, suggesting that the 

deletion of 17 amino acids is not sufficient to interfere with NPS1-mediated NLRP1 

stimulation. None of the other tested RVA NSP1 proteins induced NLRP1 inflammasome 

assembly, including RVA RRV NSP1. Either the rhesus rotavirus NSP1 requires additional 

factors only present during infection, or it activates NLRP1 in an NSP1-independent 

manner. As the modes of NLRP1 activation were very similar for the two simian 

rotaviruses, the first hypothesis is more likely, but further experiments have to be 

performed to decipher NLRP1 activation by RVA RRV.  

Around 60 % of all cells expressing RVA SA11-4F NSP1 responded with inflammasome 

formation, similar to cells overexpressing HRV14 3C. The difference in activation levels 

between RVA SA11-4F infection and NSP1 expression might be due to higher abundance 

of viral proteins or the presence of supporting factors during infection. In line with the prior 

infection experiments and the fact that NSP1 acts as a substrate receptor for CRLs, RVA 
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SA11 NSP1-induced ASC speck assembly was blocked in the presence of neddylation 

inhibitor MLN4924, but not p38 inhibitor doramapimod (Fig. 4.3 E). In contrast, TAOK2 

CD-induced activation was completely abolished in the presence of both inhibitors, as 

shown before.  

To confirm the functionality of the transiently expressed NSP1 proteins, I analyzed the 

reported degradation of IRF3 and b-TrCP using immunoblots (Fig. 4.3 F). As a control, 

cells were treated with MLN4924 to block NSP1-mediated degradation of host proteins. 
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Unfortunately, I could not detect reproducible CRL-dependent degradation of either IRF3 

or b-TrCP. b-TrCP levels were strongly increased in all cells treated with the neddylation 

inhibitor, highlighting its constant turnover as CRL substrate receptor during cell 

homeostasis. Considering that maximal 40 % of the cells successfully expressed NSP1, 

immunoblot analyses were probably not sensitive enough to detect differences in protein 

levels. Since I could not confirm NSP1-mediated degradation, I cannot exclude that some 

of the tested NSP1 proteins are not functional during transient overexpression. Similarly 

to b-TrCP, the levels of N-terminal fragments of NLRP1 were slightly increased in all cells 

treated with the neddylation inhibitor, indicating constant degradation of the 

 
 

Figure 4.3: Expression of simian rotavirus SA11-4F NSP1 protein is sufficient for 
NLRP1 activation. (A) Schematic overview of the experimental setup. HEKNLRP1+ASC 
and HEKNLRP3+ASC cells were transiently transfected with expression vectors for FLAG-
tagged RVA NSP1 proteins for 6 h, where indicated in the presence of 1 µM MLN4, 
10 µM Dora, or DMSO. Transfection of FLAG-tagged HRV14 3C protease and TAOK2, 
as well as Lipofectamine (LF) only treated cells served as controls. Cells were further 
incubated for 14 h. (B) Average Distance Tree for all tested RVA NSP1 proteins with 
genotype classification according to (Matthijnssens, Ciarlet, Heiman, et al., 2008). (C-
E) FLAG-tagged NSP1, HRV14 3C, and TAOK2 expression and ASC speck formation 
were quantified by flow cytometry, as described in Fig. 2.1. Quantification of specks 
was limited to FLAG-positive cells, except for untransfected controls. (F) Lysates of 
HEKNLRP1+ASC cells were analyzed by immunoblot with the indicated antibodies to 
confirm IRF3 and b-TrCP degradation. Data represents average values (with individual 
data points) from three independent experiments ± 95 % CI. Immunoblot in (F) displays 
experiment representatives of two independent experiments.  
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inflammasome sensor by CRLs even in unstimulated cells. The immunoblot confirmed the 

cleavage of NLRP1 by HRV14 3C protease, but the protease- as well as RVA SA11 NSP1-

induced NLRP1 degradation was not obvious.  

 

I hypothesized that RVA SA11-4F NSP1 may bind directly to NLRP1, acting as a substrate 

receptor for CRLs, and leading to inflammasome activation by ubiquitination and N-

terminal degradation of the sensor. To test whether the viral NSP1 protein and NLRP1 

interact, I performed co-immunoprecipitation analyses using HEKNLRP1+ASC and 

 
 
Figure 4.4: Rotavirus NSP1 proteins interact with NLRP1. (A) HEKNLRP1+ASC and 
HEKNLRP3+ASC cells were transiently transfected with expression vectors for FLAG-
tagged RVA NSP1 proteins for 6 h, all in the presence of 1 µM MLN4 to prevent NLRP1 
degradation. Transfection of FLAG-tagged HRV14 3C protease and TAOK2, as well as 
Lipofectamine (LF) only treated cells served as controls. Cells were further incubated 
for 14 h. HA-tagged NLRP1 and NLRP3 in cell lysates were immunoprecipitated and 
both lysates and IP fractions were analyzed by immunoblot with the indicated 
antibodies. Immunoblots display experiment representatives of two independent 
experiments.  
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HEKNLRP3+ASC cells transiently overexpressing a set of FLAG-tagged RVA NSP1 proteins, 

as described before (Fig. 4.4). The experiments were performed in the presence of 

MLN4924 to prevent the potential NSP1-mediated NLRP1 degradation. Unexpectedly, 

immunoprecipitation of HA-tagged NLRP1 from HEKNLRP1+ASC cell lysates led to co-

immunoprecipitation of most RVA NSP1 forms, including RVA SA11 and RVA RRV. There 

were also weak bands for some NSP1 proteins, including RVA SA11, after 

immunoprecipitation of HA-tagged NLRP3 from HEKNLRP3+ASC cell lysates. Importantly, 

and as expected, TAOK2 did not interact with NLRP1 in these co-immunoprecipitation 

experiments. Thus, NSP1 proteins from a variety of RVA strains can interact with human 

NLRP1. However, expression of RVA SA11 NSP1 alone was sufficient for NLRP1 

inflammasome activation in the HEK 293T reporter cells. If my hypothesis about additional 

necessary factors only present during viral infection holds true, it is tempting to speculate 

that more rotavirus strains can activate NLRP1 in the context of infection.  

 

I could show that expression of RVA SA11-4F NSP1 in HEKNLRP1+ASC cells is sufficient for 

inflammasome assembly. In a reciprocal approach, I wanted to test whether NSP1 is 

necessary for NLRP1 activation during RVA SA11-4F infection. I tested recombinant RVA 

SA11-4F viruses, encoding C-terminally truncated forms of NSP1 (NSP1 D42 and 

NSP1 D103). Importantly, these truncations were larger than the one from RVA SA11-5S, 

which still induced NLRP1 activation in the previous experiments. In addition, I tested 

recombinant RVA SA11-4F viruses, encoding NSP1 proteins from different RVA strains 

(NSP1 RF and NSP1 DS-1) whose expression alone did not activate NLRP1 in transient 

overexpression assays (Fig. 4.5 A). All recombinant RVA SA11-4F viruses successfully 

infected HEKNLRP1+ASC reporter cells (Fig. 4.5 B). This is in line with reports that NSP1 is 

not essential for virus replication in vitro but influences in vivo infections, as shown in 

murine rotavirus infection models (G. Hou et al., 2021). Analysis of ASC speck formation 

in infected cells revealed that only cells infected with rotavirus encoding wild type NSP1 

induced a strong inflammasome response, whereas all recombinant viruses failed to 

stimulate the inflammasome (Fig. 4.5 C). Thus, RVA SA11-4F NSP1 is necessary and 

sufficient to activate the human NLRP1 inflammasome in HEK 293T reporter cells. The 

abolished activation by viruses expressing NSP1 D42 truncations suggests that the C-
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terminal target binding domain is important to bind NLRP1, but this has to be validated in 

further co-immunoprecipitation experiments.  

 

Together, these data show that the RVA SA11-4F host antagonist NSP1 is necessary and 

sufficient to activate the human NLRP1 inflammasome. The viral protein binds NLRP1, 

probably leading to the recruitment of CRL complexes and subsequent degradation of the 

sensor. RVA RRV infection, but not RVA RRV NSP1 expression, induced NLRP1 

inflammasome assembly, raising the question whether this activation is still NSP1-

dependent. The next experiments should focus on possible additional factors that are only 

present during infection and that are necessary for RVA RRV NSP1-induced NLRP1 

activation. 

 
 
 
 
 

 
 
Figure 4.5: Expression of simian rotavirus SA11-4F NSP1 is necessary for NLRP1 
activation. (A) HEKNLRP1+ASC cells were infected with RVA SA11-4F or recombinant 
virus, encoding truncated forms of NSP1 or NSP1 from different RVA strains, for 1 h. 
Cells were further incubated for 19 h. (B) Infection was confirmed by staining of RVA 
VP6 protein and quantified by flow cytometry. (C) ASC speck formation was quantified 
by flow cytometry, as shown in the dot plots. Quantification of specks was limited to 
infected cells, with exception of uninfected controls. Data represents values from one 
experiment 
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4.3 Discussion 
 

Rotavirus SA11-4F NSP1 is necessary and sufficient to activate the NLRP1 
inflammasome 
As rotavirus genomes are composed of 11 dsRNA segments and as dsRNA is a described 

NLRP1 stimulus, I tested the simian RVA strain SA11-4F for potential NLRP1 

inflammasome activation. The virus indeed stimulated NLRP1 in the HEK 293T reporter 

cells and the response was much stronger than after alphavirus infection. In contrast to 

alphavirus-mediated NLRP1 activation, inflammasome formation was also independent of 

p38 MAPK activity. As the viral dsRNA genome is permanently concealed inside viral 

particles (Papa et al., 2021), it is consistent that NLRP1 is not activated in a dsRNA-

dependent manner, as discussed for alphaviruses. It was reported that RVA SA11 and 

RRV induce p38 activation in Caco-2 and MA-104 cells, but not in murine macrophages, 

suggesting that rotavirus-induced p38 activation is cell type-specific (Di Fiore et al., 2015; 

Holloway & Coulson, 2006). Even if p38 is activated in infected HEK 293T reporter cells, 

p38-mediated phosphorylation of the N-terminal linker was not required for inflammasome 

formation, as shown for the reporter cells expressing p38 motif mutants of NLRP1. 

Instead, I showed that the transient expression of RVA SA11-4F nonstructural protein 

NSP1 is sufficient to activate NLRP1 inflammasomes and that expression of full-length 

NSP1 is necessary for RVA SA11-4F-induced NLRP1 activation. I thus speculate that the 

simian RVA NSP1 protein binds NLRP1 at the N-terminus, recruiting CRL complexes, and 

thereby inducing N-terminal degradation and inflammasome activation. Although I 

confirmed the interaction of full-length NLRP1 and RVA SA11-4F NSP1 in co-

immunoprecipitation experiments, it still has to be proven that NSP1 binds the sensor at 

the N-terminus. Additional co-immunoprecipitation experiments in HEK 293T cells 

expressing truncated forms of NLRP1 or NSP1 would help to identify the interacting 

domains of both proteins. The fact that recombinant RVA SA11-4F expressing NSP1 D42 

truncations cannot activate NLRP1 inflammasomes already suggests that the C-terminal 

target-binding domain is important to bind NLRP1. It would be relevant to show that 

transiently expressed NSP1 D42 is inactive as well, as the 17 amino acid truncation of 

SA11-5S NSP1 was still able to stimulate the inflammasome sensor. Different 

observations suggest that rotavirus NSP1 binds NLRP1 at the N-terminus: First, murine 
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Nlrp1b, which differs mostly at the N-terminus, is not activated by RVA SA11-4F infection. 

Second, NLRP1 KR [PYD] mutants show diminished activation in the HEK 293T system, 

indicating that NLRP1PYD is ubiquitinated during rotavirus infection. Third, the response 

rates after infection with RVA SA11-4F in HEKNLRP1+ASC cells are as high as after 

overexpression of VHL-VHHPYD constructs which also cause ubiquitination of NLRP1PYD 

and N-terminal degradation. Detection of NLRP1 in immunoblots after transient 

expression of NSP1 showed no clear degradation of the N-terminal sensor fragment but 

this was also the case for cells expressing HRV14 3C proteases which cause N-degron 

pathway-mediated NLRP1 degradation. Since only a fraction of the cells was successfully 

transfected and small amounts of NLRP1UPA-CARD are already sufficient for inflammasome 

formation (Hollingsworth, Sharif, et al., 2021; Sandstrom et al., 2019), this method is 

probably not sensitive enough to detect the loss of the N-terminal fragment. Nevertheless, 

both RVA SA11-4F infection and NSP1 expression required functional CRL complexes 

and proteasomal degradation to induce NLRP1 activation, suggesting that the sensor is 

finally degraded in a cullin-dependent manner. This is in line with the reported recruitment 

of CRL 1/2/3 complexes by NSP1. Knockdown experiments suggest that rotavirus NSP1 

proteins recruit no specific CRL to degrade host proteins (S. Ding et al., 2016; Lutz et al., 

2016), but further analyses will be necessary to identify the involved factors. As already 

discussed in chapters 2 and 3, mass spectrometry would be the method of choice to 

analyze and confirm NSP1-mediated ubiquitination of NLRP1 (Akimov et al., 2018).  

 

To my knowledge, this is the first report of rotavirus NSP1-mediated activation of human 

NLRP1 inflammasomes. There are reports about activation of Nlrp6 and Nlrp9b 

inflammasomes in murine rotavirus infection models and both sensors are described to 

detect the viral dsRNA (Shen et al., 2021; Zhu et al., 2017). However, this was not 

confirmed for humans and we and others observed no NLRP9-mediated inflammasome 

formation in HEK cells, questioning the function of human NLRP9 as an inflammasome 

sensor (Marleaux et al., 2020, unpublished observations). The NSP1 protein of RVA 

SA11-4F was reported to degrade IRF3/5/7 (M. M. Arnold & Patton, 2011), RNaseL (Dai 

et al., 2022), and p53 to delay host apoptosis (Bhowmick et al., 2013), indicating a broad 

range of antagonistic functions. It is tempting to speculate that some rotavirus NSP1 

proteins actually target PYD-containing inflammasome sensors like NLRP3 or NLRP6 to 
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interfere with inflammasome formation and that NLRP1 counteracts this by functional 

degradation. Indeed, the concept of NLRP1 as a decoy sensor for PYD-modifying 

pathogens was proposed before (Chavarría-Smith et al., 2016). The rotavirus protein 

NSP4 acts as an enterotoxin/viroporin, causing increased intracellular Ca2+ levels, which 

is important for the generation of new viral particles (Chang-Graham et al., 2019; 

Desselberger, 2014). As alterations of intracellular ion levels are associated with NLRP3 

activation (Kelley et al., 2019), it would be conclusive if rotaviruses induce and antagonize 

such an inflammasome response. To test this, one could analyze whether HEKNLRP3+ASC 

cells show impaired NLRP3 activation after transient expression of rotavirus NSP1 

proteins. I observed weak interaction of RVA SA11-4F NSP1 with NLRP3 in co-

immunoprecipitation experiments and it would be interesting to test other PYD-containing 

inflammasome sensors. Of particular interest would be NLRP6 as an abundantly 

expressed sensor in intestinal cells, which are the main target of rotavirus infection 

(Venuprasad & Theiss, 2021). Regardless of whether NLRP1 acts as a decoy sensor or 

not, RVA SA11-4F NSP1 represents the first pathogenic protein that induces targeted 

degradation of human NLRP1. It was shown that the IpaH7.8 E3 ligase of Shigella flexneri 

degrades and activates murine Nlrp1b, but this was not the case for human NLRP1 

(Sandstrom et al., 2019).  

 

Rotavirus RRV infection but not NSP1 expression activates NLRP1 inflammasomes 
I observed NLRP1 inflammasome activation after RVA RRV infection. Similar to RVA 

SA11-4F infection, the response rates were high and activation was dependent on 

neddylation, but not p38 activity. However, in contrast to RVA SA11-4F, transient 

expression of RVA RRV NSP1 was not sufficient to stimulate NLRP1. As the modes of 

NLRP1 activation were so similar for the two simian rotaviruses, I speculate that RVA RRV 

NSP1 requires additional factors that are only present during infection to activate the 

inflammasome sensor. On the other hand, I have no proof that the individual NSP1 

proteins are functional after transient expression in the HEK 293T cells, leaving the 

additional possibility that RVA RRV NSP1 was just not functional. It was reported that 

Halo-tagged NSP1 proteins show impaired degradation of host proteins in a comparable 

HEK cell system (Lutz et al., 2016). As I used FLAG-tagged NSP1 proteins, it would be 

important to confirm their functionality. According to different reports, I should be able to 
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observe IRF3 degradation by NSP1 of RVA SA11, RVA ETD, RVA RRV, RVA UK, RVA 

NCDV, and RVA Wi61, as well as b-TrCP degradation by NSP1 of RVA UK, RVA NCDV, 

RVA Wi61, RVA DS-1, RVA Wa, RVA ST3, and RVA KU, even though some of the reports 

are inconsistent (M. M. Arnold & Patton, 2011; Barro & Patton, 2007; K. A. Davis et al., 

2017; Di Fiore et al., 2015; S. Ding et al., 2016; Graff et al., 2009). As RVA RF NSP1 is of 

the same genotype as RVA UK and RVA NCDV, similar degradation patterns can be 

expected (Matthijnssens, Ciarlet, Heiman, et al., 2008). As already mentioned, the fraction 

of successfully transfected cells was less than 50 % in my assays, impeding the detection 

of host protein degradation in whole-cell lysate analyses like immunoblots. Many analyses 

of NSP1-mediated host protein degradation were performed in HEK cells which 

additionally overexpressed the relevant targets (M. M. Arnold & Patton, 2011; Barro & 

Patton, 2007; Graff et al., 2009), which might help to detect the loss of protein. It would be 

best to detect the relevant proteins on a single-cell level using flow cytometry, allowing the 

comparison of IRF3 or b-TrCP levels in cells that express and do not express the viral 

NSP1 proteins.  

It would be interesting to test a recombinant RVA RRV virus that lacks a functional NSP1 

protein. If this virus still induces NLRP1 inflammasome formation, the mode of activation 

would be different from RVA SA11-4F. Other viral proteins could potentially be involved in 

inflammasome activation. It was for example reported that RVA RRV VP3, but not NSP1, 

leads to the degradation of MAVS. VP3 was described to induce the phosphorylation of 

MAVS, thereby causing its degradation (S. Ding et al., 2018). However, this degradation 

was insensitive to neddylation inhibitors, which contradicts my observations of RVA RRV-

mediated NLRP1 activation. On the other hand, VP3 could initiate p38-independent 

phosphorylation of NLRP1, but the identified phosphorylation motif is not present in the 

inflammasome sensor. The rotavirus protein NSP3 enhances the translation of viral 

mRNAs by interacting with host translation initiation factors to overcome limitations 

caused by the missing polyA-tail (Gratia et al., 2015). NLRP1 could be activated by 

interference with ribosomal function similar to alphaviruses, but the inflammasome 

response would then be p38-dependent. Moreover, there is no report of direct inhibition 

of host translation by rotaviruses, instead the virus rather relies on a high abundance of 

viral mRNA to promote viral translation (Gratia et al., 2015). If a recombinant RVA RRV 

virus that lacks a functional NSP1 failed to induce NLRP1 activation, this would prove that 
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the inflammasome response is still NSP1-dependent. To confirm that RVA RRV NSP1 

requires additional factors only present during infection to activate NLRP1, one could 

generate a recombinant RVA SA11-4F rotavirus that expresses the NSP1 protein of RVA 

RRV.  

