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Summary  

 

Background: Ocular pterygium-digital keloids dysplasia (OPDKD) is a rare, genetic 

disorder characterized by early onset corneal overgrowth and later development of 

keloids on distal limbs. We identified a de novo PELI2 germline mutation in a family 

with OPDKD. Pellino-2 is part of the Pellino family of E3 ubiquitin ligases, involved 

in the innate immune system. Pellino-2 has been linked to the activation of the NLRP3 

inflammasome. 

 

Objectives: Little was known about Pellino-2 at the beginning of this project. The 

overall aim of this thesis has been to examine Pellino-2 in greater detail with particular 

focus on how the identified mutation could lead to OPDKD. 

Aims paper 1: To analyze the interplay between Pellino-2 and NLRP3 in the activation 

of the NLRP3 inflammasome. 

Aims paper 2: To identify novel interaction partners of Pellino-2 and characterize 

Pellino-2 localization in non-immune cells. 

Aims paper 3: To report and characterize the PELI2 variant in an OPDKD patient.  

 

Methods: 

Paper   1: Immunofluorescence, ELISA, immunoblotting 

Paper 2: Yeast two-hybrid, co-immunoprecipitation, subcellular fractionation, 

immunoblotting, immunofluorescence, live cell imaging 

Paper 3: Trio exome sequencing, immunofluorescence, co-immunoprecipitation, 

cycloheximide chase assay, ELISA, cell viability assay 

 

Results: 

Paper 1: Pellino-2 was constitutively expressed in THP1-derived macrophages. Pellino-

2 changed intracellular localization upon NLRP3 inflammasome activation, and co-

localized with both NLRP3 protein and ASC protein in the late stages of inflammasome 

assembly. The interaction between Pellino-2 and NLRP3 and ASC, and thus NLRP3 
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inflammasome activation, was initiated by low levels of extracellular K+. The relocation 

of Pellino-2 and the NLRP3 inflammasome activation was blocked by various K+ 

channel blockers. 

 

Paper 2: Six novel interaction partners of Pellino-2 were identified: ROBO-1, DVL-2, 

NEK9, IRS-1, cyclin F and TRAF7. Pellino-2 intracellular localization was proven to 

be dependent on K+ efflux, also in non-immune cells. Live cell imaging confirmed that 

Pellino-2 is a dynamic protein, that can change intracellular localization. This provides 

an explanation for its interaction partners being located in various intracellular 

compartments. 

 

Paper 3: In an OPDKD patient, a de novo PELI2 variant c.770C>T p.(Thr257Ile) was 

identified. The substitution did not affect Pellino-2 intracellular localization, its binding 

to its interaction partners, or its stability. However, in U87MG cells transduced with the 

Thr257Ile variant, a constitutive activation of the NLRP3 inflammasome was observed. 

 

Conclusions: 

In this thesis, we characterized endogenous Pellino-2 in immune and non-immune cells. 

We showed that Pellino-2 acts as a potential K+ sensor that changes intracellular 

localization following K+ efflux. In immune cells, Pellino-2 relocates to the activated 

NLRP3 inflammasome, and in non-immune cells, to the nucleus. 

Further, we expanded the list of interaction partners of Pellino-2, opening new avenues 

of research for Pellino-2 and the signaling pathways in which these proteins are 

involved: cell migration via ROBO-1, epithelial-mesenchymal transition via DVL-2, 

insulin signaling via IRS-1, or cell division via cyclin F and NEK9. Our data suggest 

that Pellino-2 is a dynamic protein that can move within the cell to reach its interaction 

partners. 

Lastly, we reported a novel mutation in PELI2 that appears to constitutively activate 

the NLRP3 inflammasome. This provides a potential mechanism for inflammation and 

tissue overgrowth in OPDKD.  
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Introduction 

 

The theoretical background of this thesis is focused on ocular pterygium-digital keloid 

dysplasia (OPDKD) and the involvement of innate immunity in disease development. 

Pellino-2, an E3 ubiquitin ligase involved in toll-like receptor (TLR) signaling, and the 

NLRP3 inflammasome, involved in secretion of pro-inflammatory cytokines, are 

extensively presented. 

 

1.1. Inflammation 

Inflammation is a defense mechanism vital for health (1). Following infection or injury, 

tissue structure and function must be restored, and inflammation is the restorative 

response to such challenges (2). As a protective mechanism, a successful inflammatory 

response can clear an infection, eliminate a trigger and repair tissue damage, leading to 

the resolution of the acute inflammation (3). However, a persistent trigger or a faulty 

inflammatory response can lead to chronic inflammation (3). In essence, inflammation 

has beneficial effects on structural and functional recovery, but can also become 

detrimental when excessively activated. 

Inflammation takes many shapes and different mechanisms govern its induction, 

regulation and resolution. There are four components of the inflammatory pathway: 

inducers, sensors, inflammatory mediators and target tissues. Combinations of these 

components play a role in distinct inflammatory pathways. The inducers of 

inflammation are either infectious (pathogens: components of bacteria, viruses, and 

other microorganisms), or non-infectious (biological signals from damaged cells and 

chemical signals from toxic compounds). The sensors that detect the inducers are 

components of the immune system, both innate and acquired. Inflammatory mediators 

are induced by the sensors (e.g. pro-inflammatory cytokines, chemokines, histamine, 

bradykinin, eicosanoids etc). Lastly, target tissues are affected by the inflammatory 

mediators (e.g. liver, skin, blood) (3).  

At tissue level, immune, vascular and inflammatory responses lead to changes in 

vascular permeability, leucocyte migration and accumulation, followed by the release 

of inflammatory mediators (1). 
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In case of infection, the inflammatory response is mediated by the immune system upon 

activation of its two branches, innate and acquired immunity, with the aim of 

eliminating the pathogens. In case of sterile tissue injury, the inflammatory response is 

triggered by molecules released from dying cells or breakdown products of the 

extracellular matrix. This promotes tissue repair and prevents infections with 

opportunistic pathogens. 

However, persistent antigenic stimulus, autoimmunity, long term exposure to irritants 

or a faulty inflammatory response can lead to chronic inflammation. The consequences 

of chronic inflammation are tissue damage, misdirected and incomplete repair, and 

cancer. 

 

1.2. The immune system 

The immune system represents a set of defense mechanisms against disease, integrated 

in a complex, dynamic and highly regulated process. The immune system can be 

divided, based on the speed and duration of the initial response and the specificity 

against the target, into two categories: the innate and the acquired immune system, 

equally important, but with distinct characteristics (Fig. 1).  

The innate immune system is more primitive and gives a rapid and non-specific 

response when activated. In contrast, the acquired immune system is more sophisticated 

and produces a unique set of specific immune responses (antibodies and sensitized 

immune cells) against each individual pathogen it encounters. Thus, the function of the 

innate immune system is complemented and enhanced by the adaptive immunity. 

 

1.2.1. The innate immune system 

Innate immunity is considered the first-line barrier, providing a rapid response 

mechanism against invading microorganisms (viruses, bacteria, fungi, parasites). Its 

components are germline-encoded and are directed against molecules expressed only 

by microorganisms, thus differentiating them from the organism’s own structures. The 

innate immune response is acute and is generated within 6-12 hours after exposure to 

the pathogen. 
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Figure 1. The two distinct types of immune response: innate and adaptive immunity. 
As part of the innate immune system, toll-like receptors (TLRs) rapidly recognize pathogens and activate 

intracellular signaling cascades. Downstream of TLRs is the Pellino-2 protein, as well as the NLRP3 

inflammasome, both being the focus of this thesis. Responses of the adaptive immune system include specific 

antibody production by B cells against target antigens, as well as secretion of cytokines and cytotoxic molecules 

by T cells, that help eliminate the pathogens. The abbreviations can be found in the list of abbreviations. Figure 

partially adapted from (4, 5). Reprinted with permission from publishers. 

 

The components of innate immunity include a vast array of cells, receptors and 

molecules that work together to eliminate the pathogens, as well as a similar array of 

components that work together towards restoring the body’s baseline physiology. 

Below is an overview of the components of the innate immune system: 

• Physical or surface barriers that prevent pathogens from entering the body 

including skin, epithelial and mucous cells, as well as blood vessel endothelial 

cells (6-8). 

• Phagocytes (neutrophils, monocytes, macrophages) and other cells that release 

mediators of the inflammatory response (dendritic cells, natural-killer cells, mast 

cells, innate lymphoid cells) (9). 

• Inflammation-related serum proteins including the complement system, acute-

phase proteins (e.g. C-reactive protein) and lectins (10). 
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• Antimicrobial peptides (defensins, cathelicidins etc) on cell surfaces and inside 

phagocytic granules, as well as antimicrobial enzymes produced by epithelial 

and phagocytic cells (e.g. lysozyme). 

• Signaling proteins that mediate immunity and inflammation: cytokines, 

chemokines, interferons, lymphokines, tumor necrosis factor (TNFα). 

Activation of the innate immune system begins in macrophages, epithelial, mast and 

innate lymphoid cells at the site of insult. If pathogens manage to evade the physical 

barriers, these cells recruit other cells into the inflamed tissue (such as neutrophils, 

platelets, monocytes, dendritic cells). In addition to providing a first line of defense 

against microbes, the innate immune system also activates and instructs adaptive 

immune responses. It also regulates immunologic homeostasis by balancing the pro-

inflammatory mechanisms of host defense and the anti-inflammatory processes that 

restore the physiological baseline.  

 

1.2.2. Pattern-recognition receptors (PRRs) 

The innate immune system can induce a rapid immune response that directly attacks the 

invading pathogens due to a family of germline-encoded receptors, called pattern 

recognition receptors (PRRs). PRRs are also expressed by cells of the adaptive branch 

of the immune system (11) and can be activated by pathogenic or endogenous ligands. 

Pathogen-associated molecular patterns (PAMPs) are displayed on the cell surface of 

bacteria, fungi or viruses, while damage-associated molecular patterns (DAMPs) are 

molecules released from host cells undergoing necrosis. 

The host organism must be able to recognize a diverse array of PAMPs and DAMPs, 

and several PRR classes of receptors have been identified (12):  

• Membrane receptors: toll-like receptors (TLRs), C type lectin-like receptors. 

• Cytosolic receptors: nucleotide binding and oligomerization domain leucine-rich 

repeat receptors (NLRs), retinoic acid-inducible gene (RIG)-I-like receptors 

(RLRs). 

• DNA sensors: absent in melanoma (AIM)-2, a cytoplasmic protein that 

recognizes double-stranded DNA of microbial origin. 
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The activation of these receptors leads to different intracellular cascades that activate 

various transcription factors and influence gene expression, by upregulating pro-

inflammatory cytokines, interferons, chemokines and other antimicrobial proteins. 

These molecules thus stimulate an inflammatory environment at the infection site that 

will later on direct the adaptive immune response against the pathogens. 

 

1.2.2.1. PRR ligands 

As mentioned above, PRRs specifically recognize pathogen-associated molecular 

patterns (PAMPs) on the cell surface of microorganisms, that are absent in the host 

organism. Such molecules are peptidoglycans, like lipopolysaccharide (LPS) in the cell 

wall of Gram-negative bacteria (13), flagellin, the major protein component of mobile 

bacteria displaying flagellum (14), but also viral, single or double stranded DNA or 

RNA (15).  

In addition, PRRs are also effective detectors of misplaced or altered host molecules 

that signal tissue damage or cell death. Endogenous ligands, known as “alarmins” or 

damage-associated molecular patterns (DAMPs), are nuclear, mitochondrial or 

cytosolic molecules, released from host cells that have undergone infection, injury or 

inflammation. DAMPs bind specific receptors both inside and outside the cells to 

activate inflammation. 

Once released in the extracellular environment, DAMPs are recognized by PRRs 

expressed by cells of the innate immune system and promote immune and inflammatory 

responses (16). Some examples of DAMPs include proteins like heat-shock proteins, 

high-mobility group box 1 (HMGB1), amyloid b, S100 proteins, cytokines e.g. 

interferons (IFNs), but also non-protein DAMPs, like uric acid, mitochondrial DNA, 

extracellular ATP, heparan sulfate (16).  

 

1.2.3. Toll-like receptors (TLRs) signaling 

TLRs are transmembrane receptors, that contain an N-terminus extracellular domain, a 

single pass transmembrane region and a C-terminus cytosolic domain. The extracellular 

domain contains leucine-rich repeats (LRRs) that recognize extracellular PAMPs and 
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DAMPs; the transmembrane region continues with an intracellular domain containing 

a Toll-Interleukin 1 receptor Resistance (TIR) signaling domain. 

Upon ligand binding, the receptors dimerize and TIR domains are brought together to 

form docking sites for adapter proteins. Myeloid differentiation primary response 

protein 88 (MyD88) is a common TLR adapter protein that interacts with an interleukin-

1 receptor associated kinase, IRAK-4. Recruitment of IRAK-4 leads to its auto-

transphosphorylation (17, 18). IRAK-1 then binds to the protein cluster and is 

phosphorylated by IRAK-4. Activation of IRAK-1 also requires ubiquitination by the 

Pellino family of E3 ubiquitin ligases (Pellino-1, -2 and -3a, -3b), followed by 

recruitment of TNFR-associated factor 6 (TRAF6). IRAK-1 and TRAF6 then dissociate 

from the TIR-MyD88-IRAK-4 complex, in order to interact with TGF-activated kinase 

1 (TAK-1) and TGF-activated protein kinase 1 binding proteins 1 and 2 (TAB1 and 

TAB2) (17, 19, 20). Phosphorylation of TAK-1 and TAB2 induces the activation of 

mitogen-activated protein kinases (MAPKs) and inhibitor of nuclear factor-kB (NF-kB) 

kinase (IKK) complex. This activates transcription factors that increase the production 

of inflammatory cytokines, interferons, chemokines to further activate inflammatory 

cascades and autophagy processes (Fig. 2).  

 

1.3. The Pellino family of proteins 

The Pellino proteins are E3 ubiquitin ligases with important function in TLR signaling. 

The Pellino protein was initially identified in 1999 in Drosophila, in a yeast-two hybrid 

screen as an interaction partner of Pelle, a serine-threonine kinase involved in the toll 

receptor signaling pathway (21). Invertebrates rely entirely on innate immunity to 

protect them from harmful stimuli and only express one transcript of the Pellino protein. 

However, mammals possess a more intricate immune system and express four different 

Pellino proteins that are highly conserved and similar in size: Pellino-1 (22), Pellino-2 

(23), and the splice variants Pellino-3a and Pellino-3b (24). 

The relative expression levels of mammalian Pellino mRNAs differ remarkably in 

different organs, suggesting tissue-specific functions for the different Pellino proteins 

(25). Pellino-1 is the only family member that is highly expressed both by T and B cells 

(26). While B cells also have substantial levels of Pellino-3, T cells only express a 
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negligible level of Pellino-2 and Pellino-3 compared to the strikingly high level of 

Pellino-1.  