The NSP1 proteins of RVA SA11-4F and RVA RRV show only 57 % sequence similarity 

and are therefore classified into different genotypes. NSP1 proteins exhibit the highest 

sequence variability of all rotavirus proteins and the differences are mostly found in the C-

terminus which defines the binding of potential host targets. However, NSP1 proteins of 

viruses that infect the same species are usually more similar because the viruses evolved 

to antagonize the same host proteins (M. M. Arnold, 2016; M. M. Arnold & Patton, 2011; 

Dunn et al., 1994). Thus, it would be plausible if the two simian rotavirus NSP1 proteins 

target the same inflammasome sensor. In contrast, only RVA SA11 NSP1 but not RVA 

RRV NSP1 was shown to degrade RNaseL (Dai et al., 2022).  

 
Is there a physiological relevance for rotavirus-mediated NLRP1 activation? 
So far, I have shown that two simian rotavirus strains activate the human NLRP1 

inflammasome in a reconstituted HEK 293T cell model. This raises two important 

questions:  

1) Do human rotavirus strains activate NLRP1? I could show that none of the transiently 

expressed human rotavirus NSP1 proteins activates NLRP1. Nevertheless, the same 

holds true for RVA RRV NSP1 which still activates the inflammasome in the context of 

infection. Moreover, most of the tested human NSP1 proteins interacted with NLRP1 in 

co-immunoprecipitation experiments, suggesting that human rotaviruses might still be 

able to stimulate NLRP1 in an NSP1-dependent manner. However, NSP1 proteins can 

bind target proteins in immunoprecipitation assays without induction of degradation (Graff 

et al., 2007). Interestingly, the NSP1 genotypes of human rotavirus strains are associated 

with degradation of b-TrCP, but not IRF proteins. This is in contrast to RVA SA11-4F and 

RVA RRV NSP1, indicating that human rotaviruses evolved NSP1 proteins with different 

properties (M. M. Arnold & Patton, 2011). It could be speculated that they adapted their 

NSP1 proteins to specifically avoid NLRP1 degradation but are still able to degrade other 

PYD-containing inflammasome sensors. It would be interesting to test whether human 

rotavirus NSP1 proteins can interfere with the activation of different inflammasome 
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sensors. Of course, it is also still possible that RVA RRV and human rotavirus strains 

activate NLRP1 in an NSP1-independent manner. It will be important to screen the 

respective human rotavirus strains in proper infection experiments, to see whether they 

can activate NLRP1 or not.  

Even if only NSP1 proteins from non-human rotavirus strains activate human NLRP1, it is 

still possible that these proteins find their way into human hosts. On the one hand, simian 

rotaviruses could cause zoonotic infections in humans, in line with a report of an infant 

infected with an SA11-like rotavirus strain (Ghosh et al., 2011). On the other hand, as 

rotaviruses exhibit a segmented genome, parallel infections with different virus strains can 

cause recombination but also complete reassortments of individual segments. Zoonotic 

reassortments are also common, as for example the human AU-1-like strains show feline 

and canine rotavirus characteristics, whereas the human DS-1-like strains exhibit bovine 

rotavirus elements (Matthijnssens, Ciarlet, Heiman, et al., 2008; Matthijnssens et al., 

2011). Today, newly isolated rotavirus strains are often completely sequenced, revealing 

the great variability of genotypes and putative zoonotic strains (Phan et al., 2016). Thus, 

NLRP1-activating NSP1 proteins could end up in human rotavirus strains after 

recombination or reassortment events. In line with this, a new rotavirus strain that exhibits 

a recombination of the human A1 and the porcine A8 NSP1 genotype was recently 

reported (Esona et al., 2017). Nevertheless, as already mentioned, it is rather unlikely that 

rotaviruses with complete NSP1 reassortments are established, as the NSP1 proteins are 

strongly adapted to the respective host species. Based on this, one could speculate that 

the presence of NLRP1-activating NSP1 proteins prevents successful zoonotic rotavirus 

infections in the first place. If this was true, NLRP1 activation by zoonotic rotaviruses would 

help to detect and suppress the viral infection, which brings me to the second question: 

2) Do rotaviruses infect cells that have functional NLRP1 inflammasomes? Rotaviruses 

infect primarily villous epithelium and enteroendocrine cells in the small intestine (Omatola 

& Olaniran, 2022). There are reports about the involvement of Nlrp1a/b in intestinal 

inflammation in the mouse (Costa et al., 2021; Tye et al., 2018) but so far there is no 

description of functional NLRP1 inflammasomes in human intestinal epithelial cells. 

CaCo-2 cells are immortalized human colon cells that are often used to study rotavirus 

infections (Barro & Patton, 2007; Holloway & Coulson, 2006), but these cells do not 

express NLRP1. It would be important to find a physiologically relevant cell model that has 
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functional NLRP1 inflammasomes, similar to the N/TERT-1 cells in the context of 

alphavirus infection. Apart from intestinal epithelial cells, rotaviruses may also infect 

tissue-resident immune cells such as intestinal macrophages. As human monocytes can 

form NLRP1 inflammasomes (see chapter 5), monocyte-derived intestinal macrophages 

might be an NLRP1-expressing physiologically relevant cell type. It was shown that RVA 

RRV can infect murine macrophages (Di Fiore et al., 2015), but similar infection 

experiments have to be performed with primary human macrophages. In some cases, 

especially in immunocompromised patients, rotavirus infections can also cause extra-

intestinal symptoms such as neurological dysfunction and hepatitis. Therefore, it can be 

argued that extra-intestinal replication could cause NLRP1 inflammasome activation in 

other cell types. However, as extra-intestinal rotavirus replication is mostly studied in 

animal models, the relevance in human patients is mostly unknown (Dian et al., 2021; 

Omatola & Olaniran, 2022). 

 

In summary, I showed that the simian rotavirus strain RVA SA11-4F activates human 

NLRP1 in an NSP1-dependent manner. NSP1 probably binds to the N-terminus of the 

sensor to recruit CRL complexes and induce N-terminal degradation, even though the 

exact binding domains and ubiquitination sites require further analyses. It is tempting to 

speculate that rotavirus NSP1 proteins target PYD-containing inflammasome sensors and 

that NLRP1 acts as a decoy sensor. The rhesus rotavirus strain RVA RRV stimulates 

NLRP1 as well but the role of NSP1 in this process is still in question. It will be important 

to focus further studies on human rotavirus strains as well as physiologically relevant cell 

models.  

 

4.4 Material and Methods 
 

Cells 
Cell culture 

HEK 293T cells were cultivated as described in chapter 2. African green monkey epithelial 

kidney cells (MA-104) (Cercopithecus aethiops, a kind gift of Anna Eis-Hübinger, 

University Bonn) were cultivated in MEM containing 10 % FBS (all Thermo Fisher 

Scientific). 
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Generation of genetically modified cell lines 

Generation of HEKNLRP1+ASC and HEKNLRP3+ASC cell lines was already described in 

chapter 2. Generation of HEKASC expressing wild type human NLRP1, mutant human 

NLRP1, or murine Nlrp1b alleles was already described in chapter 3.  

 

Viruses 
All experiments involving rotaviruses were conducted in respective Biosafety Level 2 

laboratories. RVA strain SA11-4F (a kind gift of Alexander Falkenhagen and Reimar 

Johne, Bundesinsitut für Risikobewertung Berlin) and RRV (a kind gift of Sandra 

Londrigan, Peter Doherty Institute) were amplified in MA-104 cells as described before 

(M. Arnold et al., 2009). Briefly, rotaviruses were activated by incubation with 10 µg/mL 

trypsin at 37 °C for 1 h. MA-104 cells were infected at an MOI of 0.05 for 1 h and incubated 

in MEM supplemented with 0.5 µg/mL trypsin and 20 mM HEPES until most cells 

detached. Remaining cells and supernatant were harvested and cells were ruptured by 

three consecutive freeze-thaw cycles at -80 °C and room temperature. Viruses in the 

clarified supernatant were further purified by sedimentation (29,000 rpm (SW 32 Ti), 4 °C, 

1.5 h) through 35 % sucrose in TNC buffer (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM 

CaCl2). Virus pellets were resuspended in TNC buffer, aliquoted, and frozen at -80 °C. 

Viral titers were determined in MA-104 cells by flow cytometry using Alexa FlourTM 647-

coupled anti-VP6 nanobody 2KD1 (Garaicoechea et al., 2008). Rotaviruses were always 

activated by incubation with 10 µg/mL trypsin at 37 °C for 1 h before titration. 

Recombinant SA11-4F rotaviruses were kindly provided by Alex Borodavka (University of 

Cambridge). Recombinant viruses were rescued from BHK-T7 cells which were co-

transfected with pT7 rescue plasmids, encoding all 11 rotavirus segments, as well as 

NSP2-, NSP5-, and T7-encoding helper plasmids. MA-104 cells were added 24 h post-

transfection to enable virus propagation. Cells were co-cultured for 3 days in presence of 

0.5 µg/mL trypsin and then lysed by freeze-thawing. Recombinant rotaviruses were again 

amplified in MA-104 cells and confirmed by sequencing. Viral titers were determined by 

plaque assay using MA-104 cells.  
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Proteins 
Expression and purification of anti-VP6 nanobody 2KD1 

The nanobody-coding sequence (Garaicoechea et al., 2008) was cloned into pHEN6-

based bacterial, periplasmic expression vectors with C-terminal LPETG-His tags using 

Gibson cloning. Nanobodies were expressed in E. coli WK6 cells in Terrific Broth induced 

with 1 mM IPTG at an OD600 of 0.6. Cells were cultivated for 16 h at 30 °C. Bacterial 

pellets were resuspended in TES buffer (200 mM Tris-HCl pH 8.0, 0.65 mM EDTA, 0.5 M 

sucrose) and periplasmic extracts were generated by osmotic shock in 0.25x TES. 

Clarified lysates were further purified by affinity chromatography using Ni-NTA and gel 

filtration with a HiLoad 16/600 Superdex 75 pg column in buffer containing 20 mM HEPES 

pH 7.4, 150 mM NaCl, and 10 % glycerol.  

 

Sortase labeling of anti-VP6 nanobody 2KD1 

0.67 mg purified LPETG-His-tagged nanobodies were incubated with 500 µM GGGC-

Alexa FlourTM 647 (custom-synthesized peptides from Thermo Fisher Scientific) and 

20 µM sortase A 7m in HEPES buffer (20 mM HEPES pH 7.4, 150 mM NaCl). His-tagged 

sortase A 7m was recombinantly expressed as described before (Guimaraes et al., 2013). 

Sortase A-mediated coupling of Alexa FlourTM 647 to LPETG-encoding nanobodies was 

performed for 16 h at 4 °C. His-tagged sortase A and unreacted nanobodies were 

removed by Ni-NTA purification. Alexa FlourTM 647-coupled nanobodies were further 

purified by gel filtration using a Superdex 75 Increase 10/300 GL column in PBS.  

 
Antibodies 
The following antibodies were used: rabbit anti-b-TrCP clone D13F10 (Cell Signaling 

Technology Cat# 4394, RRID:AB_10545763), rabbit anti-FLAG clone D6W5B (Cell 

Signaling Technology Cat# 14793, RRID:AB_2572291), mouse anti-GAPDH clone 0411 

(Santa Cruz, Cat# sc-47724, RRID:AB_627678), mouse anti-HA-HRP clone 6E2 (Cell 

Signaling Technology Cat# 2999S, RRID:AB_1264166), rabbit anti-IRF3 clone D83B9 

(Cell Signaling Technology Cat# 4302, RRID:AB_190403), mouse anti-NLRP1 clone 

9F9B12 (BioLegend Cat# 679802, RRID:AB_2566263), mouse anti-vinculin clone hVIN-

1 (Sigma-Aldrich Cat# V9131, RRID:AB_477629), goat polyclonal anti-rabbit IgG (H+L)-

Alexa FlourTM Plus 647 (Invitrogen Cat#A32733, RRID:AB_2633282), goat polyclonal 
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anti-rabbit IgG (H+L)-HRP (Invitrogen Cat#31460, RRID:AB_228341), goat polyclonal 

anti-mouse IgG (H+L)-HRP (Invitrogen Cat#31430, RRID:AB_228307) 

 

Small compound inhibitors and reagents 
The following small compound inhibitors and reagents were used: bortezomib 

(Selleckchem), doramapimod (Cayman), JNK-IN-8 (Selleckchem), MG-132 

(Selleckchem), MLN4924 (MedChem Express), MLN7243 (ChemieTek), SB202190 

(Sigma-Aldrich), and talabostat mesylate (MedChemExpress). 

 
Flow cytometry-based quantification of inflammasome assembly 
The experimental procedures to quantify the assembly of ASC-EGFP specks by flow 

cytometry were already described in chapter 2. Similarly, 2.5∙105 (24 well-plate)/1.25∙105 

(48 well-plate) HEKNLRP1+ASC (or other derivatives of HEK 293T) were seeded per well and 

cultivated overnight in the absence of antibiotics.  

For drug-induced inflammasome stimulation, cells were treated with 30 µM talabostat.  

For rotavirus-induced inflammasome stimulation, cells were infected for 1 h in serum-free 

medium (0.2 % BSA, 20 mM HEPES in DMEM) at the indicated MOI, ranging from 6-100. 

In the beginning, rotaviruses were activated by incubation with 10 µg/mL trypsin at 37 °C 

for 30 min prior to infection. As it turned out that the incubation with trypsin did not affect 

the infection of HEK 293T reporter cells, rotaviruses were used without prior trypsin 

activation in the later experiments. Inocolum was replaced with full medium after infection 

and cells were cultivated for another 5 or 19 h. Cells treated with infection medium only 

served as mock controls. 

For inflammasome stimulation by transient overexpression of FLAG-tagged HRV14 3C 

protease, catalytic domain of TAOK2, or RVA NSP1, cells in 24 well-plates were 

transfected with 500 ng total of expression vectors based on pCAGGS (Hitoshi et al., 

1991) (HRV14 3C and NSP1) or Gateway-compatible derivatives of pcDNA3.1 

(TAOK2 CD) using Lipofectamine 2000. Medium was replaced with full medium after 6 h 

and cells were cultivated for another 14 h. Cells treated with Lipofectamine 2000 only 

served as controls. Plasmids to construct expression constructs for RVA NSP1 were 

kindly provided by John T. Patton (Indiana University).  
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In case of additional inhibitor treatments, small compound inhibitors were added 30 min 

before and during the stimulation, with the following concentrations: 1 µM bortezomib, 

10 µM doramapimod, 3 µM Jnk-In-8, 1 µM MG-132, 1 µM MLN4924, 1 µM MLN7243, or 

20 µM SB202190. In the case of rotavirus infection experiments, inhibitors were only 

added after 1 h infection.  

Stimulated cells were harvested and analyzed by flow cytometry as described in 

chapter 2. Where indicated, fixed and permeabilized cells were stained with anti-FLAG 

(1:300) combined with Alexa FlourTM Plus 647-coupled, highly cross-absorbed secondary 

antibodies (1:500) or Alexa FlourTM 647-coupled anti-VP6 nanobody 2KD1 (1.2 µg/mL) in 

Intracellular Staining Permeabilization Wash Buffer (Biolegend). For the quantification of 

specks after virus infection or transient transfection, only cells positive for VP6 or FLAG 

were included in the analysis (except for mock-infected or untreated controls). 

 
Co-Immunoprecipitation 
To analyze the interaction of RVA NSP1 with human NLRP1 and NLRP3, 1∙106 

HEKNLRP1+ASC or HEKNLRP3+ASC cells per well were seeded in 6 well-plates, followed by 

transfection of 2 µg total of expression vectors as described for the flow cytometry 

experiments. Cells were treated with 1 µM MLN4924 during and after transfection. 20 h 

post-transfection, cells were harvested by scraping and lysed in 200 µL low salt lysis buffer 

(1 % NP-40, 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA) supplemented with protease 

inhibitor (Roche). Clarified lysates were incubated with 10 µL Pierce magnetic anti-HA 

beads (Thermo Fisher Scientific) at 4 °C for 3 h. Immunoprecipitated protein was eluted 

by boiling the beads in 40 µL 2x SDS-PAGE buffer without DTT. Supernatants were 

harvested, DTT was added to reach a concentration of 100 mM and samples were 

analyzed by immunoblot. 

 
Immunoblot 
To analyze NSP1-induced IRF3 and b-TrCP degradation, 2.5∙105 HEKNLRP1+ASC cells per 

well were seeded in 24 well-plates, followed by transfection of expression vectors as 

described for the flow cytometry experiments. Cells were lysed in 100 µL 1x SDS-PAGE 

buffer (50 mM Tris pH 6.8; 0.01 % Bromophenol blue, 10 % glycerol, 2 % SDS, 100 mM 

DTT) 20 h post-transfection.  
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Immunoblots were performed as described in chapter 2. Membranes were probed with 

the following primary antibody dilutions: anti-b-TrCP 1:1000, anti-GAPDH 1:2000, anti-

HA-HRP 1:1000, anti-IRF3 1:1000, anti-NLRP1 1:1000, and anti-vinculin 1:1000. All 

primary antibodies were added in 5 % NFDM solution. Chemiluminescent signal was 

induced by Western Lightning Plus-ECL (Perkin Elmer), except for immunoblots of NLRP1 

which required Western Lightning Ultra-ECL (Perkin Elmer). 

 

NSP1 sequence analysis 
NSP1 sequences were collected from GenBank (National Center for Biotechnology 

Information) and analyzed using Jalview 2.11.2.6 software (Waterhouse et al., 2009). 

Sequences were aligned using Clustal algorithm and Average distance trees (Percentage 

Identity) were generated. Genotype classifications were based on (Matthijnssens, Ciarlet, 

Heiman, et al., 2008).  

 

Statistical analyses 
Statistical analyses were performed as described in chapter 2. 
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5. Human T cells assemble NLRP1 inflammasomes and undergo 
NLRP1-induced pyroptosis 

 
5.1 Introduction 
 

In this chapter, I will screen human blood cells for the ability to assemble functional NLRP1 

inflammasomes. I will establish lymphocytes, especially T cells, as NLRP1 inflammasome-

competent cells. Moreover, I will use the VHL-VHHPYD system to prove that T cells 

undergo NLRP1-dependent pyroptosis.  

As discussed in chapter 2, most NLRP1 studies are performed in reconstituted HEK cell 

systems or epithelial cells like keratinocytes. There are only a few reports about NLRP1 

inflammasomes in human blood cells. Treatment of peripheral blood mononuclear cells 

(PBMCs) with talabostat leads to cell death and IL-1b release, but the role of NLRP1 

versus CARD8 or the responsive cell type(s) were not determined (Okondo et al., 2017; 

Zhong et al., 2018). Several studies analyzed inflammasome responses in PBMCs on a 

single-cell level using flow cytometry, but all only focused on monocytes and NLRP3 

activation (Lage et al., 2019; Nagar et al., 2019; Sester et al., 2015; Tran et al., 2019). 