However, it has been suggested that the Pellino proteins may have overlapping roles 

and/or that other mediators in the TLR signaling cascade can complement the E3 

activity of Pellinos. For instance, TRAF6, Pellino-1 and Pellino-2 appear to have 

redundant E3 ubiquitin ligase functions in IL-1b-dependent MyD88 signaling, by 

generating Lys63-mediated poly-ubiquitin chains (27). 

 

 
Figure 2. TLR- and IL-1R-dependent activation of NF-kB and MAPK pathways.  
Upon stimulation, receptor dimerization occurs and intracellularly, MyD88 is recruited to the plasma membrane. 

Binding of IRAK-4 and autotransphosphorylation is followed by recruitment of IRAK-1 and its 

autophosphorylation. E3 ubiquitin ligases (e.g. Pellinos, TRAF6) are required for full activation and recruitment 

of TAK-1, along TAB1 and TAB2. MAPK pathway and NF-kB complex are activated, and transcription factors 

relocate to the nucleus, followed by upregulation of nuclear encoded pro-inflammatory cytokines (28). The 

abbreviations can be found in the list of abbreviations. Reprinted with permission from publisher. 
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Due to their high homology and degree of conservation across different species, these 

proteins are thought to possess an important biological role (25). However, before the 

characterization of functional or catalytic domains, the Pellinos were only considered 

scaffolding proteins (24). They were thought to serve simply as docking site for multiple 

protein partners in TLR downstream signaling, such as IRAK-1 (29-31), IRAK-4 (29, 

31), TAK-1 (32) and TRAF6 (24, 33). Then, structural analysis of the Pellino proteins 

revealed the presence of an N-terminal Fork-Head Associated (FHA) domain (34), and 

a C-terminal Really Interesting New Gene (RING)-like domain (35).  

The FHA domain binds phospho-threonine epitopes on target proteins (34). However, 

two atypical insertions (of 45 and 26 amino acids, respectively) in the FHA module 

initially prevented the recognition of the FHA core in Pellino sequences (34) (Fig. 3). 

FHA-containing proteins have been implicated in DNA damage repair and signaling (as 

transcription factors), vesicular transport and even protein degradation (36). 

RING-like domains are a characteristic feature of E3 ubiquitin ligases that mediate 

ubiquitination of target proteins (37). A classical RING domain contains a His and 

seven Cys residues that coordinate two zinc atoms needed for RING domain function 

(Cys3-His-Cys4). The Pellinos contain a closely related RING-like motif, Cys-His-

Cys2-Cys-His-Cys2, with two His and six Cys residues that coordinate two zinc atoms 

(35) (Fig. 3 and Fig. 4b). 

 

 
Figure 3. Schematic representation of Pellino functional domains. 
Pellino proteins contain a forkhead-associated (FHA) domain with two additional inserts in the core of the FHA 

domain that form a “wing”. In the C-terminal part, Pellino proteins have a Really Interesting New Gene (RING)-

like domain with cysteine (Cys) and histidine (His) amino acids in a Cys-His-Cys2-Cys-His-Cys2 pattern. Figure 

adapted from (19). Reprinted with permission from publisher. 
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The first direct evidence that Pellino proteins are E3 ligases was illustrated in an in vitro 

ubiquitination assay, where all three Pellino proteins catalyzed poly-ubiquitination (31). 

Ubiquitination occurs on lysine (Lys) residues, as described in detail below. 

Ubiquitination studies usually involve mutant forms of ubiquitin, in which Lys residues 

are replaced with arginine. Using recombinant mutant forms of ubiquitin with Lys48 

mutated to arginine (Lys48Arg) or Lys63 mutated to arginine (Lys63Arg), Butler and 

colleagues showed that each of the Pellino proteins lost all ability to catalyze poly-

ubiquitination when Lys63Arg ubiquitin was used as the substrate. This proved that 

Pellino proteins are E3 ligases that catalyze Lys63-linked ubiquitination (31). Several 

E2 ubiquitin conjugating enzymes have later been shown to form ubiquitination 

complexes with Pellinos, mediating in vitro both Lys-63 and Lys-48 linked poly-

ubiquitination (38), thus implicating Pellino proteins in a range of cellular signaling 

processes. 

 

1.3.1. The role of E3 ubiquitin ligases in ubiquitination 

Ubiquitination is a major regulatory cellular system that coordinates complex protein 

signaling pathways, including the innate immune response. Ubiquitin is the central 

element of this process and is a 76 amino acid polypeptide expressed in all eukaryotic 

cells (39). A ubiquitin-activating enzyme (E1) triggers the cascade by binding ubiquitin 

to its active site. This activated ubiquitin molecule is then transferred to the active site 

of a ubiquitin-conjugating enzyme (E2). Lastly, the E2-ubiquitin complex is brought in 

close proximity to the substrate of the ubiquitination process by an ubiquitin-ligase 

protein (E3), which enables the transfer of ubiquitin on the target protein (40).  

So far two ubiquitin E1 enzymes, forty-fifty E2 conjugating enzymes and hundreds of 

E3 ubiquitin ligases have been described in humans (41). The E3 ubiquitin ligases 

mediate substrate specificity, while the E2 conjugating enzymes mediate the type of 

ubiquitin chains on the target protein (42). 

Proteins can undergo ubiquitination at a single lysine residue (mono-ubiquitination) 

(43), at multiple lysine residues simultaneously (multi-ubiquitination) (44) or ubiquitin 

chains can be formed by covalent binding of new ubiquitin molecules on another 

ubiquitin‘s lysine residue (poly-ubiquitination) (45). Mono-ubiquitination targets 
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receptor proteins and leads to internalization and endocytosis (43), but also gene 

silencing (46) and protein trafficking (47). Poly-ubiquitin chains can be formed on the 

seven lysine residues of the ubiquitin molecule (Lys6, 11, 27, 29, 33, 48, 63), as well 

as the N-terminal methionine residue (Met1) (48). The most studied poly-ubiquitination 

processes are Lys48- and Lys63-linked, the former targeting proteins for degradation, 

while the latter modulates protein signaling and function (49). Ubiquitination on other 

lysine residues has yet to be fully elucidated.  

 

1.3.2. Pellino-1 and Pellino-3 

Pellino-1 is the most studied of the Pellino family members, for which several 

approaches have been employed: overexpression, RNA interference (RNAi), 

generation of knock-in and knock-out mice, as well as studies of Pellino-1 genetic 

mutations. 

By inducing poly-ubiquitination of IRAK-1 and IRAK-4 in the TLR and IL-1R 

pathways, human Pellino-1 was shown to be specifically involved in NF-kB activation 

(31, 35). Overexpression of Pellino-1 led to an increase in basal NF-kB activation, while 

a decrease in Pellino-1 expression (RNAi) led to a decrease in IL-1-induced NF-kB 

activation (50). In line with Pellino-1 involvement in the innate immune system, 

Pellino-1 levels can be upregulated upon stimulation with lipid A (a major constituent 

of bacterial LPS) (51). 

Pellino-1 induces in vitro poly-ubiquitination with five different E2 conjugating 

complexes. In the presence of Ubc13–Uev1a, Pellino-1 induced the formation of Lys63-

poly-ubiquitin chains, while, in the presence of UbcH3, Lys48-poly-ubiquitin chains 

were formed specifically. In the presence of UbcH4, UbcH5a and UbcH5b, the poly-

ubiquitin chains formed were linked via Lys48 and Lys11, with minor ubiquitination 

via Lys63. This suggests that E2 conjugating complexes direct the specificity of poly-

ubiquitin chain formation (38). 