Monocytes/macrophages are well-established cell models to study inflammasomes. In 

contrast, lymphocytes are mostly analyzed in interaction with myeloid inflammasome-

forming cells (Donado et al., 2020; Guarda et al., 2009) or in the context of inflammasome-

mediated inflammation. Indeed, IL-1b stimulates T helper (Th)17 differentiation and 

cytotoxic T cell responses and IL-18 induces INF-g production by cytotoxic T cells (Chung 

et al., 2009; H. Zhang et al., 2023). Lymphocytes as potential inflammasome-competent 

cells only start to get attention. Stimulation of primary human T cells with talabostat leads 

to CARD8-dependent pyroptosis, which was restricted to T cell receptor (TCR)-

unstimulated lymphocytes (D. C. Johnson et al., 2020; Linder et al., 2020). In addition, 

CARD8 is cleaved and activated by HIV-1 proteases in productively or latently infected T 

cells (Moore et al., 2022; Q. Wang et al., 2021). HIV-1-induced NLRP3 activation in human 

T cells was described as well (C. Zhang et al., 2021). Regarding B cells, there are reports 

about AIM2 (Svensson et al., 2017), Nlrc4 (Perez-Lopez et al., 2013), and NLRP3/Nlrp3 

(Ali et al., 2017; M. L. Hsu & Zouali, 2023; Lim et al., 2020; Schoenlaub et al., 2016) 

inflammasomes in these cells, causing pyroptosis and IL-1b release but also influencing 

IgM release and B cell homing.  
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5.2 Results 
 

Contributions 

RNA extractions and transcriptome data generation of sorted T cells shown in Fig. 5.9 

were performed by Susanne Schmidt and her team, who were part of the Institute of Innate 

Immunity in Bonn at that time. The microscopy pictures in Fig. 5.11 E were taken with the 

help of Lisa Schiffelers, who was a member of the Institute of Innate Immunity (Florian 

Schmidt lab) in Bonn at that time. All other experiments and further analyses of the data 

were performed by myself.  

 

5.2.1 Lymphocytes assemble NLRP1 inflammasomes after inhibition of DPP8/9  
 

Using the HEK 293T and N/TERT-1 inflammasome reporter cells, I studied NLRP1 

activation in the context of targeted ubiquitination, the RSR, and alphavirus or rotavirus 

infection. Although these cell lines are a valuable tool to screen NLRP1 stimuli and to 

analyze the detailed mechanisms of inflammasome activation, I next wanted to apply the 

gained knowledge to study NLRP1 in primary cells.  

I started by analyzing NLRP1 inflammasome responses in PBMCs after stimulation with 

the DPP8/9 inhibitor talabostat (Tal) (Fig. 5.1 A). Similar to the experiments using 

inflammasome reporter cells, I stained endogenous ASC and used ASC speck formation 

as the main readout for inflammasome activation. This is especially important since 

talabostat also activates the CARD8 inflammasome (D. C. Johnson et al., 2018). The 

subsequent CARD8-induced pyroptosis can lead to NLRP3 activation by potassium efflux, 

similar to non-canonical inflammasomes (Rühl & Broz, 2015; Schmid-Burgk et al., 2015). 

Therefore, I cannot distinguish between talabostat-induced NLRP1 and CARD8/NLRP3 

activation by analyzing downstream effects of inflammasome formation, like pyroptosis 

and IL-1b release. Only analysis of ASC speck formation in the presence of caspase-1 

inhibitor Vx-765 (VX) allows to specifically study NLRP1 activation, as CARD8 alone 

cannot form ASC specks (Ball et al., 2020; Gong et al., 2021) and inhibition of caspase-1 

blocks pyroptosis-induced NLRP3 activation. To still rule out any influence of NLRP3, I 

used the NLRP3 inhibitor Crid3, also called MCC950, which stabilizes the inactive state 

of NLRP3 cages (Coll et al., 2015; Hochheiser et al., 2022). I also included NLRP3 

stimulation with LPS and nigericin (LPS+N) to compare the activation of the two 
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inflammasomes. In addition to PBMCs, I also analyzed PBMCs that were depleted of 

CD14+ monocytes (CD14- PBMCs) (Fig. 5.1 B). As monocytes are one of the main cell 

types to respond to NLRP3 inflammasome stimulation (Lage et al., 2019; Sester et al., 

2015), their depletion helped to focus on other cell types whose response might otherwise 

be overshadowed by the dominant monocyte activation. 

After inflammasome stimulation of PBMCs and CD14- PBMCs in the presence of Vx-765, 

I stained endogenous ASC and analyzed ASC speck assembly in all ASC-expressing cells 

by flow cytometry (Fig. 5.1 C), as described for the inflammasome reporter cells before. 

The used antibody (clone HASC-71) was chosen based on a clear signal and high 
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specificity in experiments comparing wild type and ASC knockout THP-1 cells (data not 

shown), in line with data from others (Beilharz et al., 2016). To ensure specificity of the 

ASC speck staining, I further included an isotype control staining. Analyzing single cells 

(see Fig. 5.1 C), I detected ASC expression in around 50 % of all PBMCs (Fig. 5.1 D). 

Depletion of monocytes decreased the percentage of ASC-expressing cells by 20-40 %, 

indicating that monocytes show a high expression of the inflammasome adaptor. ASC 

expression was unchanged by LPS priming, showing robust expression throughout all 

stimulations. When I analyzed ASC speck assembly in ASC-expressing cells, around 

15 % of PBMCs responded to NLRP3 stimulation (Fig. 5.1 E). The response was clearly 

diminished in CD14- PBMCs, demonstrating that monocytes are indeed the main cell type 

to form inflammasomes after stimulation with LPS and nigericin. ASC speck assembly in 

both PBMCs and CD14- PBMCs was completely blocked by NLRP3 inhibitor Crid3. In 

contrast, stimulation with talabostat induced slightly lower inflammasome responses 

which were similar in PBMCs and CD14- PBMCs, indicating that monocytes are not the 

main cell type to form inflammasomes after stimulation of NLRP1. ASC speck assembly 

following stimulation with talabostat was independent of NLRP3, as it was unchanged by 

Crid3.  

ASC speck assembly in NLRP3-stimulated PBMCs was accompanied by caspase-1-

dependent IL-1b release (Fig. 5.1 F). CD14- PBMCs released substantially less IL-1b, 

demonstrating that monocytes are not only the main PBMC cell type to form NLRP3 

Figure 5.1: CD14- PBMCs show ASC speck assembly after inhibition of DPP8/9. 
(A) Schematic overview of the experimental setup. Human PBMCs were isolated from 
fresh blood and part of the cells was depleted of CD14+ monocytes. PBMCs and CD14- 
PBMCs were stimulated with either 200 ng/mL LPS for 3 h and 10 µM Nig for 1 h, or 
3/30 µM Tal for 24 h, or left untreated (UT), where indicated in the presence of 2.5 µM 
Crid3 or 100 µM VX. ASC speck formation was detected in the presence of caspase-1 
inhibitor VX. (B) Expression of CD14 in freshly isolated PBMCs and CD14- PBMCs 
was quantified by flow cytometry to confirm successful depletion of monocytes. (C) 
PBMCs and CD14- PBMCs were stained for ASC (or with an isotype control (ctrl)) and 
ASC speck formation was analyzed by flow cytometry, as shown in the representative 
dot plots. The plots show PBMCs stimulated with 30 µM Tal for 24 h. (D,E) ASC 
expression and ASC speck formation in ASC+ cells were quantified by flow cytometry, 
as described in (C). (F) Supernatants from stimulated PBMCs and CD14- PBMCs were 
collected. IL-1β release was quantified by HTRF. Data represents average values (with 
individual data points) from four independent experiments with cells from four different 
donors ± 95 % CI, p-values were calculated using unpaired t-test. 
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inflammasomes but also the main producers of the proinflammatory cytokine. This was 

also true following talabostat stimulation, which induced low levels of IL-1b release from 

PBMCs but not from CD14- PBMCs. Moreover, the talabostat-induced release of IL-1b 

was nearly abolished by Crid3, suggesting that it may indeed be dependent on CARD8-

induced NLRP3 activation, rather than NLRP1 activation. Thus, although I detected 

monocyte- and NLRP3-independent ASC speck assembly after talabostat stimulation, this 

did not result in caspase-1-dependent IL-1b release. 

 

To follow up on the monocyte-independent inflammasome formation after talabostat 

stimulation, I stained different PBMC subpopulations and analyzed inflammasome 

responses in specific cell types (Fig. 5.2 A). I focused my analyses on CD14+ monocytes, 

CD3+ T cells, CD19+ B cells, and CD14- HLA-DR+ cells, the latter representing mostly 

DCs (Carenza et al., 2021)(Fig. 5.2 B). Frequencies of T cells and B cells were mostly 

unchanged throughout NLRP3 and NLRP1 stimulation (Fig. 5.2 C). In contrast, most of 

the monocytes were lost after stimulation with LPS and nigericin. Instead, there was an 

increase in CD14- HLA-DR+ cells, suggesting that this stimulation leads to loss of CD14 

expression in monocytes. As the same drop in CD14+ monocytes occurred in samples 

that were treated with the NLRP3 inhibitor, it can be excluded that the loss is due to 

insufficient inhibition of pyroptosis by Vx-765. A similar increase in CD14- HLA-DR+ cells 

was observed after talabostat stimulation, even though the frequencies of monocytes were 

unchanged.  

First, I analyzed the expression of ASC in the different PBMC subpopulations. Nearly all 

monocytes and CD14- HLA-DR+ cells expressed high levels of the inflammasome 

adaptor, even in unstimulated conditions (Fig. 5.3 A,B). This demonstrates that these cells 

are equipped to initiate a robust inflammasome response whenever necessary. 

Interestingly, while LPS and nigericin stimulation induced a decrease of CD14+ 

monocytes, the remaining CD14+ monocytes exhibited diminished ASC expression. Both 

CD14+ monocytes and CD14- HLA-DR+ cells showed slightly decreased ASC expression 

after talabostat treatment. In contrast, T and B lymphocytes expressed only low to 

moderate levels of ASC, in only a fraction of the cells. While around 50 % of untreated T 

cells were positive for ASC, only around 30 % of untreated B cells expressed the 
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inflammasome adaptor. Thus, lymphocytes already have less potential to stimulate ASC-

dependent inflammasome responses than monocytes and DCs.  

Next, I quantified inflammasome assembly in the ASC-expressing PBMC subpopulations. 

While the high ASC expression in CD14+ monocytes and CD14- HLA-DR+ cells enabled 

a clear separation of cells with and without ASC specks, the differentiation was more 

difficult for lymphocytes with low ASC expression (Fig. 5.4 A). Nevertheless, I was able to 

quantify inflammasome responses after NLRP3 and NLRP1 stimulation for the four cell 

types (Fig. 5.4 B). Around 80 % of ASC-positive CD14+ monocytes formed 
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inflammasomes after stimulation with LPS and nigericin. In contrast, their response to 

talabostat was rather weak with only around 10 % responsive cells, highlighting that 

Figure 5.2: Characterization of different PBMC subpopulations after 
inflammasome stimulation. (A) Schematic overview of the experimental setup. 
Human PBMCs were isolated from fresh blood and stimulated with either 200 ng/mL 
LPS for 3 h and 10 µM Nig for 1 h, or 3/30 µM Tal for 24 h, or left untreated (UT), where 
indicated in the presence of 2.5 µM Crid3. All stimulations were performed in the 
presence of caspase-1 inhibitor VX. (B) PBMCs were stained for CD14+ monocytes, 
CD14- CD3+ T cells, CD14- CD19+ B cells, and CD14- CD3- C19- HLA-DR+ cells. 
PBMC subpopulations were analyzed by flow cytometry, as shown in the 
representative dot plots. The plots show 4 h untreated PBMCs. (C) PBMC 
subpopulations were quantified by flow cytometry, as described in (B). Each sample 
was additionally stained for ASC or with the corresponding isotype control (Ctrl) to 
analyze ASC speck formation in the different subpopulations. Data represents average 
values (with individual data points) from four independent experiments with cells from 
four different donors ± 95 % CI, p-values were calculated using unpaired t-test. 
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monocytes are rather destined to activate NLRP3 than NLRP1 inflammasomes. On the 

other hand, inhibition of DPP8/9 was also a weak NLRP1 stimulus in the N/TERT-1 

keratinocytes, so other triggers might induce a stronger activation of NLRP1 in monocytes. 

ASC-positive CD14- HLA-DR+ cells showed a similar trend in NLRP3 and NLRP1 

inflammasome formation, but around 30 % of the cells reacted to talabostat. Surprisingly, 

when I checked ASC speck assembly in lymphocytes, I detected a weak but clear 

talabostat-induced inflammasome response in both T and B cells. Around 3 % of ASC-

positive T cells and 2 % of ASC-positive B cells assembled NLRP1 inflammasomes, but 

neither cell type responded to LPS and nigericin at all. As T cells are the dominant 

subpopulation of PBMCs, even the low frequencies of responding cells represented 15 % 

of all cells with ASC specks after inhibition of DPP8/9 (Fig. 5.4 C). B cells represented 

only around 1 % and are therefore not visible in the graph. It is not surprising that both 

NLRP3 and NLRP1 inflammasome responses were dominated by CD14+ monocytes and 

CD14- HLA-DR+ cells, as their high ASC expression prepares them for inflammasome 

formation.  

Since the weak ASC expression in lymphocytes complicated the quantification of ASC 

specks by flow cytometry, I wanted to confirm that the detected signals derive from proper 

ASC specks and not staining artifacts. Therefore, I analyzed the same cell populations by 

imaging flow cytometry, allowing the examination of the distribution of ASC by recording 

fluorescence images for every detected cell. The images confirmed the difference in ASC 

expression levels between CD14+ monocytes and lymphocytes (Fig. 5.5). Moreover, 

CD14+ monocytes, T cells, and B cells showed a clear accumulation of ASC in a single 

Figure 5.3: Lymphocytes show only moderate ASC expression compared to 
myeloid cells. Human PBMCs were isolated from fresh blood and stimulated with 
either 200 ng/mL LPS for 3 h and 10 µM Nig for 1 h, or 3/30 µM Tal for 24 h, or left 
untreated (UT), where indicated in the presence of 2.5 µM Crid3. All stimulations were 
performed in the presence of caspase-1 inhibitor VX. (A) PBMCs were stained for 
monocytes, T cells, B cells, and CD14- HLA-DR+ cells, as described in Fig. 5.2. Each 
sample was additionally stained for ASC (filled histograms) or with the corresponding 
isotype control (Ctrl, unfilled histograms) to analyze ASC expression in the different 
subpopulations by flow cytometry, as shown in the representative histograms. The plots 
show 4 h untreated PBMCs. (B) ASC expression of PBMC subpopulations was 
quantified by flow cytometry, as described in (A). Data represents average values (with 
individual data points) from four independent experiments with cells from four different 
donors ± 95 % CI.  
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speck per cell after treatment with talabostat, as shown in the representative images in 

Fig. 5.5 (please note that the figure shows ASC specks where available and is not 

reflecting the response rates of the individual cell populations). In line with the flow 

cytometry analysis, lymphocytes did not assemble ASC specks after NLRP3 stimulation. 

Thus, I am confident that lymphocytes can form NLRP1 inflammasomes after inhibition of 

DPP8/9, even though these responses are limited by the low expression of ASC. 

 
 
Figure 5.4: Lymphocytes show ASC speck assembly after inhibition of DPP8/9. 
Human PBMCs were isolated from fresh blood and stimulated with either 200 ng/mL 
LPS for 3 h and 10 µM Nig for 1 h, or 3/30 µM Tal for 24 h, or left untreated (UT), where 
indicated in the presence of 2.5 µM Crid3. All stimulations were performed in the 
presence of caspase-1 inhibitor VX. (A) PBMCs were stained for monocytes, T cells, 
B cells, and CD14- HLA-DR+ cells, as described in Fig. 5.2. Each sample was 
additionally stained for ASC to analyze ASC speck formation in the different 
subpopulations by flow cytometry, as shown in the representative dot plots. (B) ASC 
speck formation of ASC+ PBMC subpopulations was quantified by flow cytometry, as 
described in (A). (C) Contribution of PBMC subpopulations to ASC speck response 
after inflammasome stimulation. Data represents average values (with individual data 
points) from four independent experiments with cells from four different donors ± 95 % 
CI, p-values were calculated using unpaired t-test. 
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In summary, the analysis of ASC speck formation by staining endogenous ASC enabled 

me to study talabostat-induced NLRP1 inflammasome responses in PBMCs. I discovered 

 
 
Figure 5.5: Validation of ASC speck assembly in lymphocytes after inhibition of 
DPP8/9 by imaging flow cytometry. Human PBMCs were isolated from fresh blood 
and stimulated with either 200 ng/mL LPS for 3 h and 10 µM Nig for 1 h, or 30 µM Tal 
for 24 h, or left untreated (UT). All stimulations were performed in the presence of 
caspase-1 inhibitor VX. PBMCs were stained for CD14+ monocytes, CD3+ T cells, or 
CD19+ B cells. Each sample was additionally stained for ASC to analyze ASC speck 
formation in the different subpopulations by imaging flow cytometry, as shown in the 
representative images. Images display experiment representatives of two independent 
experiments with cells from two different donors.  

LP
S+

N
Ta

l

BF
CD14
(FITC)

CD3
(BV510)

CD19
(APC)

ASC
(PE) merge

UT



155  

that lymphocytes can assemble NLRP1 inflammasomes, although their responses were 

limited by low ASC expression and did not induce notable IL-1b release. 

 

5.2.2 Isolated T cells assemble NLRP1 inflammasomes after inhibition of DPP8/9  
 

After the detection of NLRP1 inflammasome formation in lymphocytes, I focused my 

analyses on T cells, as they showed a more robust response after talabostat treatment 

than B cells, and because the functions of inflammasome assembly in T cells were still 

elusive. To test whether T cells need to be in contact with other PBMC subpopulations to 

initiate an inflammasome response, I isolated CD3+ T cells by negative selection and 

compared ASC speck formation in isolated T cells and PBMCs from the same donor 

(Fig. 5.6 A). For this, I compared different kits for T cell isolation and found that kits from 

StemCell provided consistent purities >98 % (Fig. 5.6 B,C). The kit retained the original T 

cell composition, except for NKT cells which were removed (data not shown).  

T cells, either isolated or within the heterogeneous PBMC population, showed around 3 % 

ASC speck assembly following stimulation with talabostat (Fig. 5.6 D). Here again, 

nigericin failed to induce the formation of ASC specks in these cells. Thus, T cells do not 

need to be in contact with other cells to activate NLRP1 inflammasomes. Alongside, I 

analyzed the supernatants for IL-1b release (Fig. 5.6 E). As before, I detected robust IL-1b 

levels after NLRP3 stimulation and only weak IL-1b release after inhibition of DPP8/9 in 

PBMCs. Importantly, isolated T cells showed no signs of IL-1b release. Either the 

inflammasome responses after talabostat were too weak to induce the release of 

detectable amounts or (unprimed) T cells simply do not express pro-IL-1b.  

Next, I stained the T cell markers CD4 and CD8 to test whether only CD4+ or CD8+ T 

cells assemble inflammasomes. I compared the distribution of CD4 and CD8 expression 

in all T cells with the distribution in ASC speck-forming T cells only (Fig. 5.6 F). Both CD4+ 

T cells and CD8+ T cells exhibited specks. Thus, the ability to activate NLRP1 

inflammasomes is not restricted to CD4+ T helper cells.  