In vivo experiments with Pellino-1-deficient mice indicated that Pellino-1 was not 

compulsory for IL-1R signaling, but rather for TRIF-dependent TLR signaling by 

binding and facilitating RIP1 poly-ubiquitination (52). By 6 months of age, Pellino-1-

deficient mice developed multi-organ inflammation and auto-antibody production 
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because Pellino-1-deficient T cells become hyperactive (26). Together, these data 

suggest that Pellino-1 is required to prevent autoimmunity.  

In contrast to this, a different role of Pellino-1 in autoimmunity was reported by Xiao 

et al (2013), investigating the pathogenesis of multiple sclerosis. Abundantly expressed 

in microglia, Pellino-1 promotes the induction of chemokines and proinflammatory 

cytokines during the development of experimental autoimmune encephalomyelitis 

(EAE). In contrast, Pellino-1-deficient mice display reduced neuroinflammation, being 

protected from developing the disease (53). 

 

Pellino-3 proteins have an extra N-terminal 27 amino acid sequence compared to 

Pellino-1/2. Pellino-3a consists of 7 exons and Pellino-3b only 6, missing exon 2 due 

to an in-frame deletion of 24 amino acids. Pellino-3a and Pellino-3b are widely 

expressed, with highest expression levels in the human heart, brain and testes (24). 

Interaction partners of Pellino-3 include IRAK-1, TRAF6 and TAK-1 upon IL-1R 

activation (24). In reporter assays, Pellino-3 leads to activation of c-Jun and Elk-1, but 

not NF-kB (24).  

Knockdown studies of Pellino-3 (by siRNA) have shown increases in cytokine IL-8 

production (54) and decreases in cytokine IL-1β secretion (30). Conversely, the 

overexpression of Pellino-3 induced p38 phosphorylation, which in turn activated the 

transcription factor CREB (30).  

Pellino-3 knockout mice have normal growth and viability. While type I interferons 

(INF) expression was increased in these animals, this was not the case for other 

proinflammatory cytokines (55).  

Pellino-3 has been shown to negatively regulate the expression of pro-IL-1β, via 

destabilization of the transcription factor hypoxia-inducible factor 1a (HIF-1a) and 

suppression of gene transcription (56). This suggests an anti-inflammatory effect of 

Pellino-3.  
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1.3.3. Pellino-2  

The human Pellino-2 protein is the lesser-investigated member of the Pellino family. 

The PELI2 gene is located at chromosome 14 and encodes a 420 amino acid protein 

(23).  

A yeast two-hybrid screen using full length human IRAK-4 (as bait) and a HeLa cDNA 

library (as target) first identified human Pellino-2 as a binding partner of IRAK-4 (29). 

However, under overexpression conditions in HEK293 cells, the interaction between 

Pellino-2 and IRAK-1 was significantly stronger than the interaction with IRAK-4 (29). 

Additionally, co-expression of Pellino-2 and IRAK-1 led to high molecular weight 

species of IRAK-1, suggesting increased ubiquitination of IRAK-1 (29). This was not 

the case for IRAK-4. In vitro kinase assays with recombinant Pellino-2 and IRAKs 

showed that both IRAK-4 and IRAK-1 were able to efficiently phosphorylate Pellino-

2 (29). Thus, the interactions between Pellino-2 and the IRAK-4 kinase have been 

extensively studied, but have shown conflicting findings. 

Furthermore, in overexpression experiments, Pellino-2 did not induce the 

transcriptional activity of NF-kB and AP-1 (29). However, others studies reported that 

downregulation of mouse Pellino-2 reduced IL-1-dependent activation of the NF-kB-

dependent IL-8 gene promoter (57). Furthermore, Pellino-2 can be involved in signaling 

sub-pathways that specifically lead to the activation of transcription factors AP-1 (the 

c-Jun subunit) and Elk-1 (32).  

Some of these differences could be explained by species- and cell type-specific 

functions of Pellino-2. However, also differences in experimental procedures and 

assays could induce bias and conflicting data (25). Taken together however, current 

literature suggests that Pellino-2 is an integral part of TLR pathways, but it is less clear 

which transcriptional elements are activated by Pellino-2. 

 

1.3.3.1. Localization 

Little is known about the localization of human Pellino-2. In mice, Pellino-2 mRNA 

expression analysis, using northern blot, indicated that it is found in the developing 

mouse embryo, as well as in the adult mouse. Mouse Pellino-2 was found in abundancy 

in mouse liver and skin – tissues central in innate immunity response. In contrast, low 



 15 

mRNA expression or no expression of mouse Pellino-2 was found in thymus and spleen, 

organs that predominate in adaptive immune responses (57).  

 

1.3.3.2. Structure 

In 2008, the X-ray crystal structure of the N-terminal region of Pellino-2 was 

determined by multiwavelength anomalous dispersion (MAD) down to 1.8 Å resolution 

(34). Pellino-2 N-terminal domain consists of a single globular domain. There are 17 b 

strands that form 4 distinct b sheets, similar to the forkhead-associated (FHA) domain, 

a well-known and extensively characterized phosphothreonine (pThr)-binding module. 

Two insertions (of 45 and 26 amino acids, respectively) in the FHA module constitute 

a “wing” or appendage on the FHA domain structure (Fig. 4a) (34, 58).  

 

 
Figure 4. Human Pellino-2 structure. 
A. Schematic representation of the N-terminal FHA domain of Pellino-2: green labeling of the 11 b sheets 

comprising the FHA core; blue labeling of the 6 b sheets comprising the additional wing.  

B. Schematic representation of the CHC2CHC2 RING-like domain of Pellino-2: red labeling of the cysteine 

amino acids; light blue labeling of histidine amino acids.  

C. Amino acid sequence of human Pellino-2 (FHA domain in bold letters, RING domain in italic letters), with 

color representation of the corresponding amino acids for the structures illustrated in A. and B.  

The abbreviations can be found in the list of abbreviations. Adapted from (34, 59). Reprinted with permission 

from publishers. 
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Additionally, key residues in the Pellino-2 structure were identified, such as Arg106, 

Ser137, Arg138, Thr187 and Asn188, that contribute directly to pThr-dependent 

binding of Pellino-2 to IRAK-1. When IRAK-1 was dephosphorylated enzymatically, 

the ability to interact with Pellino-2 was abolished (34), indicating that IRAK-1 

phosphorylation is critical for interaction with Pellino-2 FHA core. 

A striking feature of the Pellino-2 FHA core is the increased length of many of the loops 

separating strands in the b sandwich compared with the short connecting loops typically 

seen in canonical FHA domains. These loops are not well conserved between Pellino 

proteins and the differences in these three loops might dictate binding selectivity (and 

thus different substrate and signaling specificities) for these proteins (34). Thus, local 

differences in the Pellinos sequence may be responsible for different substrate 

specificities (33). 

In the appendage wing of the FHA domain, phosphorylation sites critical for Pellino-2 

activation by IRAK-1 and IRAK-4 were identified: Ser78, Ser80, Thr82, Ser84, Thr88. 

In addition, two other sites are located at Thr290, Ser295, in the N-terminal part of the 

RING-like domain with E3 ligase activity (60). 

The RING-like domain in the structure of Pellino-2 follows the same Cys-His-Cys2-

Cys-His-Cys2 pattern as the other Pellino proteins. The E3 ubiquitin ligase activity of 

Pellino-2 depends on this C-terminal RING-like domain. Mutations of two key residues 

(Cys397Ala and Cys400Ala) in this domain abolished the capability of Pellino-2 to 

promote the poly-ubiquitination of IRAK-1 (61). 

 

1.3.3.3. Interaction partners 

As mentioned above, Pellino-2 has been shown to associate with several signaling 

proteins involved in the TLR pathways, including IRAK-1 (29, 33-35, 57, 61), IRAK-

4 (29, 31), TAK-1 (32, 61) and TRAF6 (32, 33, 61).  

Overexpression of mouse IRAK-1 and Pellino-2 in HEK293-EBNA cells led to the 

immunoprecipitation of a protein complex between the two proteins (57). However, 

when only mouse Pellino-2 was overexpressed, mouse IRAK-1 immunoprecipitated 

with mouse Pellino-2 only when the HEK293-EBNA cells were treated with IL-1b (57). 
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This suggests that under steady-state conditions, the two proteins do not form a 

complex, but that complexes are formed in response to IL-1b signaling (57).  

While some reported that the FHA domain is the binding site of phosphorylated IRAK-

1, (33, 34), others showed that efficient binding of Pellino-2 to IRAK-1 requires the C-

terminal RING domain (35). In addition, binding of Pellino-2 to IRAK-1 required 

IRAK-1 kinase activity and was associated with Pellino-2 phosphorylation (29, 35). 

The functional consequence of this phosphorylation is enhancement of Pellino E3 ligase 

activity, leading to ubiquitination of both Pellino-2 and IRAK-1 (38). This suggests that 

poly-ubiquitination of Pellino proteins is a functional consequence of IRAK-induced 

phosphorylation of these proteins (31, 38).  

Using mass spectrometry, it was shown that the poly-ubiquitin chains attached to 

IRAK-1 were almost exclusively linked via Lys63, with only traces of IRAK-1 being 

linked via Lys48 (38). 

In contrast to what is seen for IRAK-1, IRAK-4 co-expression promoted strong 

ubiquitination of Pellino-3, and a very weak ubiquitination of Pellino-1 and Pellino-2. 

Pellino-3 also interacted more strongly with IRAK-4, than Pellino-1 or Pellino-2 (31). 

Further, overexpression of wild-type IRAK-4 caused the degradation of all three Pellino 

proteins. In IRAK-1-deficient cells, kinase-active IRAK-4 was still capable of 

degrading the Pellino proteins. Taken together, these data suggest that IRAK-4 directly 

binds Pellino proteins, but with different specificity (31). 

Mouse Pellino-2 has been shown to interact with BCL10 (B cell lymphoma/leukemia 

10). This important molecule for T cell receptor function mediates LPS-TLR4 signaling 

leading to NF-kB activation (62, 63). Pellino-2 was detected in both the membrane-

bound and cytosolic TAK-1 complexes in conjunction with BCL10, following LPS 

stimulation (63). Following dissociation from IRAK-1, BCL10 translocated into the 

cytosol along with TRAF6 and TAK-1, bridged by a direct BCL10-Pellino-2 interaction 

(63).  

 

1.3.3.4. Function 

Initial studies of Pellino-2 were hampered by proteolytic degradation when expressed 

in E. coli (34, 38). Butler and colleagues succeeded in purifying Pellino-2 in Rosetta 
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cells to perform in vitro ubiquitination assays and show that Pellino-2 has the biological 

function of a E3 ubiquitin ligase (31). 

Results from Kim et al. (2012) indicated that the E3 ubiquitin ligase Pellino-2 is 

required for TAK-1-dependent NF-kB activation, as well as the activation of JNK and 

ERK, mitogen-activated protein kinases that maintain the stability of pro-inflammatory 

transcripts, such as IL-8, IL-6, TNFα (61). 

In 2018, the first mouse model of a constitutive Pellino-2 knockout was described, along 

with the first indications of a physiological role of Pellino-2. While Pellino-2-deficient 

mice are viable and develop normally, Pellino-2-deficient bone marrow-derived 

macrophages (BMDMs) present impaired activation of NLRP3, clearly indicating a 

critical role for Pellino-2 in NLRP3 inflammasome biology (64). A marker for NLRP3 

inflammasome activation, IL-1β protein levels were significantly reduced in Pellino-2-

deficient BMDMs, suggesting an important role for Pellino-2 in the pathway controlling 

the production of mature IL-1β. The activation of the NLRP3 pathway was shown to be 

dependent on full-length Pellino-2. Mutants lacking either the FHA or the RING-like 

domain could not facilitate NLRP3 inflammasome activation (64). 

Similar findings were made in a human monocytic THP-1 cell line where Pellino-2 

knockdown also led to a reduction of secreted, mature IL-1β, consistent with less 

processing of pro-IL-1β by caspase-1 (64).  

Furthermore, Lys63-linked poly-ubiquitination of NLRP3 was promoted by LPS and 

mediated by Pellino-2, in an indirect manner, by targeting IRAK-1 that regulates 

NLRP3. Humphries and colleagues proposed that IRAK-1 is binding to NLRP3, to 

suppress its ubiquitination and priming. When Pellino-2 ubiquitinates IRAK-1, this 

leads to dissociation of IRAK-1 from NRLP3 and ubiquitination of NLRP3 in a Pellino-

2 dependent manner (64). 

 

1.3.4. Pellino-related diseases 

The Pellino proteins have been implicated in various diseases, where protein levels were 

either significantly increased or decreased compared to healthy controls. To this date, 

neither germline nor somatic mutations have been reported in Pellino-related human 

diseases. Table 1 summarizes the involvement of Pellino proteins in various diseases.  
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Table 1. Expression of Pellinos in various disorders. 
Pellino-1  Pellino-2 Pellino-3 

Multiple sclerosis, autoimmune 

encephalomyelitis (53). 

Elevated in kidney transplant 

recipients experiencing acute 

rejection (65). 

Reduced in colon samples from 

Crohn’s disease patients (66). 

Risk of coronary artery lesions in 

children with Kawasaki disease 

(67, 68). 

Potential therapeutic target for 

postmenopausal osteoporosis with 

kidney-Yin deficiency (69). 

 

Elevated in patients with asthma 

(70). 

Elevated in acute respiratory 

distress syndrome; reduced by 

miR-802 (71). 

 

Proangiogenic during ischemia in 

skin flap survival (72) or 

myocardial infarction (73, 74). 

Elevated in gastric cancer cells 

(75). 

 

Elevated in human psoriatic skin 

lesions and murine psoriasis-like 

models (76). 

Elevated in acute lung injury: 

reduced by miR-128-3p (77). 

 

Abbreviations: miR=micro RNA 

 

1.4. The NLRP3 inflammasome 

Inflammasomes represent an intracellular mechanism of the innate immune system, that 

respond to cellular damage or microbial infection, via PRRs/TLRs, leading to secretion 

of pro-inflammatory cytokines. The activation of the inflammasomes is triggered by a 

variety of molecular and cellular events, however it is not yet well understood how these 

signaling events lead to the assembly and activation of inflammasomes.  

Inflammasomes are intracellular multimeric protein complexes, that consist of a sensor 

protein, an adaptor protein and pro-caspase-1 (78). The five types of inflammasomes 

characterized so far take their names from their sensor proteins: nucleotide-binding 

domain, leucine-rich repeat-containing proteins (NLRs): NLRP1, NLRP3 and NLRC4; 

absent-in-melanoma 2 (AIM2); and pyrin (79). 