 

All my analyses so far were based on lymphocytes isolated from blood. In addition, I was 

able to isolate lymphocytes from tonsils that had been removed from patients by surgery, 

allowing me to study cells from secondary lymphoid organs (Fig. 5.7 A). All analyzed 
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tonsils contained around 70 % B cells and 30 % T cells, and the B cell/T cell ratios were 

stable throughout LPS/nigericin and talabostat stimulation (Fig. 5.7 B,C). Similar to the 

PBMC experiments, I stained endogenous ASC and analyzed ASC speck formation in 

 
 
Figure 5.6: Isolated CD4+ and CD8+ T cells show ASC speck assembly after 
inhibition of DPP8/9. (A) Schematic overview of the experimental setup. Human 
PBMCs were isolated from fresh blood and CD3+ T cells were isolated from part of the 
cells. PBMCs and T cells were stimulated with either 200 ng/mL LPS for 3 h and 10 µM 
Nig for 1 h, or 30 µM Tal for 24 h, or left untreated (UT), where indicated in the presence 
of 100 µM VX. ASC speck formation was detected in the presence of caspase-1 
inhibitor VX. (B,C) Expression of CD3 in freshly isolated PBMCs and T cells was 
quantified by flow cytometry to confirm successful isolation of T cells, as shown in the 
representative dot plots. (D) Stimulated PBMCs and T cells were stained for ASC and 
ASC speck formation in ASC+ T cells was quantified by flow cytometry, as shown in 
Fig. 5.4. (E) Supernatants from stimulated PBMCs and T cells were collected. IL-1β 
release was quantified by HTRF. (F) Representative dot plots show the expression of 
CD4 and CD8 in Tal-stimulated isolated T cells (all T cells or T cells with ASC specks 
only). Data represents average values (with individual data points) from two 
independent experiments with cells from two different donors ± 95 % CI. 
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response to NLRP3 and NLRP1 stimulation. As before, I detected ASC speck assembly 

in talabostat-stimulated B and T cells, but no response in LPS/nigericin-stimulated 

lymphocytes (Fig. 5.7 E). The levels of ASC specks were as low as in lymphocytes isolated 

from blood, except for one donor. The cells from one tonsil preparation showed a 

remarkably high inflammasome response after talabostat stimulation, with 13 % of ASC-

positive T cells and 8 % of ASC-positive B cells forming ASC specks (Fig. 5.7 D). It has 

 
 
Figure 5.7: Tonsil-derived lymphocytes show ASC speck assembly after 
inhibition of DPP8/9. (A) Schematic overview of the experimental setup. Tonsil cells 
were isolated from surgically removed tonsils and stimulated with either 200 ng/mL LPS 
for 3 h and 10 µM Nig for 1 h, or 30 µM Tal for 24 h, or left untreated (UT). ASC speck 
formation was detected in the presence of caspase-1 inhibitor VX. (B) Tonsil cells were 
stained for CD3+ T cells and CD19+ B cells. Lymphocyte subpopulations were 
analyzed by flow cytometry, as shown in the representative dot plots. The plots show 
24 h untreated cells. (C) T and B cells were quantified by flow cytometry, as described 
in (B). Each sample was additionally stained for ASC or with the corresponding isotype 
control (Ctrl) to analyze ASC speck formation in the different subpopulations. (D) ASC 
speck formation in ASC+ cells was analyzed by flow cytometry, as shown in the 
representative dot plots. (E) ASC expression and ASC speck formation in ASC+ cells 
were quantified by flow cytometry. Data represents average values (with individual data 
points) from one (LPS+Nig isotype control data in C,E), two (LPS+Nig anti-ASC data 
in C,E), or five independent experiments with cells from one, two, or five different 
donors ± 95 % CI, p-values were calculated using unpaired t-test. 
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to be mentioned that the ASC signals in tonsil-derived cells were partially compromised 

by strong autofluorescence, causing lower and more variable levels of ASC-expressing 

cells. Nevertheless, I confirmed that lymphocytes from secondary lymphoid organs can 

form inflammasomes after NLRP1 stimulation. The strong response in cells from one 

donor indicates that factors like the activation status or donor-specific mutations may 

boost NLRP1 inflammasome activation in these cells.  

 

Thus, I could show that isolated T cells from both blood and secondary lymphoid organs 

form NLRP1 inflammasomes after inhibition of DPP8/9. Both CD4+ and CD8+ T cells are 

responsive, but they do not release detectable amounts of IL-1b.  

 

5.2.3 Inflammasome reporter T cells enable further analyses of NLRP1 activation in 
T cells 
 

So far, my analyses of inflammasome formation in lymphocytes were based on staining 

of endogenous ASC to detect ASC speck assembly. The staining revealed that these cells 

have a limited ASC expression, which complicated the analysis of ASC specks by flow 

cytometry. Thus, I decided to generate inflammasome reporter T cells that express the 

caspase-1CARD (C1C)-EGFP reporter, as already used in N/TERT-1 keratinocytes (see 

chapters 2 and 3).  

I isolated T cells by negative selection as described before, and stimulated them in plates 

coated with anti-CD3/anti-CD28 antibodies. After one day of stimulation, cells were 

lentivirally transduced to constitutively express C1C-EGFP. T cells were further cultivated 

in the presence of anti-CD3/anti-CD28 antibodies until robust C1C-EGFP expression was 

detected (Fig. 5.8 A). To validate these inflammasome reporter T cells, I additionally 

stained ASC as before and compared ASC staining specks and C1C-EGFP specks 

following talabostat treatment. I immediately noticed that the C1C-EGFP signal was a lot 

stronger than the endogenous ASC signal, offering a clearer separation between cells 

with and without specks (Fig. 5.8 B). This enabled the detection of higher frequencies of 

ASC speck-forming cells using the C1C-EGFP reporter (Fig. 5.8 C). Around 10 % of C1C-

EGFP-positive T cells but only around 5 % of stained ASC-positive T cells assembled 

ASC specks after talabostat treatment. As the different levels of specks were detected in 

the same cells, this demonstrates the higher sensitivity of the C1C-EGFP reporter 
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compared to the weak ASC staining. As C1C-EGFP forms homotypic filaments nucleated 

by ASCCARD, the number of C1C-EGFP molecules recruited to ASC specks is not limited 

by the absolute number of ASC molecules. This explains why a better signal-to-noise ratio 

could be achieved.  

It is worth mentioning that stimulation of T cells with anti-CD3/anti-CD28 antibodies did 

not inhibit NLRP1 inflammasome activation, as shown for CARD8 inflammasomes (D. C. 

Johnson et al., 2020; Linder et al., 2020). Preliminary data even suggests that stimulation 

slightly increased NLRP1 inflammasome responses, but a clean comparison of 

unstimulated and stimulated T cells from the same donor will have to validate this 

observation. 
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The higher sensitivity of the C1C-EGFP reporter became even more apparent when I 

overlaid the stained ASC specks with C1C-EGFP specks and vice versa (Fig. 5.8 D). All 

cells with stained ASC specks that successfully expressed the inflammasome reporter 

coincided with the C1C-EGFP speck gate, confirming that reporter and staining detected 

the same ASC specks. In contrast, most of the cells with C1C-EGFP specks were found 

outside of the stained ASC speck gate, illustrating that the staining is not sensitive enough 

to detect all inflammasome-forming cells with my flow cytometry detection strategy. When 

I only analyzed cells that expressed the reporter and showed sufficient signal in ASC 

staining, the response rates were similar (Fig. 5.8 E), proving once again that the reporter 

indeed detects cells with ASC specks. Thus, C1C-EGFP reporter T cells enable a more 

sensitive analysis of inflammasome formation by overcoming the limitations of 

endogenous ASC staining. I also confirmed the characteristic ASC speck morphology in 

talabostat-treated C1C-EGFP-expressing T cells by imaging flow cytometry (Fig. 5.8 F). 

 

After establishing the inflammasome reporter T cells, I aimed to identify additional 

properties that are characteristic of the inflammasome-forming cells. This would help to 

understand whether inflammasome activation is restricted to a certain T cell subpopulation 

and whether inflammasome formation is linked to other (inflammatory) pathways in these 

Figure 5.8: Inflammasome reporter T cells enable robust analysis of ASC speck 
assembly. (A) Schematic overview of the experimental setup. CD3+ T cells were 
isolated from fresh blood and stimulated with anti-CD3/CD28 antibodies. The next day, 
T cells were transduced with lentiviral vectors encoding the inflammasome reporter 
C1C-EGFP controlled by a constitutive promoter. After at least 48 h, reporter T cells 
were stimulated with 30 µM Tal for 24 h, or left untreated (UT). ASC speck formation 
was detected in the presence of caspase-1 inhibitor VX. (B) Reporter T cells were 
additionally stained for ASC, or with the corresponding isotype control (Ctrl), to 
compare ASC speck formation detected by staining and C1C-EGFP reporter. ASC 
speck formation in ASC+/C1C-EGFP+ cells was analyzed by flow cytometry, as shown 
in the representative dot plots. (C) ASC/C1C-EGFP expression and corresponding 
speck formation were quantified by flow cytometry. (D) Representative dot plots of 
comparison of ASC staining and C1C-EGFP specks in the contrary channels. (E) ASC 
speck formation in ASC+ C1C-EGFP+ cells was quantified by flow cytometry. (F) 
Representative images of reporter T cells analyzed by imaging flow cytometry. Data 
represents average values (with individual data points) from three independent 
experiments with cells from three different donors ± 95 % CI, p-values were calculated 
using unpaired t-test. Imaging flow cytometry images display representatives of one 
experiment with cells from two different donors.  
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cells. Therefore, I generated C1C-EGFP reporter T cells as described before. After 

stimulation with talabostat, C1C-EGFP-positive cells with and without ASC specks were 

sorted and their transcriptome was analyzed by bulk 3’-RNA sequencing (Fig. 5.9 A). 

Untreated reporter cells without ASC specks were similarly sorted and analyzed as a 

control. T cells from all donors assembled inflammasomes after inhibition of DPP8/9 

(Fig. 5.9 B). The lower frequencies of ASC speck-forming cells are based on the stricter 

gating strategy used for sorting, which should ensure the clean sorting of responding cells 

only. Inflammasome-forming T cells indeed clustered completely separately in the 

transcriptome analysis (Fig. 5.9 C). ASC speck-forming T cells showed upregulation of 

221 genes and downregulation of 60 genes in comparison to talabostat-treated cells 

without ASC specks. The latter group exhibited no difference to untreated reporter cells, 

highlighting that talabostat treatment has no transcriptomic effects on T cells that do not 

activate inflammasomes. The transcriptome analysis revealed that T cells indeed express 

NLRP1, ASC (PYCARD), and DPP8/9, demonstrating that the talabostat-induced 

inflammasome response can be based on NLRP1 activation (Fig. 5.9 D). Nevertheless, 

neither of these inflammasome components was unique to T cells with ASC specks, ruling 

out that ASC or NLRP1 expression determines the responsiveness of T cells. Other 

inflammasome sensors expressed in T cells were AIM2 and CARD8, but not NLRP3, in 

line with the undetectable inflammasome response after LPS and nigericin treatment. T 

cells also expressed caspase-1 (CASP1) and GSDMD, indicating that they can undergo 

pyroptosis downstream of inflammasome activation. Interestingly, T cells with ASC specks 

showed an increase in pyroptosis mediator NINJ1 transcripts.  

When I analyzed the transcriptome data of cytokines and chemokines, I was surprised to 

see that T cells with ASC specks had increased expression levels of proinflammatory 

cytokines like IFN-g (IFNG), TNF-a (TNF), and LT-a (LTA) (Fig. 5.9 E). This was not the 

case for all cytokines, as for example IL-16 transcript levels were similar in all sorted T 

cell subsets. In line with the undetectable IL-1b release from T cells, transcriptional 

expression of this cytokine was also undetectable. Next to increased cytokine expression, 

chemokines like CCL3-5 were also upregulated in T cells with ASC specks on a 

transcriptional level.  
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Next, I checked the transcriptome data of different T cell markers to see whether NLRP1 

inflammasome activation is restricted to a certain T cell subpopulation (Mousset et al., 
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2019). In line with my flow cytometry data, T cells with ASC specks expressed both CD4 

or CD8 markers in the transcriptome analysis (Fig. 5.9 F). The most strongly expressed T 

helper subset transcription factor was GATA-3 and expression levels were similar for all 

sorted groups. T cells with ASC specks had increased transcript levels of LAG3, but other 

T cell exhaustion markers like PD-1 (PDCD1) and Tim3 (HAVCR2) were unchanged. All 

T cells showed high levels of CCR7 and CD62L (SELL), and low levels of CD44 

transcripts, demonstrating that the anti-CD3/anti-CD28 stimulation did not lead to a full 

effector T cell phenotype. Nevertheless, T cells with ASC specks presented slightly 

upregulated CD69 and CD95 (FAS) levels, indicating a more effector-like phenotype. 

Interestingly, I observed a transcriptomic profile that is reminiscent of regulatory T (Treg) 

cells in ASC speck-forming T cells, showing upregulation of CD25 (IL2RA), CTLA-4, GITR 

(TNFRSF18), and TIGIT, as well as downregulation of CD127 (IL7R) (Trzupek et al., 

2020). 

As I observed upregulation of different cytokine and chemokine transcripts in T cells with 

ASC specks, I tried to confirm the transcriptome data by detecting the cytokines IFN-g and 

TNF-a on protein level using flow cytometry. As the IFN-g transcripts were strongly 

upregulated in inflammasome-forming T cells, this increase should be detectable on 

protein level as well. I stimulated inflammasome reporter T cells with talabostat in the 

Figure 5.9: Inflammasome-forming reporter T cells show no clear phenotype in 
transcriptome analysis. (A) Schematic overview of the experimental setup. CD3+ T 
cells were isolated from fresh blood, stimulated with anti-CD3/CD28 antibodies, and 
transduced with lentiviral vectors encoding the inflammasome reporter C1C-EGFP 
controlled by a constitutive promoter. After 5 days, reporter T cells were stimulated with 
30 µM Tal for 24 h, or left untreated (UT), all in the presence of caspase-1 inhibitor VX. 
C1C-EGFP+ cells with and without specks were sorted and analyzed by bulk 3’-RNA 
sequencing. (B) C1C-EGFP expression and ASC speck formation in C1C-EGFP+ 
T cells for all sorted donors. (C) Heatmap overview of upregulated and downregulated 
genes in the sorted T cell fractions (D-F) Heatmap of expression levels of selected 
inflammasome-related genes (D), cytokines and chemokines (E), and T cell-related 
genes (F) in the sorted T cell fractions of all donors. (G) Reporter T cells were 
stimulated with 30 µM Tal for 24 h and/or 50 ng/mL PMA + 1 µg/mL ionomycin for 5 h. 
Cells were stained for IFN-g and TNF-a, and cytokine expression in cells with and 
without ASC specks was analyzed by flow cytometry, as shown in the dot plots. 
Sequencing data represents average values with individual data points ± 95 % CI (B) 
or single values for each donor (C-F) from two independent experiments with cells from 
four different donors. Flow cytometry dot plots in (G) display values from one 
experiment.  
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presence of a Golgi protein transport inhibitor for the last 5 h of stimulation to accumulate 

intracellular cytokines. As a positive control, T cells were additionally stimulated with 

phorbol myristate acetate (PMA) and ionomycin. Analysis of cytokine levels by flow 

cytometry revealed that T cells with ASC specks showed no intracellular IFN-g or TNF-a 

(Fig. 5.9 G). Additional stimulation with PMA and ionomycin induced IFN-g and/or TNF-a 

expression in all T cells, but the response was unchanged in inflammasome-forming cells. 

I also analyzed the expression of surface markers like CD25 and CTLA-4, which were 

upregulated on the transcriptional level, but I did not detect differences between T cells 

with and without ASC specks (data not shown). Thus, the upregulation of certain 

cytokines, chemokines, and surface markers on only transcriptional levels represents 

probably just an artifact caused by prolonged inflammasome activation in the presence of 

caspase-1 inhibitor and thereby inhibited pyroptosis. The inflammasome-forming T cells 

probably initiated apoptosis, as it was reported that caspase-8 is activated on ASC specks 

in cells unable to undergo pyroptosis (Mascarenhas et al., 2017; Sagulenko et al., 2013). 

This effect made it difficult to distinguish, if transcriptional profiles of inflammasome-

forming cells define the NLRP1-responsive T cell subpopulation or whether they are a 

consequence of inflammasome formation in the presence of caspase-1 inhibitor itself.  

 

Although the transcriptome analysis did not provide the anticipated characteristics of 

inflammasome-forming T cells, I still wanted to explore potential biological functions of 

inflammasomes in T cells. For this, I screened additional NLRP1 as well as T cell-specific 

stimuli using the C1C-EGFP-expressing reporter T cells (Fig. 5.10). I first tested NLRP1 

activation by the RSR following treatment with anisomycin and lactimidomycin, but this 

failed to induce inflammasome activation in the reporter cells. Furthermore, the T cells 

were not infected by SFV or RVA SA11-4F, excluding NLRP1 activation by these viruses. 

Next, I stimulated the T cells with PMA and ionomycin (Iono), as well as increasing 

concentrations of anti-CD3/anti-CD28 antibodies. None of these stimulations induced 

inflammasome formation, suggesting that the tested T cell stimulations are not associated 

with inflammasome activation. 

 

Altogether, the generation of C1C-EGFP-expressing reporter T cells enabled the more 

sensitive detection of ASC specks compared to staining endogenous ASC. Moreover, 
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inflammasome reporter T cells allowed easy screening of potential inflammasome stimuli, 

revealing no NLRP1 activation by RSR and T cell stimulation. I was able to specifically 

sort inflammasome-forming reporter cells and the transcriptome analysis revealed altered 

expression of 281 genes in these cells. T cells with ASC specks showed upregulation of 

different cytokines, chemokines, and surface markers but protein stainings for some of the 

hits did not confirm increased expression on protein level. The transcriptional changes are 

probably caused by prolonged inflammasome activation in cells that cannot undergo 

pyroptosis, leading to the activation of caspase-8 and the initiation of apoptosis.  

 

5.2.4 Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD induces inflammasome 
formation and pyroptosis in T cells 
 

The only way to stimulate NLRP1 inflammasomes in T cells so far was treatment with 

talabostat, which still leaves some doubts about the specificity of the response, as 

inhibition of DPP8/9 stimulates CARD8 as well. T cells did not respond to anisomycin and 

 
 
Figure 5.10: Inflammasome reporter T cells show no inflammasome assembly 
after induction of the ribotoxic stress reponse. CD3+ T cells were isolated from 
fresh blood, stimulated with anti-CD3/CD28 antibodies, and transduced with lentiviral 
vectors encoding the inflammasome reporter C1C-EGFP controlled by a constitutive 
promoter. Reporter T cells were stimulated with 15 µM Aniso, 2.5 µM Lacti, 30 µM Tal, 
50 ng/mL PMA + 1 µg/mL ionomycin (Iono), or left untreated (UT) for 20 h. Cells were 
also stimulated with 2/4, 10/20, or 20/40 µg/mL anti-CD3/CD28 antibodies for 48-90 h. 
All stimulations were performed in the presence of caspase-1 inhibitor VX. C1C-EGFP 
expression and ASC speck formation in C1C-EGFP+ T cells were quantified by flow 
cytometry, as shown in Fig. 5.8. Data represents average values (with individual data 
points) from two independent experiments with cells from the same donor ± 95 % CI, 
p-values were calculated using unpaired t-test. 
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lactimidomycin, and could not be infected by NLRP1-activating viruses. Therefore, I 

decided to use the VHL-VHHPYD system again, which is the cleanest way to specifically 

stimulate NLRP1. As before, I transduced anti-CD3/anti-CD28-stimulated T cells with 

constructs expressing C1C-EGFP as well as VHHs or VHL-VHH fusions under the control 

of a bidirectional doxycycline-inducible promoter, the same constructs that were already 

successfully used for the generation of N/TERT-1 cell lines (see chapter 2). Expression of 

(VHL-)VHH was induced and ASC speck formation was analyzed in the presence or 

absence of caspase-1 inhibitor Vx-765 by flow cytometry (Fig. 5.11 A). With these 

experiments, I also aimed to test whether T cells undergo caspase-1-dependent 

pyroptosis after inflammasome activation. In fact, the transcriptome analysis indicated that 

T cells express caspase-1 and GSDMD and therefore all the necessary components for 

pyroptosis.  