In the case of NLPR1, NLRP3, AIM2 and pyrin, the recruitment of pro-caspase-1 to the 

inflammasome is facilitated by the adaptor protein apoptosis-associated speck-like 

(ASC). ASC is composed of two domains, the N-terminal PYD domain facilitating the 

interaction with NLRP3 and the C-terminal CARD domain facilitating the interaction 

with pro-caspase-1 (80). Upon recruitment to the inflammasome, pro-caspase-1 is 
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activated by proximity-induced autocleavage, and active caspase-1 is released. In turn, 

caspase-1 cleaves precursors of the inflammatory cytokines IL-1b and IL-18 into 

mature and biologically active peptides (81). 

NLRP3 is a multidomain protein, consisting of an N-terminal pyrin domain (PYD), a 

central nucleotide-binding and oligomerization domain (NACHT/NBD) and a C-

terminal leucin-rich repeat domain (LRR) (82). The danger signal is sensed by the C-

terminal LRR domain, leading to the interaction of the pyrin domain of NLRP3 with 

ASC in the initiation phase of the inflammasome assembly (83). The NBD domain has 

ATPase activity required for NLRP3 oligomerization (84).  

There are conflicting reports regarding both the localization and the assembly of the 

NLRP3 inflammasome (85). For instance, in resting state, NLRP3 has been found both 

in the cytosol (86, 87) or the endoplasmic reticulum (88, 89). Further, while the 

mitochondria seem to assist in the assembly of the inflammasome as a scaffold (86, 88, 

90), other studies have found that it is rather the Golgi apparatus that has a scaffolding 

role (91). Finally, others have in found that there is no association of the inflammasome 

with major organelles at all (92). 

Although the NLRP3 protein is the sensor protein of the inflammasome, it is not directly 

activated by all the potential inflammasome stimuli. The structurally and chemically 

diverse stimuli of NLRP3 include immune activators, such as bacteria and bacterial 

products (LPS, bacterial muramyl dipeptide, bacterial RNA), viruses and fungi. In 

addition, activators not related to infection, such as pore-forming toxins, particulate 

matter, reactive oxygen species (ROS), nitric oxide (NO) and gout-associated uric acid 

crystals can trigger inflammasome assembly (93-96). 

It is assumed that NLRP3 senses a common cellular event induced by all these stimuli 

and that this leads to NLRP3 activation through a two-step model (Fig. 5).  

The first step, or the priming step, consists of an extracellular signal from microbial 

components that activates the transcription factor NF-kB, leading to subsequent 

upregulation of NLRP3, pro-IL-1b and pro-IL-18. In a second step, the activating step, 

a second signal from extracellular ATP, pore-forming toxins or particulate matter 

activate the NLRP3 inflammasome (97).  
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1.4.1. Priming the NLRP3 inflammasome 

Resting macrophages do not constitutively express proinflammatory cytokines and 

NLRP3 levels are too low for initiating inflammasome assembly (98), therefore a 

priming signal is required for the activation of the NLRP3 inflammasome. Ligands for 

TLRs activate the transcription factor NF-kB. This in turn upregulates NLRP3 and pro-

IL-1b expression but does not affect the expression levels of ASC, pro-caspase-1 and 

pro-IL-18 (98).  

 

 
Figure 5. The proposed two-step model of activating the NLRP3 inflammasome.  
The first signal (the priming step) is initiated by extracellular stimuli that act on membrane receptors to upregulate 

gene expression of important components of the NLRP3 inflammasome complex. 

The second signal (activation of the NLRP3 inflammasome) consists of a second extracellular stimulus that 

activates multiple intracellular events, leading to secretion of pro-inflammatory cytokines (97). Reprinted with 

permission from publisher. 

 

However, there have also been reports of NLRP3 inflammasome activation in the 

absence of NLRP3 induction, using only acute LPS stimulation (99). This rapid 

transcription-independent priming of NLPR3 is mediated by phosphorylated IRAK-1 

and is independent of downstream NF-kB signaling (100). This has led to suggestions 

that the priming step may also have other unknown regulatory functions. 
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1.4.2. Activating the NLRP3 inflammasome 

Following the priming step, a second signal is required to assemble the proteins into a 

mature NLRP3 inflammasome complex that further cleaves precursor cytokines into 

active, pro-inflammatory effectors. A wide range of stimuli have been characterized for 

the assembly of the inflammasome, including ATP, K+ ionophores, heme, particulate 

matter, pathogen-associated RNA, bacterial and fungal toxins, monosodium urate, 

alum, silica, asbestos, α-synuclein (101), amyloid-b (102), cholesterol crystals (103) 

and calcium crystals. As mentioned above, NLRP3 does not directly interact with all 

these; the current supposition is that they trigger a common intracellular event to which 

NLRP3 is sensitive (Table 2). 

 

Table 2. Known activators and inhibitors of the NLRP3 inflammasome. 
Activators of the NLRP3 inflammasome Inhibitors of the NLRP3 inflammasome 

Increased intracellular Ca2+ (104), as a result of 

endoplasmic reticulum stress (105). 

Ca2+ chelators (106) e.g. BAPTA-AM (107). 

Na+ influx (108). Nitric oxide (NO) (109, 110). 

Cl- efflux (111). Carbon monoxide (CO) (112). 

ROS and mitochondrial dysfunction (113). 

ROS inhibitors (114). Mitochondrial proteins mitofusin 2 (115) and 

cardiolipin (116) . 

Knockdown of autophagy proteins LC3B and beclin-

1 (117). 

Autophagy (118); autophagy/degradation of ASC 

aggregates (119) or pro-IL-1b (120). 

Low levels of lysosomal damage by lysosomal 

enzymes: cathepsin B (121), other cathepsins (122). 

Extensive levels of lysosomal disruption (123). 

miR-17, miR-137, miR-150; downregulation of miR-

330 (124). 

miR-7 (125), miR-9 (126), miR-223 (127). 

K+ efflux (108, 128) and K+ ionophores (107). PYD-only proteins (POPs) and CARD-only proteins 

(COPs) (129-131). 

 Immune cells and immune molecules, such as 

activated T cells (132), neutrophils (133), type I 

interferons (134, 135). 

Abbreviations: miR=micro RNA 
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1.4.2.1. K+ efflux 

A common trigger for NLRP3 inflammasome activation, upon treatment with various 

NLRP3 stimuli, is the depletion of cytosolic K+. Several studies have shown that K+ 

efflux mediates IL-1b maturation in response to ATP or nigericin. Further, K+ efflux 

alone can activate the NLRP3 inflammasome and high extracellular K+ concentrations 

inhibit the activation of the NLRP3 inflammasome (108, 128, 136).  

Intracellular hypokalemia also impairs the mitochondrial function. This leads to the 

release of cytoplasmic and mitochondrial DNA ROS, that also activate the NLRP3 

inflammasome (88, 137). This suggests that K+ efflux is an upstream event of 

mitochondrial dysfunction. Depleted cytosolic K+ concentrations mobilize the K+ from 

the mitochondria, resulting in mitochondrial damage (138).  

K+ efflux has also been shown to induce NEK7-NLRP3 interactions, essential for the 

inflammasome activation (139, 140).  

However, this mechanism may not be as straightforward as initially thought. Recently, 

a study using small molecules targeting the mitochondria proved that the NLRP3 

inflammasome can be activated in a K+ efflux-independent manner (141). Additionally, 

the disease-causing mutation in the NLRP3 gene p.(Arg260Trp) occurring in Muckle-

Wells syndrome has been shown to activate the inflammasome after stimulation with 

only LPS and without any depletion of the cytosolic K+. This is caused by a lowered 

activation threshold of the inflammasome (142). 

Together, these observations indicate that K+ efflux is sufficient, but not necessary, for 

the activation of the NLRP3 inflammasome and that there may also be other pathways, 

independent of K+ efflux, for triggering the NLRP3 inflammasome.  