Already 4 h after doxycycline induction, I detected C1C-EGFP expression in T cells co-

expressing VHL-VHHNP-1 and VHL-VHHPYD 1, and expression levels increased similarly for 

both nanobody fusions over time (Fig. 5.11 B). When I checked ASC speck formation in 

these cells, only T cells expressing VHL-VHHPYD 1 showed robust ASC speck assembly 

starting already 4 h post-induction (Fig. 5.11 C). The inflammasome response was 

significantly stronger than after talabostat treatment with nearly 30 % of the C1C-EGFP-

expressing T cells forming ASC specks 14 h post-induction. Analysis of ASC speck 

formation after 8 h doxycycline induction revealed NLRP1 activation by VHL-VHHPYD 2 as 

well, even though the response was lower compared to VHL-VHHPYD 1, in line with 

observations in N/TERT-1 keratinocytes (Fig. 5.11 D). Neither of the VHL-VHHPYD fusions 

yielded detectable inflammasome-forming cells in the absence of Vx-765. Likewise, when 

T cells were transduced with lentiviral vectors expressing VHL-VHHPYD 1, a smaller fraction 

of C1C-EGFP-positive cells was detected when caspase-1 was not inhibited. Both findings 

indicate that the NLRP1-activating T cells indeed undergo caspase-1-dependent 

pyroptotic cell death, causing their loss during the sample preparation process. 

Importantly, expression of VHL-VHHNP-1 and VHHPYD alone did not stimulate 

inflammasome activation. Independent of the co-expressed (VHL-)VHH, all T cells 

showed ASC speck formation after stimulation with talabostat, confirming the functionality 

of the C1C-EGFP reporter. Expression of both VHL-VHHPYD increased the weak 
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talabostat-induced inflammasome response to more than 20 % ASC speck assembly in 

C1C-EGFP-positive T cells.  
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To confirm that VHL-VHHPYD-expressing T cells indeed undergo pyroptosis, I analyzed 

the cells by microscopy in the presence or absence of caspase-1 inhibitor. T cells 

expressing VHL-VHHNP-1 and VHHPYD 1 showed evenly distributed C1C-EGFP expression 

and regular morphology (Fig. 5.11 E). In contrast, T cells expressing VHL-VHHPYD 1 not 

only formed ASC specks but also had the characteristic ballooning phenotype of pyroptotic 

cells. Pyroptosis was completely inhibited in the presence of Vx-765.  

 

Thus, targeted ubiquitination of NLRP1PYD by VHL-VHHPYD induces inflammasome 

formation in T cells. The NLRP1 response is a lot stronger than after inhibition of DPP8/9, 

suggesting that a large fraction of T cells can actually form inflammasomes and that 

responsiveness is not limited to a small subpopulation of T cells. NLRP1 activation in T 

cells induces caspase-1-dependent pyroptosis, highlighting that NLRP1 inflammasome 

formation can have relevant consequences in a physiological setting.  

 

 

Figure 5.11: Targeted ubiquitination of NLRP1PYD by VHL-VHHPYD induces 
inflammasome assembly and pyroptosis in T cells. (A) Schematic overview of the 
experimental setup. CD3+ T cells were isolated from fresh blood, stimulated with anti-
CD3/CD28 antibodies, and transduced with lentiviral vectors encoding C1C-EGFP and 
(VHL)-VHH controlled by a bidirectional dox-inducible promoter, as described in 
Fig. 2.5. Cells were treated with 1 µg/mL dox to induce expression. ASC speck 
formation was detected in the presence of caspase-1 inhibitor VX. (B,C) T cells, 
encoding the indicated VHL-VHH fusions, were treated with dox for 0-14 h. C1C-EGFP 
expression (B) and ASC speck formation in C1C-EGFP+ cells (C) were quantified over 
time by flow cytometry, as shown in the histograms and dot plots. (D) T cells, encoding 
the indicated VHL-VHH fusions or VHHs alone, were treated with dox, or left untreated 
(UT) for 8 h, where indicated in the presence of 100 µM VX. Cells stimulated with dox, 
30 µM Tal and VX for 24 h served as control. C1C-EGFP expression and ASC speck 
formation in C1C-EGFP+ cells were quantified by flow cytometry, as shown in (B,C). 
(E) T cells, encoding the indicated VHL-VHH fusions or VHHs alone, were treated with 
dox for 6 h, where indicated in the presence of VX. ASC speck formation and pyroptosis 
were analyzed by live-cell confocal fluorescence microscopy. The medium contained 
non-cell permeable DNA dye propidium iodide (PI). Scale bars represent 10 μm. Data 
represents (average) values with individual data points (± 95 % CI) from one (VHHPYD 1, 
VHHPYD 2, VHL-VHHPYD 2 data in D) or two (VHL-VHHNP, VHL-VHHPYD 1 data in D) 
independent experiments with cells from one or two donors. Flow cytometry dot plots 
in (B,C) display values from one experiment. Microscopy images originate from one 
experiment. 
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5.3 Discussion 
 

I detected inflammasome responses in primary human blood cells by staining endogenous 

ASC and analyzing inflammasome formation in different PBMC cell subsets by flow 

cytometry. I focused on the analysis of NLRP1 inflammasomes but I also stimulated 

NLRP3 as a control. I will first discuss the observed NLRP1 and NLRP3 responses in 

different cell types, before I specifically discuss the formation of NLRP1 inflammasomes 

in T cells.  

 

Monocytes are the major NLRP3-competent PBMC subpopulation 
Inflammasome responses in primary human blood cells were already analyzed by flow 

cytometry, but with a focus on NLRP3 inflammasomes in monocytes (Lage et al., 2019; 

Nagar et al., 2019; Sester et al., 2015). In line with these studies, I found that mostly 

monocytes form NLRP3 inflammasomes and release IL-1b after stimulation with LPS and 

nigericin. Depletion of CD14+ monocytes strongly reduced both inflammasome readouts, 

confirming that monocytes form the major NLRP3-competent PBMC subpopulation. 

However, stimulation of PBMCs with LPS and nigericin led to a loss of CD14+ monocytes, 

an observation that was also reported after LPS and ATP stimulation (Sester et al., 2015). 

Moreover, the remaining CD14+ monocytes showed reduced ASC expression. Thus, 

although most residual ASC-positive monocytes formed NLRP3 inflammasomes, this 

cannot explain the dominant monocyte-dependent response seen in the depletion 

experiments. It was shown that LPS-induced stimulation of CD14 leads to TLR4 

internalization, thus CD14 might be internalized after LPS treatment as well (Kim & Kim, 

2014; Zanoni et al., 2011). In line with the concomitant increase in CD14- HLA-DR+ cells, 

some of the CD14- monocytes are probably found in this population after LPS/nigericin 

stimulation, as they also showed a strong NLRP3 inflammasome response. A similar loss 

of CD14 expression and differentiation of monocytes into a more DC-like phenotype was 

reported after different viral infections (W. Hou et al., 2012). The remaining CD14- 

monocytes are probably found in ungated cell populations like non-classical monocytes 

which feature low CD14 but high CD16 expression levels (Zawada et al., 2012; Ziegler-

Heitbrock, 2015). Monocyte- and DC-specific stainings could help to distinguish different 
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monocyte and DC subsets to understand the relation and differentiation of these 

populations after NLRP3 stimulation (Carenza et al., 2021; Thomas et al., 2017).  

 

Lymphocytes assemble NLRP1 inflammasomes after inhibition of DPP8/9 
I stimulated PBMCs with talabostat to induce NLRP1 activation by inhibition of DPP8/9. 

This mode of activation is well described and the treatment itself was not toxic in the 

N/TERT-1 experiments. In contrast, all of the RSR stimuli induced apoptosis at some 

point, which would complicate the analysis of NLRP1 activation. The cleanest way to 

specifically stimulate NLRP1 would be the VHL-VHHPYD system, but cells would have to 

be transfected or transduced to achieve expression of the constructs in the cytosol. As 

these processes probably would have to be optimized for every analyzed cell type, the 

VHL-VHHPYD system is not suitable for a screening of a mixture of cells like PBMCs. 

Talabostat causes activation of CARD8 as well (D. C. Johnson et al., 2018) but detection 

of ASC specks allows to distinguish between the two inflammasome sensors, as active 

CARD8 cannot nucleate ASC specks (Ball et al., 2020; Gong et al., 2021). I observed 

robust inflammasome assembly in PBMCs after stimulation with talabostat. 

Inflammasome responses were lower than after NLRP3 stimulation, but the levels of ASC 

speck-forming cells were unchanged in monocyte-depleted PBMCs. This already implied 

that monocytes are not the main cell type to form inflammasomes after stimulation of 

NLRP1. Surprisingly, the analysis of inflammasome-forming cell subsets revealed that 

talabostat causes weak but robust ASC speck assembly in lymphocytes. Around 2 % of 

ASC-positive B cells and 3 % of ASC-positive T cells showed inflammasome formation. 

As T cells are the dominant subpopulation of PBMCs, they represented 15 % of all cells 

with ASC specks after inhibition of DPP8/9. Compared to monocytes and DCs, 

lymphocytes expressed only low levels of ASC in only a fraction of the cells and they did 

not respond to NLRP3 stimulation at all. I confirmed my observations in lymphocytes from 

secondary lymphoid tonsil tissue, which also formed inflammasomes after NLRP1 but not 

NLRP3 stimulation, similar to PBMC-derived lymphocytes. Tonsil-derived lymphocytes 

from one donor even showed increased inflammasome assembly after talabostat 

stimulation.  

Stimulation of primary human T cells with talabostat causes CARD8-dependent pyroptosis 

(D. C. Johnson et al., 2020; Linder et al., 2020) which can induce NLRP3 activation by 
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following potassium efflux from the pyroptotic cell (Rühl & Broz, 2015; Schmid-Burgk et 

al., 2015). However, in my assays, the cells cannot undergo CARD8-mediated pyroptosis, 

as they were stimulated in the presence of caspase-1 inhibitors to prevent the loss of 

fragile pyroptotic cells during the harvesting process. Moreover, the observed 

inflammasome response was unchanged in the presence of NLRP3 inhibitors, excluding 

the possibility of CARD8-mediated NLRP3 activation. Most importantly, I confirmed 

NLRP1 inflammasome assembly in human T cells by specifically activating NLRP1 in 

isolated T cells using the VHL-VHHPYD system. Targeted ubiquitination of NLRP1 by 

VHL-VHHPYD revealed that human T cells can assemble functional NLRP1 

inflammasomes, causing caspase-1-dependent pyroptotic cell death. Similar to the 

experiments in HEK 293T and N/TERT-1 cells, expression of VHL-VHHPYD induced a 

much stronger NLRP1 response than talabostat, revealing that a large fraction of 

stimulated T cells can form functional NLRP1 inflammasomes. To my knowledge, this is 

the first report about NLRP1 inflammasomes in human T and B cells. The only record of 

NLRP1 in T cells describes murine Nlrp1 as a negative regulator of Th17 differentiation in 

the context of type 1 diabetes, independent of its functions as an inflammasome sensor 

(Costa et al., 2021). Johnson et al. observed talabostat-induced pyroptosis in primary 

human B cells, but they did not further analyze this phenomenon (D. C. Johnson et al., 

2020). Therefore, it is impossible to tell whether pyroptosis was CARD8- or NLRP1-

dependent. Expression of the proposed NLRP1 stimulus KSHV ORF45 in the BJAB B cell 

line induced pyroptosis as well (X. Yang et al., 2022). Yang et al. confirmed NLRP1 

expression in this cell line, but there was no validation of functional NLRP1 

inflammasomes.  

 

I observed talabostat-induced NLRP1 but not LPS/nigericin-induced NLRP3 activation in 

blood- and tonsil-derived lymphocytes. Similarly, Sester et al. reported a lack of NLRP3 

inflammasome activation after LPS and ATP stimulation in CD14- PBMCs (Sester et al., 

2015). In line with my observations, it was reported that human T and B cells express 

NLRP1, but no or only low levels of NLRP3 (K. W. Chen et al., 2014; Kummer et al., 2007; 

Lech et al., 2010). Petterson et al. showed NLRP3 in immunohistochemical stainings of 

tonsillar T cells but they did not validate the used antibody (Petterson et al., 2011). 

However, there are some reports about functional NLRP3 inflammasomes in both B cells 
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and T cells. Human blood memory B cells release IL-1b and IgM in an NLRP3-dependent 

manner after stimulation with fungal b-glucan (Ali et al., 2017). Lim et al. found that B cell-

activating factor signaling induces NLRP3 inflammasome formation in primary human B 

cells (Lim et al., 2020). And murine peritoneal B1a cells undergo Nlrp3-dependent 

pyroptosis after Coxiella burnetii infection (Schoenlaub et al., 2016). Thus, NLRP3 

activation in B cells might require a different stimulation than LPS/nigericin. Certain B cell 

subsets may further not be (abundantly) present in the cell preparations that I analyzed. 

Regarding NLRP3 inflammasomes in T cells, it was reported that a distinct Th17 subset 

forms NLRP3 inflammasomes without additional stimulation to release IL-1a in a 

caspase-1- and GSDMD-independent manner (Chao et al., 2023). Arbore et al. described 

autocrine NLRP3-dependent IL-1b as a critical factor in Th1 differentiation, but their ASC 

stainings show no ASC speck formation and they prove IL-1b processing by intracellular 

cytokine staining only (Arbore et al., 2016). And, as suggested by other studies, NLRP3 

might influence T cell differentiation independent of inflammasome formation (Bruchard et 

al., 2015; Javanmard Khameneh et al., 2019; S.-H. Park et al., 2019). In a murine 

experimental autoimmune encephalomyelitis model, autocrine Nlrp3- and caspase-8-

dependent IL-1b stimulation was similarly reported as a critical factor in Th17 

differentiation, and Nlrp3-deficient Th17 cells showed inhibited IL-1b release after ATP 

stimulation (Martin et al., 2016). Knockout and inhibition of Nlrp3 also impaired humoral 

responses in mice, and Zhao et al. propose that this is due to the inhibition of autocrine 

Nlrp3-dependent IL-1b release by T follicular helper cells (Z. Zhao et al., 2022). However, 

human and murine T cells might not be that comparable, as LPS leads to upregulation of 

Nlrp3 in murine T cells which was not observed for human T cells (Lech et al., 2010). 

Thus, at least for human T cells, there is no convincing proof of functional canonical 

NLRP3 inflammasomes.  

 

Even though I detected robust and partially lymphocyte-based inflammasome assembly 

in monocyte-depleted PBMCs after stimulation with talabostat, concomitant IL-1b release 

was critically dependent on monocytes. Thus, lymphocytes and other non-monocyte cells 

that activate NLRP1 after talabostat treatment probably do not express pro-IL-1b under 

the conditions of my assay. This is in line with reports that monocytes are the primary 
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source of IL-1b after inflammasome activation in blood cells (Dinarello, 2009; Tran et al., 

2019). The IL-1b levels after talabostat treatment were also low compared to LPS/nigericin 

stimulation, highlighting the importance of priming to upregulate pro-IL-1b. Unprimed 

PBMCs show low levels of pro-IL-1b (Puren et al., 1999), and therefore Zhong et al. were 

able to increase talabostat-induced IL-1b release by LPS pretreatment (Zhong et al., 

2018). Thus, lymphocytes and other non-monocyte cells that activate NLRP1 might be 

able to release IL-1b after certain priming treatments.  

 

Competition of NLRP1 and CARD8 inflammasomes  
Although talabostat-induced inflammasome assembly in PBMCs was independent of 

NLRP3, talabostat-induced IL-1b release was strongly suppressed in the presence of 

NLRP3 inhibitors. Thus, inhibition of DPP8/9 causes not NLRP1- but NLRP3-dependent 

IL-1b release by monocytes. This suggests that talabostat causes CARD8-dependent 

pyroptosis of monocytes, inducing subsequent NLRP3 activation by potassium efflux 

(Rühl & Broz, 2015; Schmid-Burgk et al., 2015). Zhong et al. reported NLRP1-mediated 

IL-1b release by talabostat-treated PBMCs but they did not control for NLRP3 with a 

specific inhibitor (Zhong et al., 2018). Moreover, PBMCs undergo pyroptosis after 

talabostat stimulation, justifying pyroptosis-mediated NLRP3 activation (Okondo et al., 

2017).  

Talabostat treatment induced NLRP1 inflammasome assembly in around 10 % of ASC-

positive monocytes, raising the question why most of the IL-1b release depends on 

CARD8-mediated NLRP3 activation. To analyze ASC speck formation by flow cytometry, 

the cells have to be stimulated in the presence of caspase-1 inhibitors to prevent the loss 

of pyroptotic cells. As this prevents CARD8-mediated pyroptosis, the observed NLRP1-

mediated inflammasome response might be outperformed by CARD8-induced pyroptosis 

under regular conditions. This would also explain why others observed no role of NLRP1-

mediated pyroptosis in talabostat-treated human T cells (D. C. Johnson et al., 2020; Linder 

et al., 2020), whereas I showed NLRP1 inflammasome assembly in talabostat-treated and 

caspase-1-inhibited T cells. These observations imply that CARD8 may dominate NLRP1 

in cells that express and activate both inflammasomes. This is in line with reports about 

the monocytic THP-1 cell line, which also undergoes primarily CARD8-dependent 
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pyroptosis after talabostat stimulation, even though they express some NLRP1 (D. C. 

Johnson et al., 2018; X. Yang et al., 2022). Similar observations were made in primary 

human aortic endothelial cells which also express both inflammasome sensors. Infection 

of these cells with Coxsackie virus B3 induced CARD8-dependent pyroptosis, although 

the viral 3C protease induces N-terminal cleavage and degradation of NLRP1 (Nadkarni 

et al., 2022). One explanation for all these observations would be that CARD8 directly 

suppresses NLRP1 activation, whenever both sensors are activated in parallel. In line with 

this hypothesis, it was described that the CARD8 T60 isoform binds to NLRP1, which 

leads to the inhibition of NLRP1 activation in HEK 293T cells (Z. Xu et al., 2022). Before 

CARD8 was described as an inflammasome sensor, different studies suggested that 

CARD8 binds and regulates NLRP3 (Agostini et al., 2004; Ito et al., 2014; Mao et al., 

2018), thus it is possible that CARD8 has regulatory functions as well. Another explanation 

would be that NLRP1 has a higher threshold of activation compared to CARD8, which was 

proposed by others as well (Q. Wang et al., 2023). It sounds logical to regulate NLRP1 

activity more strictly, as ASC-dependent NLRP1 inflammasomes cause not only 

pyroptosis but also the release of proinflammatory cytokines. Interestingly, TCR-

stimulated T cells do not activate CARD8 after talabostat stimulation but I still observe 

NLRP1 inflammasome formation in these cells. Johnson et al. hypothesize that T cell 

stimulation leads to less CARD8 autoproteolysis, which is why talabostat-induced 

pyroptosis is inhibited. Moreover, the immunoblots of stimulated T cells show increased 

levels of NLRP1 (D. C. Johnson et al., 2020). Thus, it is tempting to speculate that 

activated T cells overcome the higher NLRP1 threshold by reduced CARD8 processing 

and increased NLRP1 expression. This would align with my preliminary observations that 

stimulation of T cells even increased talabostat-mediated NLRP1 activation, although this 

finding has to be validated by comparing unstimulated and stimulated T cells from the 

same donor. Even though stimulated T cells do not activate CARD8 after inhibition of 

DPP8/9, CARD8 can still be functional in stimulated T cells after N-terminal cleavage by 

HIV-1 proteases, implying that CARD8 responses in activated T cells depend on the 

stimulus (Q. Wang et al., 2021).  
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Stimulated T cells activate NLRP1 after inhibition of DPP8/9 but not after induction 
of the ribotoxic stress response 
Following up on the observed NLRP1 inflammasome response in PBMC- and tonsil-

derived T cells, I found that isolated T cells show the same NLRP1 inflammasome 

formation as PBMC-derived T cells after stimulation with talabostat. Thus, I generated 

C1C-EGFP-expressing reporter T cells, which enabled a more sensitive analysis of 

inflammasome formation by overcoming the limitations of endogenous ASC expression 

and staining. The transduction protocol included stimulation of the primary T cells with 

anti-CD3/CD28 antibodies for at least 3 days. TCR stimulation of T cells did not inhibit 

NLRP1 inflammasome formation after talabostat stimulation. This is in contrast to CARD8-

mediated pyroptosis which was only observed in naïve unstimulated T cells (D. C. 

Johnson et al., 2020; Linder et al., 2020). Neither Johnson et al. nor Linder et al. detected 

pyroptosis after talabostat treatment of stimulated T cells, whereas I observed NLRP1 

inflammasome formation in stimulated T cells after inhibition of DPP8/9. Then why did 

they not detect NLRP1-mediated pyroptosis? I showed that NLRP1 activation by 

VHL-VHHPYD-mediated targeted ubiquitination induces pyroptosis in T cells, suggesting 

that NLRP1 activation in T cells is in principle able to drive pyroptosis. Similar to the 

experiments in N/TERT-1 cells, the NLRP1 response in T cells after inhibition of DPP8/9 

was rather weak, which is why supernatant-based analyses of cell death might just not be 

sensitive enough to detect the death of a few pyroptotic T cells. Microscopy analyses in 

the presence of a non-cell permeable DNA dye would show whether talabostat-treated 

stimulated T cells undergo pyroptosis, similar to VHL-VHHPYD-expressing cells.  

 

The C1C-EGFP reporter T cells enabled a straightforward screening of NLRP1 stimuli like 

the RSR-inducing antibiotics anisomycin and lactimidomycin. Surprisingly, in contrast to 

HEK 293T and N/TERT-1 reporter cells, T cells did not show inflammasome activation 

after stimulation with either of the drugs. Murine T cells revealed MAPK2-dependent p38 

phosphorylation after UV irradiation (Alam et al., 2014) and Jurkat T cells showed p38 and 

JNK phosphorylation after stimulation with anisomycin (Shifrin & Anderson, 1999), 

suggesting that T cells can mount a functional RSR. However, it was reported that TCR 

stimulation causes alternative p38 phosphorylation at tyrosine 323 by the TCR-proximal 

tyrosine kinase Zap70, which then leads to autophosphorylation of the canonical p38 
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phosphorylation sites (Salvador et al., 2005). TCR-mediated mono-phosphorylation of 

p38, which caused altered substrate specificity of the MAP kinase, was also described 

(Mittelstadt et al., 2009). In addition, p38 seems to play a role in T cell differentiation 

(Gurusamy et al., 2020; Hayakawa et al., 2017) and IFN-g expression by Th1 cells (Rincon 

et al., 1998). Thus, p38-mediated NLRP1 activation might be dysfunctional in T cells to 

prevent pyroptosis after TCR stimulation and differentiation. It will be important to stain 

phosphorylated p38 in TCR- and anisomycin/lactimidomycin-stimulated T cells to analyze 

the regulation of p38 activity. As all of the cited studies were performed in murine T cells 

or the human T cell line Jurkat, this will help to confirm the described pathways in primary 

human T cells. If the T cells have a functional RSR and show phosphorylation of p38, it 

would be important to study how the T cells inhibit p38-mediated NLRP1 activation. One 

could speculate that alternative modifications of the sensor block the N-terminal linker 

region, alternative locations in the cytosol impair interaction with p38, or that NLRP1 is 

immediately dephosphorylated. 

 

NLRP1 activation is not limited to a specific T cell subpopulation  
I found that both CD4+ and CD8+ T cells can form ASC specks after talabostat stimulation. 

Talabostat-induced activation of CARD8 was similarly observed in both naïve and memory 

CD4+ and CD8+ T cells, indicating that NLRP1 and CARD8 inflammasomes are not 

restricted to a specific T cell subpopulation (D. C. Johnson et al., 2020; Linder et al., 2020). 

To further define the NLRP1 inflammasome-forming cells, I sorted talabostat-treated 

C1C-EGFP reporter T cells and compared the transcriptome of cells with and without ASC 

specks. Stimulated T cells expressed NLRP1, CARD8, AIM2, ASC, caspase-1, and 

GSDMD, but not NLRP3 or NAIP/NLRC4, on a transcriptional level, in line with other 

reports (D. C. Johnson et al., 2020; Linder et al., 2020; Lozano-Ruiz et al., 2022). T cells 

with ASC specks showed more than 200 upregulated genes in comparison to talabostat-

treated cells without ASC specks, but most inflammasome-related genes were unchanged 

in the two groups. This implies that the expression of NLRP1 and additional inflammasome 

proteins is not determining the responsiveness to talabostat. Some of the upregulated 

genes in T cells with ASC specks were cytokines and chemokines like IFN-g, TNF-a and 

CCL3-5, but intracellular cytokine stainings of IFN-g and TNF-a revealed no difference 

between T cells with and without inflammasomes. Transcriptional upregulation of surface 
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markers like CD25 and CTLA-4 could also not be confirmed on protein level by flow 

cytometry. The observed transcriptional changes are probably an artifact caused by 

prolonged inflammasome activation in the presence of caspase-1 inhibitor and thereby 

inhibited pyroptosis. There are reports about alternative caspase-8 activation in 

caspase-1-inhibited murine macrophages after Aim2, Nlrp3, and Nlrc4 stimulation, 

implying that caspase-8 is activated on ASC specks whenever caspase-1 is not inducing 

pyroptosis (Mascarenhas et al., 2017; Sagulenko et al., 2013). Since NLRP1 activation by 

talabostat requires incubation of up to 24 hours, the prolonged presence of ASC specks 

in caspase-1-inhibited T cells might induce similar alternative cell death pathways which 

then cause the detected transcriptional changes. Apart from the discussed dysregulated 

transcription of several genes, the transcriptome analyses gave no additional hints about 

the identity of the NLRP1 inflammasome-forming cells. T cells with ASC specks expressed 

both CD4 and CD8 and showed no clear T helper subset phenotype, which is not 

surprising as I did not add differentiation-inducing cytokines to the T cell culture. Some 

dysregulated genes in inflammasome-forming T cells were reminiscent of the 

transcriptomic profile of Treg cells like high expression of CD25 and CTLA-4 and low 

expression of CD127 (Trzupek et al., 2020). However, as already mentioned, 

representative flow cytometry analyses of some of the surface markers showed 

unchanged expression between T cells with and without ASC specks. Moreover, when I 

stimulated the T cells with VHL-VHHPYD, I observed NLRP1 inflammasome formation in 

up to 30 % of all T cells, excluding the possibility that only Treg cells form NLRP1 

inflammasomes. The strong response after VHL-VHHPYD stimulation suggests that NLRP1 

responsiveness is not limited to a small subpopulation of T cells, but rather that talabostat 

is a weak stimulus of NLRP1 in T cells, as observed in N/TERT-1 cells.  

 
What is the physiological relevance of NLRP1 inflammasomes in T cells? 
Using the VHL-VHHPYD system, I showed that NLRP1 inflammasome formation in T cells 

is linked to subsequent pyroptotic cell death. Importantly, NLRP1 activation by targeted 

ubiquitination was much stronger than after inhibition of DPP8/9 by talabostat. Thus, the 

VHL-VHHPYD system will be useful to further analyze the consequences of NLRP1 

activation in T cells. Using the weak NLRP1 activator talabostat, I could not detect IL-1b 

release by isolated naïve T cells. The same was observed by others, although they even 
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primed the cells with LPS (D. C. Johnson et al., 2020; Linder et al., 2020). In contrast to 

human tonsillar B cells, T cells seem to express at least low levels of TLR4 and they show 

LPS-mediated upregulation of antiviral genes, suggesting that the lack of IL-1b release 

was not due to unsuccessful TLR4 stimulation (Kabelitz, 2007; Lech et al., 2010; Mansson 

et al., 2006). As already mentioned, there are some reports about autocrine IL-1b 

stimulation of T cells in the context of Th1, Th17, and follicular T helper cell differentiation. 

Others showed IL-1b release by Jurkat T cells (X. Li et al., 2020), primary CD4+ T cells 

(C. Zhao et al., 2018), or CCR5+ lymphoid T cells (Doitsh et al., 2014), implying that these 

lymphocytes can release the proinflammatory cytokine in the context of certain 

stimulations. Since the talabostat-induced NLRP1 response was rather weak and 

probably completely overshadowed by the faster CARD8 inflammasome, it will be 

important to analyze whether NLRP1 activation by VHL-VHHPYD causes IL-1b release. 

However, the transcriptome analyses of stimulated T cells showed no expression of pro-

IL-1b, so the T cells probably require additional stimulations to upregulate the cytokine. 

On the other hand, NLRP1 inflammasome-forming T cells might release other relevant 

cytokines in the course of pyroptosis. T cells with ASC specks showed transcriptional 

upregulation of the pyroptosis mediator NINJ1, which would promote bursting and 

subsequent passive release of cellular content. Thus, it would be relevant to analyze the 

supernatants of VHL-VHHPYD-stimulated T cells for different cytokines using multiplex 

analyses.  

 

It was reported that Nlrp1 influences murine Th17 differentiation (Costa et al., 2021) and 

similar studies, reporting a role of inflammasome components in T cell differentiation, exist 

for NLRP3/Nlrp3 (Bruchard et al., 2015; Javanmard Khameneh et al., 2019; S.-H. Park et 

al., 2019), Aim2 (Chou et al., 2021; Lozano-Ruiz et al., 2022), caspase-1 (Y. Gao et al., 

2020), and ASC (Cheong et al., 2020; Javanmard Khameneh et al., 2019). Therefore, it 

would be interesting to differentiate Th1, Th2, and Th17 cells in vitro to test whether one 

of these groups is more or less responsive to NLRP1 activation. The differentiation will 

probably also influence the consequences of inflammasome formation, as these T cell 

subsets express different cytokines, which might be released by pyroptosis. In murine T 

cells, Nlrp1 seems to negatively regulate Th17 differentiation, and type I diabetes patients 

who exhibit a gain-of-function NLRP1 mutation (L155H) showed impaired Th17 
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development as well (Costa et al., 2021). The L155H mutation of NLRP1 is also 

associated with the autoimmune disease vitiligo, in which autoreactive Th17 cells 

contribute to the destruction of melanocytes in the skin. It was shown that PBMCs of vitiligo 

patients express increased levels of the Th17 transcription factor RORgT and NLRP1 

(Bhardwaj et al., 2020), but since IL-1b stimulates Th17 differentiation, this does not have 

to be a T cell-intrinsic effect (Chung et al., 2009). FKCL patients who exhibit a different 

gain-of-function NLRP1 mutation also showed enhanced IL-17 levels in the skin (Li et al., 

2023). As different NLRP1 mutations are associated with various autoimmune diseases, 

it is still possible that increased NLRP1 activation in T cells (and B cells) contributes to 

disease development (Tupik et al., 2020). One of the tonsil donors showed a strong 

inflammasome response in both lymphocyte subsets after talabostat stimulation, which 

could also be explained by NLRP1-activating mutations. To differentiate between 

lymphocyte- and IL-1b-mediated effects, it will be important to directly analyze 

lymphocytes from donors with confirmed NLRP1 mutations and compare their 

inflammasome responses to control cells.  

 

So far, I have shown NLRP1 activation by talabostat and nanobody-mediated targeted 

ubiquitination in lymphocytes. This confirms that these cells can indeed assemble 

functional NLRP1 inflammasomes. However, in which physiological settings is NLRP1 

activated? Talabostat is a widely used and accepted stimulus of NLRP1 (and CARD8), 

but it is still unknown whether inhibition of DPP8/9 represents a relevant danger signal, 

indicating for example intracellular pathogenic activity. I was not able to infect T cells with 

SFV and RVA SA11-4F, and T cells did not form inflammasomes after anisomycin- and 

lactimidomycin-induced ribotoxic stress. Other potential NLRP1 stimuli that can be tested 

are N-terminal cleavage by rhinovirus 3C proteases, as it was reported that T cells can be 

infected by rhinovirus 16, which caused subsequent cell death (Ilarraza et al., 2013). In 

addition, KSHV can infect T and B cells, potentially enabling ORF45-mediated NLRP1 

activation (X. Yang et al., 2022). It is also possible that lymphocytes undergo NLRP1-

mediated cell death after cell type-specific stimulation, for example during selection or 

differentiation. In line with that, it was described that Nlrp1a activation causes pyroptosis 

of hematopoietic progenitor stem cells in mutated mice (Masters et al., 2012). Murine T 

cells did not undergo pyroptosis after talabostat stimulation, but similar to my assays with 
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human T cells and N/TERT-1 keratinocytes, the response might have been too weak to 

be detectable (D. C. Johnson et al., 2020). Of course, murine Nlrp1 differs highly from the 

human sensor, and the role of inflammasomes in lymphocytes might also differ between 

mice and humans, as discussed before. Thus, it remains to be confirmed whether murine 

T and B cells exhibit functional NLRP1 inflammasomes as well.  

 

In summary, I analyzed inflammasome formation in primary blood cells by staining 

endogenous ASC. I confirmed that monocytes form the major NLRP3-competent PBMC 

subpopulation and are the main producers of IL-1b. NLRP1 stimulation by inhibition of 

DPP8/9 revealed that lymphocytes can assemble inflammasomes, which was also 

observed in tonsil-derived cells. Targeted ubiquitination of NLRP1 by VHL-VHHPYD in 

stimulated T cells caused strong NLRP1 inflammasome activation and pyroptosis, 

verifying that T cells have functional NLRP1 inflammasomes. The regulation of CARD8 

and NLRP1 inflammasomes in naïve and stimulated T cells, as well as potential cytokine 

release by NLRP1-activated T cells, require further analyses. NLRP1 responsiveness 

does not seem to be limited to a certain T cell subpopulation, but the physiological settings 

in which lymphocytes activate NLRP1 remain to be discovered. It will be important to study 

the influence of NLRP1 in lymphocytes in the development of autoimmune diseases that 

are associated with NLRP1 gain-of-function mutations.  

 

5.4 Material and Methods 
 

Cells 
Cell culture 

HEK 293T cells were cultivated as described in chapter 2. PBMCs and primary T cells 

were cultivated in Roswell Park Memorial Institute (RPMI) medium supplemented with 

GlutaMax, 10 % FBS, 1x penicillin/streptomycin, 1 % nonessential amino acids, 1 % 

sodium pyruvate, and 50 µM b-mercaptoethanol. Tonsil-derived cells were cultivated in 

RPMI supplemented with GlutaMax, 15 % FBS, 1x penicillin/streptomycin, 1 % sodium 

pyruvate, and 0.5 % gentamicin (all Thermo Fisher Scientific). 
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Purification of PBMCs 

Human PBMCs were purified from blood samples that were freshly taken in EDTA-

containing blood collection tubes. Blood was mixed 1:2 with PBS and PBMCs were 

isolated by density gradient centrifugation using Ficoll-Paque (VWR) at 400 g for 20 min 

at 4 °C. All cells from the PBMC layer were collected, washed once with PBS, and 

resuspended in full medium.  

 

Depletion of monocytes 

Isolated PBMCs were resuspended in sterile-filtered MACS buffer (0.5 % BSA, 2 mM 

EDTA, PBS), incubated with human CD14 Microbeads (Miltenyi Biotec), and added to LS-

columns with 30 µm pre-separation filters (Miltenyi Biotec), all according to manufacturer 

instructions. Columns were washed three times with 3 mL MACS buffer and the flow 

through, containing (CD14+) monocyte-depleted PBMCs, was collected. CD14- PBMCs 

were washed once with PBS and resuspended in full medium. 106 PBMCs and CD14-

PBMCs were stained for CD14 and analyzed by flow cytometry to confirm successful 

depletion of CD14+ monocytes.  

 

Isolation of T cells 

Isolated PBMCs were resuspended in sterile-filtered EasySep buffer (2 % FBS, 1 mM 

EDTA, PBS) and incubated with isolation cocktail and RapidSpheres (EasySep human T 

cell isolation kit, StemCell) according to manufacturer instructions. The negatively-

selected isolated T cells in the supernatant were collected using StemCell magnets, and 

T cells were resuspended in full medium. 106 PBMCs and T cells were stained for CD3 

and analyzed by flow cytometry to confirm successful isolation of T cells.  

 

Anti-CD3/Anti-CD28 stimulation of T cells 

To stimulate isolated T cells, 96 well-plates (TPP) were coated with 50 µL PBS containing 

2 µg/mL anti-CD3 and 4 µg/mL anti-CD28 (both Ultra-LEAF purified, Biolegend) for 2 h at 

37 °C. Plates were washed three times with PBS before 105 isolated T cells were seeded 

in 200 µL medium per well. T cells stimulated with anti-CD3/anti-CD28 antibodies were 

additionally supplemented with 20 U/mL human recombinant IL-2 (Sigma-Aldrich). 
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Tonsil-derived single cell suspension 

Intact or fragmented tonsils were provided by Alina Franzen (Klinik für 

Hals-/Nasen-/Ohrenheilkunde/Chirurgie, University Hospital Bonn) after surgical removal. 

Tonsils were placed in dishes containing Hanks' balanced salt solution (HBSS) buffer (1x 

HBSS, 5 % FSC, 0.5 % GlutaMax, 1x penicillin/streptomycin, 0.5 % gentamicin), and 

remaining connective tissue, fibrotic tissue, and fat were carefully removed using scissors 

and scalpels. Clean tonsils were cut into 3-10 mm fragments and fragments were further 

dispersed using 70 µm cell strainers. Obtained cells were washed three times with PBS, 

before incubation in sterile-filtered red blood cell lysis buffer (155 mM NH4Cl, 10 mM 

KHCO3, 0.1 mM EDTA, pH 7.4) for 10 min. Tonsil-derived cells were resuspended in full 

medium afterwards.  

 

Generation of genetically modified T cells 

T cells were genetically modified to constitutively express C1C-EGFP under the control of 

pUbC, or C1C-EGFP and VHHs/VHL-VHH fusions under a bidirectional doxycycline-

inducible promoter. Construction of the lentiviral plasmids was described in chapter 2. 

Isolated T cells were seeded in anti-CD3/anti-CD28-coated wells as described before. The 

next day, T cells were transduced by addition of 200 µL undiluted lentivirus supplemented 

with 10 µg/mL polybrene (Sigma-Aldrich) for 7-8 h. In case the lentivirus suspensions did 

not contain b-mercaptoethanol, it was added for the transduction as well. Transduced T 

cells were cultivated in full medium without addition of antibiotics. Cells were cultivated for 

at least 2 days before experiments were performed.  