 

1.4.2.1.1. Intracellular vs extracellular concentrations of K+ 

The human body has very tightly regulated mechanisms that preserve the gradient of 

K+ concentrations between the intracellular (140 mM) and extracellular (5 mM) 

compartments. While only 2% of total body K+ is found extracellularly, high levels of 

intracellular K+ are critical for many functions, among others protein synthesis (143) 

and cell volume regulation (144). The steep transmembrane K+ gradient creates a 

membrane potential that is used to drive action potentials in neuronal, cardiac and 
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muscular tissue, and as an energy source for other ion transporters. The active process 

of pumping K+ into the cells is performed by the ubiquitous plasma membrane enzyme 

Na+/K+-ATPase. Against concentration gradients, the ATP-driven pump takes up K+ 

into the cell, while pumping out Na+ (145). The physiological function of intracellular 

K+ is to regulate volume changes, create a pH gradient in the electron transport chain, 

compensate for electrical charges during Ca2+ transport and regulate mitochondrial ROS 

production for the purpose of cell signaling (e.g. gene transcription) (146).  

At the same time, the Na+/K+-ATPase is tightly regulated by circulating hormones, such 

as mineralocorticoids (aldosterone), catecholamines or insulin, via feedforward control 

mechanisms that clear K+ from the extracellular space by cell uptake or renal excretion 

(147). 

 

1.4.2.1.2. K+ in different compartments inside the cell 

While the plasma membrane maintains K+ homeostasis on both sides of the membrane, 

inside the cells, K+ localization and concentration are also tightly regulated, via multiple 

types of K+ channels expressed on various organelles. BK channels and TMEM175 can 

be found in the lysosomal membrane (148, 149), KATP and TRIC channels in the 

endoplasmic reticulum (150), Kv1.3 channels in the cis-Golgi membrane (151) and in 

the nuclear membrane (152), and mitoKATP and K+/H+-antiporter are located in the 

mitochondrial inner membrane (153). In other organisms, where intracellular K+ 

concentrations were studied at the organelle level, it has been shown that different 

intracellular compartments have different concentrations of K+ (154, 155). 

 

1.4.3. Inhibition of the NLRP3 inflammasome 

NLRP3 inflammasome activation is tightly regulated. In addition to positive regulation 

of the inflammasome, there are also inactivators of the NLRP3 inflammasome. The fine 

balance between activation and inhibition prevents exacerbated inflammatory responses 

that could lead to chronic inflammation. 

An overview of the cellular and molecular mechanisms inhibiting the NLRP3 

inflammasome activation are listed in Table 2. Additionally, there are pharmacological 

inhibitors that either suppress the NLRP3 protein directly, inhibit the inflammasome 
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activation, block upstream signals, inhibit caspase-1 activation or neutralize the 

inflammatory cytokines released by NLRP3 inflammasome (156).  

a. Glyburide is a sulfonylurea drug, used in the treatment of type 2 diabetes. By 
inhibiting ATP-sensitive K+ channels, glyburide acts downstream of the P2X7R 

receptor and inhibits ASC aggregation (157). 

b. Quinine inhibits NLRP3 inflammasome activation by inhibiting K+ efflux via the 
two-pore domain potassium channel TWIK2 (158). 

c. FC11A-2 is a synthetic small molecule that hinders the proximity-induced 
autocleavage of procaspase-1, leading to reduced amounts of active caspase-1, thus 

inhibiting the NLRP3 inflammasome (159). 

d. Parthenolide is a naturally occurring compound with anti-inflammatory properties: 
as a lactone, it alkylates Cys residues of both caspase-1 and the ATPase domain of 

NLRP3 (160). 

e. b-hydroxy-butyrate (BHB) lowers the production of IL-1b and IL-18 by inhibiting 
K+ efflux from macrophages and blocking ASC aggregation (161). 

f. MCC950 is a direct inhibitor of the NLRP3 protein, binding directly to its NBD 
domain, blocking ATP hydrolysis and the NLRP3 inflammasome activation (162). 

g. Tranilast is a tryptophan metabolite analog that binds to the NLRP3 NBD domain 
and prevents NLRP3 oligomerization within the inflammasome (163). 

 

1.4.4. Regulating the NLRP3 inflammasome 

Post-translational modifications are the most common way of regulating the activity of 

a protein. NLRP3 can undergo multiple types of post-translational modifications, 

including phosphorylation, ubiquitination, sumoylation and S-nitrosylation.  

NLRP3 phosphorylation by protein kinase A prevents the activation of the NLRP3 

inflammasome (164), while protein kinase D and JNK1-mediated phosphorylation of 

NLRP3 promotes inflammasome assembly and activation (87, 165). 

Phosphorylation can also have inhibitory effects on the activation of NLRP3 

inflammasome, suggesting that protein phosphatases may also regulate the NLRP3 

inflammasome activation. Both protein tyrosine phosphatase non-receptor 22 

(PTPN22) and protein phosphatase 2A (PP2A) have been shown to dephosphorylate 
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residues in the NLPR3 (Tyr861 and Ser5, respectively). This step is required for the 

activation of the NLRP3 inflammasome (166, 167). Together these data suggest that 

phosphorylation can have both a positive and negative influence on NLRP3 

inflammasome activation, depending on the kinase involved and the specific amino acid 

residue undergoing phosphorylation.  

NLRP3 inflammasome activation is also regulated by other post-translational 

modifications: S-nitrosylation (110) and sumoylation (168) negatively regulate NLRP3 

inflammasome activation, while ADP-ribosylation by a Mycoplasma pneumoniae toxin 

promotes the activation of the NLRP3 inflammasome (169). 

 

1.4.4.1. Ubiquitination 

There are conflicting reports also on the biological significance of NLRP3 

ubiquitination. The Lys-63-specific deubiquitinase BRCC36 was identified as the 

enzyme responsible for deubiquitinating NLRP3 during the priming step (92), and 

several inhibitors of deubiquitinases (DUBs) have been shown to inhibit the activation 

of the NLRP3 inflammasome (170, 171). This suggests that ubiquitination has an 

inhibitory role in the activation of the NLRP3 inflammasome. 

Several E3 ubiquitin ligases have been shown to induce Lys-48-mediated 

polyubiquitination of NLRP3 and target it for degradation, including FBXL2 (172), 

MARCH7 (173), TRIM31 (174) and ARIH2 (175). In contrast, the E3 ubiquitin ligase 

Pellino-2 has been shown to facilitate the Lys-63-mediated polyubiquitination of 

NLRP3, and in this way promote the NLRP3 inflammasome canonical activation (64). 

Taken together, these findings suggest that ubiquitination can have both a positive and 

negative influence on NLRP3 inflammasome activation, depending on the enzyme and 

the type of ubiquitin chains formed. 

 

1.4.4.2. NLRP3 regulation by interaction partners 

There have been several reports of multiple interaction partners of NLRP3 that mediate 

activation of the inflammasome. One example is NEK7, a kinase involved in cell 

division and mitotic progression, that has been shown to interact with NLRP3 and 

activate inflammasome assembly, by promoting NLRP3 oligomerization (139, 176-



 27 

178). NEK7 interacts with the NOD and LRR domains of NLRP3 via its catalytic 

domain (178). Interestingly, K+ efflux was recently identified as a requirement for the 

binding of NEK7 to NLRP3, and this interaction could be blocked by high extracellular 

K+ concentration (>50 mM) (139). 