 

Viruses 
Lentivirus production  

Lentiviruses for transduction of primary human T cells were produced as described in 

chapter 2, but with some adaptations to increase the virus yield and therefore the 

transduction efficiency. Confluent HEK 293T cells in 10 cm dishes were co-transfected 

with 9 µg lentiviral vector, 3.9 µg psPax2, and 2.1 µg pMD2.G using PEI Max 

(Polysciences). HEK 293T cells were transfected for 6-8 h, before addition of 10 mL T cell 

medium without b-mercaptoethanol and further cultivation for 48 h. Lentivirus-containing 

supernatants were harvested, filtered using 0.45 µm filter (Millipore), and directly used for 
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transduction or frozen at -80 °C. To achieve even higher virus titers, cells in 15 cm dishes 

were co-transfected with 20.25 µg lentiviral vector, 8.8 µg psPax2, and 4.7 µg pMD2.G, 

before addition of 30 mL medium (DMEM supplemented with 10 % FBS) and further 

cultivation for 48 h. Lentivirus-containing supernatants were harvested, filtered using 

0.45 µm filter, and lentiviruses were additionally precipitated using Lenti-X™ Concentrator 

(Takara Bio). Pelleted lentiviruses were resuspended in T cell medium and directly used 

for transduction or frozen at -80 °C.  

 

Antibodies 
The following antibodies were used: mouse anti-human ASC PE clone HASC-71 

(Biolegend Cat# 653903, RRID:AB_2564507), mouse anti-human CD14 APC-Cy7 clone 

HCD14 (Biolegend Cat# 325620, RRID:AB_830693), mouse anti-human CD14 FITC 

clone Tük4 (Miltenyi Biotec Cat# 5151221299, discontinued product), mouse anti-human 

CD16 PerCP/Cy5.5 clone 3G8 (Biolegend Cat# 302027, RRID:AB_893263), mouse anti-

human CD19 APC clone HIB19 (Biolegend Cat# 302211, RRID:AB_314241), Ultra-LEAF 

purified mouse anti-human CD28 clone CD28.2 (Biolegend Cat# 302934, 

RRID:AB_11148949), Ultra-LEAF purified mouse anti-human CD3 clone UCHT1 

(Biolegend Cat# 300438, RRID:AB_11146991), mouse anti-human CD3 BV510 clone 

OKT3 (Biolegend Cat# 317331, RRID:AB_2561376), mouse anti-human CD4 APC-Cy7 

clone RPA-T4 (Biolegend Cat# 300517, RRID:AB_314085), mouse anti-human CD56 

FITC clone HCD56 (Biolegend Cat# 318303, RRID:AB_604091), mouse anti-human CD8 

PerCP/Cy5.5 clone SK1 (Biolegend Cat# 344709, RRID:AB_2044009), mouse anti-

human HLA-DR eF450 clone LN3 (Thermo Fisher Scientific Cat# 48-9956-41, 

RRID:AB_10717673), mouse IgG1 k isotype control PE clone MOPC-21 (Biolegend Cat# 

400113, RRID:AB_326435), mouse anti-human IFN-g APC clone 4S.B3 (Biolegend Cat# 

502512, RRID:AB_315237), mouse anti-human TNF-a BV421 clone Mab11 (Biolegend 

Cat# 502931, RRID:AB_10898321) 

 

Small compound inhibitors and reagents 
The following small compound inhibitors and reagents were used: anisomycin (Sigma-

Aldrich), Crid3 (Tocris), doxycycline (Thermo Fisher Scientific), ionomycin (Enzo), 

lactimidomycin (Sigma-Aldrich), LPS-EK Ultrapure (Invivogen), Nigericin sodium salt 
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(Biomol), PMA (Sigma-Aldrich), talabostat mesylate (MedChemExpress), Vx-765 

(Selleckchem). 

 

Flow cytometry-based quantification of inflammasome assembly 
Seeding and stimulation of cells 

To quantify the assembly of ASC specks by staining endogenous ASC, 3∙106 (CD14-) 

PBMCs were seeded in 6 well-plates in a total volume of 1.5 mL. In experiments that 

compared inflammasome responses in PBMCs and isolated T cells, 5∙105 PBMCs or T 

cells were seeded in 96 well-plates (TPP) in a total volume of 150 µL. Tonsil-derived cells 

were seeded in 96 well-plates as well but with 2∙106 cells per well in 200 µL medium. To 

quantify the assembly of ASC specks in C1C-EGFP-expressing reporter T cells, 

0.5-3.5∙105 transduced T cells were seeded in 96 well-plates (TPP) in a total volume of 

200 µL. Stimulation of reporter T cells was always performed in the absence of anti-

CD3/anti-CD28 coating (except for antibody stimulation screen) and IL-2. All mentioned 

cells were stimulated in full medium in the presence of 100 µM Vx-765 for all flow 

cytometry experiments to prevent loss of responding cells by caspase-1-dependent 

pyroptosis.  

For drug-induced stimulation, cells were treated with 200 ng/mL LPS for 3 h followed by 

10 µM nigericin for 1 h, 3 or 30 µM talabostat for 20-24 h, 50 ng/mL PMA and 1 µg/mL 

ionomycin for 5-20 h, 15 µM anisomycin for 20 h, or 2.5 µM lactimidomycin for 20 h. 

Nigericin was directly added to the LPS-containing medium without additional medium 

change. For induction of doxycycline-inducible expression, cells were cultivated in 

medium containing 1 µg/mL doxycycline. For antibody-induced stimulation, cells were 

cultivated in 96 well-plates coated with the indicated concentrations of anti-CD3 and anti-

CD28 antibodies for 48 and 90 h.  

In case of additional inhibitor treatments, small compound inhibitors were added 30 min 

before and during the stimulation, with the following concentrations: 2.5 µM Crid3 or 

100 µM Vx-765. For staining of intracellular cytokines, T cells were stimulated with PMA 

and ionomycin in the presence of GolgiPlug Protein Transport Inhibitor (1:1000, BD). The 

inhibitor was added to talabostat-stimulated cells for the last 5 h of incubation.  
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Flow cytometry staining and analysis 

After stimulation, cells were harvested by resuspension (96 well-plate) or careful scraping 

(6 well-plate) and resuspended in FACS buffer (2 % FBS, 5 mM EDTA, PBS). Surface 

marker stainings were performed before fixation. Whenever cells were stained with anti-

ASC PE and the corresponding isotype control, samples were split into two fractions which 

were stained in parallel. Small fractions from all samples were pooled for the unstained 

controls. Cells were stained for the indicated surface marker in FACS buffer containing 

320 µg/mL human immunoglobin (CSL Behring) for 30 min at 4 °C. Cells were stained 

with the following antibody dilutions: anti-CD14 APC-Cy7 1:200, anti-CD16 PerCP/Cy5.5 

1:200, anti-CD19 APC 1:200, anti-CD3 BV510 1:200, anti-CD4 APC-Cy7 1:200, anti-CD8 

PerCP/Cy5.5 1:200, and anti-HLA-DR eF450 1:200. Afterwards, cells were fixed in 4 % 

methanol-free formaldehyde (Thermo Fisher Scientific) in PBS. If necessary, fixed cells 

were then permeabilized and stained for ASC or cytokines in Intracellular Staining 

Permeabilization Wash Buffer (Biolegend) containing 320 µg/mL human immunoglobin for 

1 h at 4 °C. Cells were stained with the following antibody dilutions: anti-ASC PE 1:100, 

PE isotype control 1:160, anti-IFN-g APC 1:100, and anti-TNF-a BV421 1:100. Samples 

were analyzed using BD FACSCanto flow cytometers, recording area, width, and height 

of the ASC-PE or C1C-EGFP signal of single cells. Flow cytometers were provided and 

serviced by the Flow Cytometry Core Facility (University Hospital, Bonn, Germany). 

Compensation was performed by recording single stain signals for all used fluorophores 

using OneComp compensation beads (Thermo Fisher Scientific). Flow Cytometry data 

was analyzed using FlowJo 10.8.1 software, based on the indicated gating strategies.  

 

Imaging flow cytometry 

To confirm ASC speck formation by imaging flow cytometry, PBMCs and inflammasome 

reporter T cells were stimulated and harvested as described for standard flow cytometry 

experiments. PBMCs were stained for surface markers and endogenous ASC as 

described above, but all surface marker antibodies were diluted 1:100 to achieve stronger 

fluorescence signals. Stained samples were filtered and concentrated in FACS buffer to 

reach a concentration of 2∙107 cells/mL. Samples were analyzed using the ImageStreamâ 

X Mark II instrument (Luminex), provided by the Flow Cytometry Core Facility (University 

Hospital, Bonn, Germany). Cells were recorded using 40x magnification (0.5 µm per 
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pixel). If necessary, compensation was performed by recording single stain signals for all 

used fluorophores using additionally stained PBMCs. As the ASC signal of cells with 

specks is different from unstimulated cells, it was ensured that the ASC PE single stains, 

as well as the unstained controls, contained ASC speck-forming cells. Imaging Flow 

Cytometry data was analyzed using IDEASâ software (Luminex). 

  

Cytokine quantification by HTRF 
To quantify IL-1b release, (CD14-) PBMCs were seeded (6∙105 cells in 300 µL per 24 well-

plate) and stimulated as described for flow cytometry experiments in the absence and 

presence of Vx-765. Supernatants for the quantification of IL-1b levels after T cell isolation 

were collected from 5∙105 PBMCs or T cells in 150 µL per well in 96 well-plates. IL-1b was 

quantified as described in chapter 2. 

 
Transcriptome analysis of inflammasome reporter T cells 

To perform transcriptome analysis of C1C-EGFP-expressing T cells with and without ASC 

specks, reporter T cells were generated by transduction as described before. 3 days after 

transduction, half of the cells were transferred into a new anti-CD3/anti-CD28-coated 96 

well-plates to expand cells as much as possible. 5 days after transduction all cells were 

harvested, pooled, and seeded into uncoated 96 well-plates to perform talabostat 

stimulation as described for flow cytometry experiments. Untreated T cells without ASC 

specks, as well as talabostat-treated T cells with and without ASC specks, were sorted 

using the BD FACSAria III instrument equipped with a 100 µm nozzle (see Table 4 for the 

number of sorted cells for each donor). The sorting was performed with the help of the 

Flow Cytometry Core Facility (University Hospital, Bonn, Germany). Sorted cells were 

lysed in 700 µL Trizol (Thermo Fisher Scientific) and frozen at -80 °C until RNA was 

extracted. Isolation of bulk RNA was performed with the RNeasy Micro Kit (Qiagen). 

Library production for 3’-mRNA sequencing was performed according to the 

manufacturer’s protocol and sequenced on a HiSeq2500 (Illumina) at the NGS Core 

Facility (University Hospital, Bonn, Germany). Reads were aligned with STAR (v2.7.3a) 

against the human reference genome hg19. Transcripts were quantified with the Partek 

E/M algorithm and further DEseq2 normalized. Batch-corrected data were used to 

calculate the differentially expressed genes between specking T cells, non-specking T 
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cells, and respective controls by 2way ANOVA analysis (fold-change |1.5|, FDR-adjusted 

p-Value ≤0.05). Data visualization and biological interpretation were performed with the 

Partek Genomics Suite (v7.0) and R (v3.5.0). 

 

Donor Untreated cells  Talabostat-treated cells 

Without ASC 
specks 

Without ASC 
specks 

With ASC specks 

Donor 1 2.61∙105 5∙105 7∙104 

Donor 2 2∙105 5∙105 7∙104 

Donor 3 1.74∙105 5∙105 6.34∙104 

Donor 4 2∙105 5∙105 1.7∙105 

Table 4: Number of sorted inflammasome reporter T cells used for transcriptome 
analysis. 
 
 
Microscopy 

To analyze pyroptosis in T cells expressing (VHL-)VHH constructs by live cell microscopy, 

around 3∙104 transduced T cells were seeded into 8 well glass bottom µ-slides (Ibidi). The 

next day, expression was induced by addition of 1 µg/mL doxycycline in the absence and 

presence of 100 µM Vx-765 and cells were analyzed by live cell confocal microscopy 

starting after 4 h. Shortly before imaging, 2.5 µg/mL propidium iodide ( Biolegend) and 

30 mM HEPES were added to the medium. Cells were cultivated at 37 °C and images 

were recorded using the HC PL APO CS2 63x1.20 water objective on a Leica SP8 

Lightning confocal microscope, provided and serviced by the Microscopy Core Facility 

(University Hospital, Bonn, Germany). Images were processed using ImageJ 2.3.0 

software. 

 
Statistical analyses 
Statistical analyses were performed as described in chapter 2. 
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6. Summary and outlook 
 

Within the five years that I worked on this thesis, there has been remarkable progress in 

our understanding of the human NLRP1 inflammasome. Most importantly, it was shown 

that the sensor is activated by functional degradation and inhibition of NLRP1-DPP8/9 

complex formation, both causing the release of active NLRP1UPA-CARD fragments which 

recruit ASC and assemble inflammasomes. With the work presented in this thesis, I 

extended the knowledge about human NLRP1 inflammasomes by delineating p38-

mediated NLRP1 activation, identifying several alphavirus and rotavirus strains as novel 

NLRP1 stimuli, and establishing lymphocytes as NLRP1-competent cell types.  

To study NLRP1 inflammasomes, I verified HEK 293T and N/TERT-1 keratinocyte 

inflammasome reporter cell lines, which enabled the complementary analysis of NLRP1 

in the background of either a minimally defined inflammasome setting or an endogenously 

regulated cellular system. I also identified NLRP1PYD-specific nanobodies which, 

combined with the VHL system, were able to stimulate endogenous NLRP1 by targeted 

ubiquitination and subsequent N-terminal degradation (Fig. 6.1). This VHL-VHHPYD 

system not only proves for the first time that targeted degradation of human NLRP1 is 

sufficient to activate the inflammasome sensor in an endogenous setting, but also 

represents a strong NLRP1-specific stimulus that allows the differentiation between 

NLRP1 and the highly similar inflammasome sensor CARD8. The system should be 

optimized to enable NLRP1 activation in primary cells/tissues without the need for lentiviral 

transduction or transfection.  

Using the reporter cell lines, I complemented, refined, and unified the mechanisms of 

NLRP1 activation by the proposed NLRP1 stimuli UVB irradiation, SFV infection, and 

transfection of dsRNA (Fig. 6.1). All these stimuli, as well as various inducers of the RSR, 

caused NLRP1 activation in a p38-dependent manner. I also identified additional 

alphaviruses, namely SINV, CHIKV, MAYV, and RRV, which similarly activate NLRP1. 

The MAP kinase p38 phosphorylates the N-terminal linker region of the sensor, in which 

serine 107 represents a critical phosphorylation site but additional phosphorylations of 

canonical p38 motifs are likely required for activation of the inflammasome. I propose that 

phosphorylation of the N-terminal linker generates a phospho-degron which is recognized 

by CRL complexes, causing the ubiquitination of NLRP1PYD, N-terminal degradation, and 
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inflammasome assembly. Thus, p38 activation acts as a signaling hub that integrates 

various stress signals to activate NLRP1 by direct phosphorylation. Further studies will 

have to delineate p38 activation by alphaviruses, define the required conditions of p38-

mediated NLRP1 activation, and determine the exact events causing N-terminal 

ubiquitination and degradation.  

Next to additional alphaviruses, I identified two simian rotavirus strains that activate 

NLRP1 in a p38-independent manner. For the RVA SA11-4F strain, I found that 

expression of the viral host antagonist NSP1 is necessary and sufficient for inflammasome 

activation, whereas the role of NSP1 in RVA RRV-mediated activation requires further 

analyses (Fig. 6.1). I hypothesize that rotavirus NSP1 binds the N-terminus of NLRP1, 

leading to the recruitment of CRL complexes and N-terminal degradation, but the exact 

mechanism of NSP1-mediated NLRP1 activation needs further studies. These studies 

should also focus on human rotavirus strains as well as physiologically relevant cell 

models to elucidate in which biological settings this mode of activation is relevant.  

Finally, I analyzed NLRP1 inflammasome assembly in primary blood cells and determined 

T and B lymphocytes as NLRP1-competent cells. NLRP1-specific activation by 

VHL-VHHPYD induced strong inflammasome formation and pyroptosis in stimulated 

primary T cells, confirming that T cells can assemble functional NLRP1 inflammasomes. 

The strong response, combined with a transcriptome analysis of inflammasome-forming 

cells, suggests that NLRP1 activation is not limited to a small subpopulation of T cells. It 

will be important to investigate whether NLRP1-activated T cells release relevant 

cytokines and in which physiological settings lymphocytes activate the inflammasome 

sensor.  

 

Although the understanding of NLRP1 inflammasomes improved greatly within the last 

few years, many questions remain that have not been answered. One of the most 

important questions is probably: Does NLRP1 activation always require N-terminal 

degradation and what is the function of the N-terminal domains if they are degraded most 

of the time?  

All NLRP1 stimuli that I tested in the N/TERT-1 keratinocytes, representing an 

endogenously regulated NLRP1 cell model, required functional neddylation, suggesting 

that CRL complexes cause the ubiquitination and subsequent degradation of the sensor 
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at some point of the stimulation. The activation by functional degradation enables NLRP1 
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to detect pathogenic proteases and interferences with DPP8/9 activity, but the same is 

true for the substantially less complex sensor CARD8. It was suggested that the N-

terminal linker of NLRP1 forms a tripwire region, presenting conserved pathogen-encoded 

protease cleavage sites like Q130/G131 for enterovirus 3C proteases (Robinson et al., 

2020; Tsu et al., 2021). However, the N-terminal unstructured region of CARD8 exhibits 

cleavage sites of Coxsackie virus B3 3C and 2A proteases, enabling the detection of viral 

protease activity without the need for PYD, NACHT, and LRR domains (Chui et al., 2020; 

Nadkarni et al., 2022). If the less complex CARD8 can detect the same danger signals as 

NLRP1, why do humans express both? First of all, NLRP1 activation has more severe 

consequences than CARD8, as the latter forms ASC-independent inflammasomes 

causing pyroptosis but no proinflammatory cytokine processing (D. C. Johnson et al., 

2018; Okondo et al., 2017). It may therefore be important to ensure tighter regulation of 

NLRP1 activity, since even small amounts of IL-1b can strongly promote inflammation 

(Dinarello, 2009, 2018). This is probably why NLRP1 exhibits a higher threshold of 

activation than CARD8 (Q. Wang et al., 2023), causing the dominant CARD8 response in 

primary monocytes and unstimulated T cells after inhibition of DPP8/9. The tighter 

regulation of NLRP1 is presumably mediated by NLRP1NACHT-LRR, as expression of 

NLRP1DLRR (Chavarría-Smith et al., 2016; Liao & Mogridge, 2009) and inactive NLRP1 

Walker A/B mutants (within NLRP1NACHT) in reconstituted cell systems leads to 

autoactivation (Ball et al., 2022; Neiman-Zenevich et al., 2014). I already speculated about 

NLRP1NACHT-LRR keeping NLRP1 in an inhibited state, in an ATP hydrolysis-dependent 

manner, potentially regulated by binding of dsRNA (Bauernfried et al., 2021) and oxidized 

TRX1 (Ball et al., 2022).  

But what is the function of NLRP1PYD? Expression of NLRP1DPYD displaying the 

fluorophore mScarlet at the N-terminus in N/TERT keratinocytes leads to increased 

NLRP1 activation after talabostat, SFV, and dsRNA stimulation (Bauernfried et al., 2021). 

And mutations in NLRP1PYD (Grandemange et al., 2017; Herlin et al., 2020; Zhong et al., 

2016) cause increased NLRP1 activity and NLRP1-associated inflammatory diseases 

similar to mutations in NLRP1LRR (Drutman et al., 2019; M. Li et al., 2023; Zhong et al., 

Figure 6.1: Graphical abstract of NLRP1 inflammasome activation by ribotoxic 
stress- and alphavirus-induced p38 phosphorylation, as well as nanobody- and 
rotavirus NSP1-mediated targeted ubiquitination.  
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2016). So is NLRP1PYD just another domain that negatively regulates NLRP1? The N-

termini of primate and human NLRP1 show evidence of evolutionary positive selection 

(Chavarría-Smith et al., 2016), suggesting an important function of the NLRP1PYD and the 

linker region apart from regulation. The findings of my thesis allow further speculations on 

this function: On the one hand, in the context of NLRP1 activation by rotavirus NSP1, I 

discussed the possibility that NLRP1PYD acts as a decoy domain for PYD-modifying 

pathogens, as suggested before (Chavarría-Smith et al., 2016). Human NLRP1 might 

exhibit the N-terminal PYD domain to detect cleavage or degradation of PYD-containing 

inflammasome sensors by pathogens. There is no evidence for this hypothesis yet, but 

the analysis of rotavirus NSP1-mediated NLRP1 degradation might provide new insights. 

On the other hand, p38 phosphorylates NLRP1 in the N-terminal linker and lysines in 

NLRP1PYD, but not the linker, are necessary for activation, implying that NLRP1PYD and 

the linker form a regulated system that allows N-terminal degradation of NLRP1 after p38-

dependent phosphorylation. Such a system allows NLRP1 to detect multiple stress signals 

integrated by p38 activity. As it was shown that ZAKa can phosphorylate the N-terminal 

linker in vitro as well (Robinson et al., 2022), it is possible that linker modifications by 

different kinases or other enzymes lead to NLRP1 activation, potentially enabling an even 

wider range of danger signal detection. The increased NLRP1 response in N/TERT 

keratinocytes expressing NLRP1DPYD displaying the fluorophore mScarlet at the N-

terminus could then be based on the higher number of lysines in mScarlet compared to 

NLRP1PYD. Thus, the original function of the N-terminal linker could be the presentation of 

degron-forming modification sites, but also the provision of the necessary unstructured 

region for N-terminal degradation (Chui et al., 2020; Prakash et al., 2004). If this was the 

main function of the NLRP1 N-terminus, NLRP1 would show a different mode of activation 

than CARD8, and the presence of pathogenic protease cleavage sites could just be a 

coincidence. In line with this, some murine Nlrp1b alleles are activated by lethal factor-

mediated cleavage but monocytes from cattle and bison, which are herbivores and 

therefore the most common hosts for Bacillus anthracis, show no cleavage and activation 

of NLRP1 by lethal factor (Vrentas et al., 2020). Moreover, the activation of Nlrp1b is not 

protecting mice from challenges with the Bacillus toxin (Greaney et al., 2020; Terra et al., 

2010), questioning the directed evolution of lethal factor cleavage sites in rodents. 
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Continuative studies will have to determine whether NLRP1 and/or CARD8 really evolved 

to detect pathogenic protease activity.  

My observations that murine Nlrp1b and NLRP1 in T cells did not respond to RSR 

stimulation argue against the hypothesis that the original function of the N-terminal linker 

is the presentation of degron-forming modification sites. The only known common stimulus 

of rodent and human NLRP1 is DPP8/9 inhibition, making the detection of DPP8/9 

interferences a possible candidate for the original function of this sensor. Many NLRP1 

reviews conclude that Toxoplasma gondii infection could present the common NLRP1 

stimulus that interferes with DPP8/9-mediated sequestration. However, as already 

mentioned, there is no concrete proof of NLRP1 activation by the parasite in human (Gov 

et al., 2013; Witola et al., 2011) and murine (Ewald et al., 2014; Gorfu et al., 2014) cells. 

Therefore, additional studies have to prove whether Toxoplasma gondii or other 

intracellular pathogens cause NLRP1 activation by inhibition of DPP9 complex formation. 

However, such pathogens would be similarly detected by the less complex sensor 

CARD8, questioning again the function of the NLRP1 N-terminal domains. It is also 

possible that NLRP1 and CARD8 are not guarding DPP8/9 activity, but that the 

sequestration by these enzymes is just a safety mechanism to prevent activation of the 

FIIND-containing inflammasome sensors during normal cell homeostasis. This way, 

activation of NLRP1 and CARD8 by talabostat would present an artificial stimulus that is 

not reflecting physiologically relevant danger signals at all. This would explain why 

talabostat is such a weak activator of endogenous NLRP1 in N/TERT-1 keratinocytes and 

T cells. Thus, the common stimulus of rodent and human NLRP1 might be a danger signal 

that still needs to be discovered.  

 

21 years ago, NLRP1 was the first inflammasome sensor to be described (Martinon et al., 

2002), but it seems like we only recently started to comprehend the complexity of this 

unique protein. It took more than 15 years until the concepts of activation by functional 

degradation and inhibition of DPP8/9 complex formation were developed, which were 

complemented by me and others, reporting activation by viral proteases, p38 

phosphorylation, and rotavirus IFN antagonist NSP1. It is astonishing that we did not have 

a clue about NLRP1 inflammasome activation for so long, whereas new modes of 

activation are now proposed every year. It feels like NLRP1 acts as a “Swiss Army knife” 
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that can detect multiple danger signals which all come down to N-terminal degradation of 

the sensor and the release of the active NLRP1UPA-CARD fragment. Continuative studies 

will have to find out whether the human NLRP1 N-terminus evolved to present pathogenic 

protease cleavage sites, degron-forming modification sites, and/or decoy inflammasome 

domains, why humans and primates express both NLRP1 and CARD8, and which 

common endogenous stimulus activates human and rodent NLRP1.  
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7. Abstract 
 

The assembly of inflammasomes is linked to the detection of pathogens and other danger 

signals by intracellular pattern-recognition receptors of the mammalian innate immune 

system. The human inflammasome sensor NLRP1 exhibits a unique structure containing 

both an N-terminal PYD and a C-terminal CARD, the latter being part of a smaller 

NLRP1UPA-CARD fragment that is separated by autoproteolysis. NLRP1 is mainly expressed 

in epithelial cells, such as keratinocytes in the skin. The sensor is activated by N-terminal 

proteolytic cleavage and subsequent N-degron pathway-mediated degradation of the 

sensor, or after inhibition of DPP8/9 which sequester free NLRP1UPA-CARD fragments. The 

release of the C-terminal NLRP1UPA-CARD fragment causes the recruitment of the adaptor 

protein ASC and caspase-1, resulting in the assembly of ASC specks, processing of 

IL-1b/IL-18, and pyroptotic cell death.  

 

To study NLRP1 inflammasomes, I characterized HEK 293T and N/TERT-1 keratinocyte 

inflammasome reporter cell lines, which enabled the complementary analysis of NLRP1 

in the background of either a minimally defined inflammasome setting or an endogenously 

regulated cellular system. In addition, I identified two NLRP1PYD-specific nanobodies 

which, combined with the E3 ligase receptor VHL, allowed the precise stimulation of 

endogenous NLRP1 by targeted NLRP1PYD ubiquitination and subsequent N-terminal 

degradation. The nanobody-mediated activation represents a strong NLRP1-specific 

stimulus that allows the distinction between NLRP1 and the highly similar inflammasome 

sensor CARD8.  

Using the reporter cell lines, I found that various stimuli of the ribotoxic stress response 

activate human NLRP1 in a p38-dependent manner. In addition, infection with 

alphaviruses, including Semliki Forrest virus and Chikungunya virus, as well as 

intracellular dsRNA caused p38-dependent NLRP1 activation. p38 kinases directly 

phosphorylate the N-terminal linker region of the inflammasome sensor, in which serine 

107 represents a critical phosphorylation site. I propose that phosphorylation of the N-

terminal linker generates a phospho-degron which is recognized by cullin RING E3 

ligases, causing the ubiquitination of NLRP1PYD, N-terminal degradation, and 

inflammasome assembly. This way, p38 activation acts as a signaling hub that integrates 
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various stress signals to activate NLRP1 by direct phosphorylation. This pathway 

represents an independent mode of activation, as p38 activity was not required for NLRP1 

activation by nanobody-mediated N-terminal degradation or DPP8/9 inhibition.  

Using the HEK 293T reporter cell lines, I further discovered two simian rotavirus strains 

that activate NLRP1 in a p38-independent manner. For the rotavirus A SA11-4F strain, I 

found that expression of the viral host antagonist NSP1 is necessary and sufficient for 

inflammasome activation, whereas rotavirus A RRV-mediated activation cannot be 

attributed to NSP1 expression alone. Since rotavirus NSP1 is known to induce host protein 

degradation, I hypothesize that NSP1 binds the N-terminus of NLRP1, leading to the 

recruitment of cullin RING E3 ligases and activation of the inflammasome by N-terminal 

degradation. This would make rotavirus NSP1 the first pathogen protein to cause targeted 

degradation of human NLRP1.  

Finally, I analyzed NLRP1 inflammasome assembly in primary blood cells and found that 

T and B lymphocytes, isolated from blood and tonsils, can form NLRP1 inflammasomes 

after inhibition of DPP8/9. Moreover, NLRP1-specific activation by nanobody-mediated N-

terminal degradation induced strong inflammasome formation and pyroptosis in 

stimulated primary T cells, confirming that T cells have functional NLRP1 inflammasomes. 

The strong response, combined with a transcriptome analysis of inflammasome-forming 

cells, suggests that NLRP1 activation is not limited to a small subpopulation of T cells. 

The identification of lymphocytes as NLRP1 inflammasome-forming cells might provide 

new insights into the development of autoimmune diseases that are associated with 

NLRP1 gain-of-function mutations.  

 

Altogether, I extended the knowledge about human NLRP1 inflammasomes by delineating 

p38-mediated NLRP1 activation, identifying several novel viral NLRP1 stimuli, and 

establishing lymphocytes as NLRP1-competent cell types. 
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13. Appendix 
 
List of cell lines used in this thesis 
 
Name in this 
thesis 

Lab 
intern 
name 

Parental 
cell line 

Transgene Plasmid Generation and 
selection 

Medium 

HEKASC H1 HEK 293T ASC-EGFP pRRL pUbC ASC-EGFP 
Puro 

Transduction with a 
dilution series of 
lentivirus to achieve 
single insertion, selection 
of clone based on 
minimal ASC speck 
background 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin,  

HEKNLRP1+ASC H8-1 H1 NLRP1-HA pRRL pUbC NLRP1-HA 
Hygromycin B 

Transduction with a 
dilution series of 
lentivirus to achieve 
single insertion, selection 
of clone based on 
optimal signal-to-noise 
ratio after talabostat 
stimulation 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKNLRP3+ASC H98 H1 NLRP3-HA pRRL pUbC NLRP3-HA 
Hygromycin B 

Transduction with a 
dilution series of 
lentivirus to achieve 
single insertion, selection 
of clone based on 
optimal signal-to-noise 
ratio after LPS and 
nigericin stimulation 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 
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HEKASC + 
NLRP1 

H151  H1 NLRP1-HA pRRL pUbC NLRP1-HA 
Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
mNlrp1b1 

H152 H1 mNlrp1b1-HA pRRL pUbC mNlrp1b1-
HA Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
mNlrp1b2 

H153 H1 mNlrp1b2-HA pRRL pUbC mNlrp1b2-
HA Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
mNlrp1b3 

H154 H1 mNlrp1b3-HA pRRL pUbC mNlrp1b3-
HA Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
mNlrp1b5 

H155 H1 mNlrp1b5-HA pRRL pUbC mNlrp1b5-
HA Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 SP-
AP TP-AP 
[PYD+linker] 

H156 H1 NLRP1-HA 
SP-AP TP-AP 
[PYD+linker] 

pRRL pUbC NLRP1-HA 
SP-AP TP-AP 
PYD+linker Hygromycin 
B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 
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HEKASC + 
NLRP1 SA 
TA [linker] 

H157 H1 NLRP1-HA SA 
TA [linker] 

pRRL pUbC NLRP1-HA 
SA TA linker Hygromycin 
B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 KR 
[PYD] 

H158 H1 NLRP1-HA KR 
[PYD] 

pRRL pUbC NLRP1-HA 
KR PYD Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 KR 
[linker] 

H159 H1 NLRP1-HA KR 
[linker] 

pRRL pUbC NLRP1-HA 
KR linker Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 
D1401R 

H160 H1 NLRP1-HA 
D1401R 

pRRL pUbC NLRP1-HA 
D1401R Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 T41A 

H162 H1 NLRP1-HA 
T41A 

pRRL pUbC NLRP1-HA 
T41A Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 
S107A 

H163 H1 NLRP1-HA 
S107A 

pRRL pUbC NLRP1-HA 
S107A Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 
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HEKASC + 
NLRP1 
T240A 

H164 H1 NLRP1-HA 
T240A 

pRRL pUbC NLRP1-HA 
T240A Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 
S1371A 

H166 H1 NLRP1-HA 
S1371A 

pRRL pUbC NLRP1-HA 
S1371A Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

HEKASC + 
NLRP1 SP-
AP TP-AP 
A107S 

H172 H1 NLRP1-HA 
SP-AP TP-AP 
A107S 

pRRL pUbC NLRP1-HA 
SP-AP TP-AP A107S 
Hygromycin B 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

DMEM/10 % 
FBS, 1 µg/mL 
puromycin, 
50 µg/mL 
hygromycin B 

- HFT9 HEK 293 
Flp-In T-
REx 

NLRP1-SH pEXPR TO FRT NLRP1-
SH 

Flp-In recombination after 
plasmid transfection 

DMEM/10 % 
FBS, 50 µg/mL 
hygromycin B, 
4 µg/mL 
blasticidin 

- HFT44 HEK 293 
Flp-In T-
REx 

NLRX1-SH pEXPR TO FRT NLRX1-
SH 

Flp-In recombination after 
plasmid transfection 

DMEM/10 % 
FBS, 50 µg/mL 
hygromycin B, 
4 µg/mL 
blasticidin 

N/TERT-1 
C1C-EGFP 

K14 N/TERT-1 caspase-
1CARD-EGFP 
(C1C-EGFP) 

pRRL pUbC caspase-
1CARD-EGFP Puro 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
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N/TERT-1 
C1C-EGFP 
DASC (p) 

K17 K14 sgRNA ASC 
#5 + Cas9 

pLentiCRISPR v2 delta 
sgRNA ASC #5 
Blasticidin  
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
C1C-EGFP 
DASC (m) 

K17-1 K14 sgRNA ASC 
#5 + Cas9 

pLentiCRISPR v2 delta 
sgRNA ASC #5 
Blasticidin  
 

Limiting dilution of 
polyclonal K17 cell line 
and selection of 
successful knockout 
clone 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
C1C-EGFP 
DNLRP1 (m) 

K20-6 K14 sgRNA NLRP1 
#2 + Cas9 

pLentiCRISPR v2 delta 
sgRNA NLRP1 #2 
Blasticidin  
 

Limiting dilution of 
polyclonal K20 cell line 
and selection of 
successful knockout 
clone 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
C1C-EGFP 
Dp38a 1 (p) 

K23 K14 sgRNA p38a 
#1 + Cas9 

pLentiCRISPR v2 delta 
sgRNA p38a #1 
Blasticidin  
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
C1C-EGFP 
Dp38a 2 (p) 

K24 K14 sgRNA p38a 
#2 + Cas9 

pLentiCRISPR v2 delta 
sgRNA p38a #2 
Blasticidin  
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  
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N/TERT-1 
C1C-EGFP 
Dp38b 1 (p) 

K27 K14 sgRNA p38b 
#2 + Cas9 

pLentiCRISPR v2 delta 
sgRNA p38b #2 
Blasticidin  
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
C1C-EGFP 
Dp38b 2 (p) 

K28 K14 sgRNA p38b 
#3 + Cas9 

pLentiCRISPR v2 delta 
sgRNA p38b #3 
Blasticidin  
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin  

N/TERT-1 
(VHL-)VHH+C1C-

EGFP 

K44 N/TERT-1 VHL-VHHNP-
HA MB C1C-
EGFP 

pInducer20bi-NA VHL-
VHH52-HA MB C1C-
EGFP G418 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
500 µg/mL 
geneticin 

N/TERT-1 
(VHL-)VHH+C1C-

EGFP 

K45 N/TERT-1 VHHPYD 1-HA 
MB C1C-
EGFP 

pInducer20bi-NA VHH 
AF-F08a-HA MB C1C-
EGFP G418 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
500 µg/mL 
geneticin 

N/TERT-1 
(VHL-)VHH+C1C-

EGFP 

K46 N/TERT-1 VHL-VHHPYD 1-
HA MB C1C-
EGFP 

pInducer20bi-NA VHL-
VHH AF-F08a-HA MB 
C1C-EGFP G418 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
500 µg/mL 
geneticin 

N/TERT-1 
(VHL-)VHH+C1C-

EGFP 

K47 N/TERT-1 VHHPYD 2-HA 
MB C1C-
EGFP 

pInducer20bi-NA VHH 
LJ-03-G12-HA MB C1C-
EGFP G418 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
500 µg/mL 
geneticin 

N/TERT-1 
(VHL-)VHH+C1C-

EGFP 

K48 N/TERT-1 VHL-VHHPYD 2-
HA MB C1C-
EGFP 

pInducer20bi-NA VHL-
VHH LJ-03-G12-HA MB 
C1C-EGFP G418 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
500 µg/mL 
geneticin 
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N/TERT-1 
C1C-EGFP 
DZAKa 1 (p) 

K63 K14 sgRNA ZAKa 
#1 + Cas9 

pLentiCRISPR v2 sgRNA 
ZAKa 1 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DZAKa 2 (p) 

K64 K14 sgRNA ZAKa 
#2 + Cas9 

pLentiCRISPR v2 sgRNA 
ZAKa 2 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DZAKa 3 (p) 

K65 K14 sgRNA ZAKa 
#3 + Cas9 

pLentiCRISPR v2 sgRNA 
ZAKa 3 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DTAOK2 1 
(p) 

K66 K14 sgRNA TAOK2 
#1 + Cas9 

pLentiCRISPR v2 sgRNA 
TAO 1 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DTAOK2 2 
(p) 

K67 K14 sgRNA TAOK2 
#2 + Cas9 

pLentiCRISPR v2 sgRNA 
TAO 2 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
500 µg/mL 
geneticin 
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N/TERT-1 
C1C-EGFP 
DTAOK2 3 
(p) 

K68 K14 sgRNA TAOK2 
#3 + Cas9 

pLentiCRISPR v2 sgRNA 
TAO 3 Neomycin 
 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DNLRP1 (m) 
+ NLRP1 

K100 K20-6 NLRP1-HA 
sg2 mut 

pInducer20 NLRP1-HA 
sg2 mut 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin, 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DNLRP1 (m) 
+ NLRP1 
S107A 

K101 K20-6 NLRP1-HA 
S107A sg2 
mut 

pInducer20 NLRP1-HA 
S107A sg2 mut 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin, 
500 µg/mL 
geneticin 

N/TERT-1 
C1C-EGFP 
DNLRP1 (m) 
+ NLRP1 KR 
[PYD]  

K102 K20-6 NLRP1-HA KR 
[PYD] sg2 mut 

pInducer20 NLRP1-HA 
KR PYD sg2 mut 

Transduction with 
lentivirus MOIs that 
permit multiple insertions, 
polyclonal cell line 

K-sfm (fully 
supplemented), 
1 µg/mL 
puromycin, 
5 µg/mL 
blasticidin, 
500 µg/mL 
geneticin 

 