To summarize, presently, there is no consensus with regards to the mechanism of 

activation of the NLRP3 inflammasome. There is a wide array of stimuli that trigger, or 

inhibit, the inflammasome via various signaling and cellular events. The efflux of K+ 

seems to be a unifying mechanism by which the NLRP3 inflammasome is activated, 

although there are several other regulatory mechanisms that influence this.  

 

1.4.5. NLRP3-linked diseases 

Well-regulated NLRP3 inflammasome activation has been shown to have protective 

effects against keratitis and corneal neovascularization (179) and to be required in burn 

wound healing (180) and skin wound healing in mice (181). However, abnormal 

activation of the NLRP3 inflammasome has been linked to the pathogenesis of several 

diseases such as atherosclerosis, gout, myocardial ischemia, cardiomyopathy, ischemic 

stroke, hypertension, obesity, diabetes, cancers, as well as renal, hepatic, autoimmune 

and neurodegenerative diseases (182).  

In eye diseases, involvement of NLRP3 has been seen in acute glaucoma (183), age-

related macular degeneration (184), uveitis (185) and Behcet’s syndrome (186). Table 

3 addresses further pathologies of the eye or skin, in which NLRP3 has been implicated. 
 

In addition, there are also rare, inherited, monogenic conditions in which NLRP3 

variants cause disease. There have been 65 germline mutations reported in NLRP3 and 

8 of them have been identified also in a mosaic state (187). For instance, 

keratoendotheliitis (keratitis) fugax hereditaria (KFH) is associated with a missense 

substitution in the first exon of NLRP3 c.61G>C, p.(Asp21His), exclusively diagnosed 

in the Finnish population (188). This heterozygous mutation results in the replacement 

of a negatively charged aspartic acid with a positively charged histidine. This is thought 

to cause altered protein folding and function, leading to aberrant activation of the 

NLRP3 inflammasome (189). 
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Table 3. Pathologies associated with NLRP3 inflammasome activation, affecting the eye 

or the skin 
Eye diseases Skin diseases 

Cornea Pterygium General Keloids 

Dry eye disease (190) Pterygium (191) P. acnes infection (192, 

193) 

Increased NLRP3 protein 

levels (194) 

S. pneumoniae keratitis 

(195, 196) 

  Increased active caspase-

1, IL-1b and IL-18 (181) 

Delayed diabetic wound 

healing (197, 198) 

   

Corneal inflammation by 

airborne particulate 

matter (199) 

   

S. pneumoniae = Staphilococus pneumoniae, P. acnes=Propionibacterium acnes. 
 
Patients with KFH experience, several times a year and in one eye at the time, recurring 

attacks of conjunctival redness, ocular pain, transient corneal endothelial edema and 

photophobia. After several attacks, permanent corneal opacities, consisting of 

extracellular lipid deposits (200), may lead to visual impairment (201). These attacks 

appear to follow after periods of physical or mental stress, but low temperature or 

draughts have also been hypothesized (201).  

KFH presents only with eye symptoms (188), but other germline NLRP3 variants have 

been associated with systemic symptoms. Heterozygous, gain-of-function mutations of 

NLRP3 cause a group of diseases named auto-inflammatory cryopyrin-associated 

periodic syndromes (CAPS). These conditions manifest on the skin as urticaria-like 

lesions, papules or plaques. In the eye, corneal vascularization and corneal 

opacification, dry eye, and conjunctivitis are the most common manifestations, but 

significant visual loss can occur in severely affected individuals (202). 

In general, CAPS are divided into three subtypes although many patients present 

clinical features that overlap more than one subtype. Familial cold auto-inflammatory 

syndrome (FCAS) is the mild form and symptoms include urticarial-like rash, limb pain, 

and fever following generalized cold exposure. Muckle–Wells syndrome (MWS) is the 

intermediate form, characterized by recurrent episodes of rash, limb pain, and fever. 

Chronic infantile neurological cutaneous and articular syndrome (CINCA) is the most 
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severe form of CAPS. Patients experience chronic, severe, urticarial-like rash, pain, and 

fever with developmental delay, seizures and physical disability (203).  

These diseases are now recognized as a severity spectrum rather than separate entities 

(204). Cold exposure (less than 22 ºC) triggers noticeable symptoms within a few hours 

of exposure, that may last less than a day in FCAS patients, but up to 1-3 days for MWS 

patients (203).  

In addition to germline mutations, also somatic/mosaic NLRP3 variants can give CAPS 

phenotypes. Over 100 pathogenic NLRP3 mutations have been reported in CAPS 

patients. Also non-affected, asymptomatic individuals have been found to carry low-

penetrance NLRP3 missense substitutions. Eye symptoms are less common, rather the 

clinical manifestations include fever and gastrointestinal symptoms (205). This 

suggests that other factors are involved in disease manifestations. 

Most CAPS mutations are found in the NOD domain of NLRP3 and cause constitutive 

activation of the NLRP3 inflammasome, even in the absence of the two-signal 

activation. Peripheral blood leukocytes isolated from CAPS patients and stimulated 

with LPS without ATP present increased ASC speck formation, caspase-1 cleavage and 

IL-1β release (206), while monocytes from FCAS, but not MWS or CINCA patients, 

produce IL-1β when cultured at 32 °C without LPS (207). CAPS are characterized by 

excessive release of IL-1b and patients respond very well to IL-1 targeted therapy, such 

as anakinra, rilonacept and canakinumab (202). 

 

1.5. Ocular pterygium-digital keloids dysplasia (OPDKD) 

1.5.1. Disease characteristics 

Ocular pterygium-digital keloid dysplasia (OPDKD) presents in the first few years of 

life with ocular pterygium and, later in young adulthood, with keloid scars on fingers 

and toes (Fig. 6). Patients are otherwise healthy (208, 209). 

 

1.5.1.1. Pterygium 

Ocular pterygium is a vascularized overgrowth of the conjunctiva that gradually covers 

the cornea (210). This conjunctival ingrowth usually occurs in both eyes and starts on  
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Figure 6. OPDKD clinical manifestations. 
a. Pterygium-like changes in OPDKD Norwegian patient (left) and in OPDKD Peruvian patient (right). 

b. Finger keloids in OPDKD Norwegian patient (left) and toe keloids in OPDKD Peruvian patient (right). 

Adapted from (208, 209). Reprinted with permission from publishers. 

 

the nasal side. Typical symptoms include redness, swelling, irritation, itchiness, and 

pain. In severe cases, it can cross the visual axis and lead to reduced vision.  

Pterygium development has been commonly attributed to environmental factors, such 

as chronic exposure to ultraviolet (UV) light, heat, dust, and smoke (211). There is also 

a genetic predisposition to pterygium development, as well as an ethnic predisposition, 

predominantly in Hispanic, Asian and black populations (212). Treatment is  

challenging, but surgical excision in combination with a conjunctival graft has led to 

fewer recurrences (210).  

Pterygium develops as a result of processes involved in abnormal wound healing, such 

as excessive fibroblast proliferation and reduced matrix degradation, alongside 

abnormal angiogenesis (213). At a molecular level, pterygium shares many similarities 

with UV-related ocular surface squamous neoplasia and skin cancers. Exposure to UV 

light leads to cellular damage that disrupts biochemical pathways and can cause DNA 

damage. In response, cellular repair mechanisms are activated, alongside cellular 

adaptations, but also autophagy and apoptosis (210). This results in structural changes 
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of the cell and overgrowth. In contrast to the UV-related cancers, pterygium remains 

superficial and localized. 

The innate immune system has been implicated in the pathogenesis of pterygium. 

Central players of the innate system, such as TLR2, 3, 4, 5 and 7 are expressed by 

conjunctival, limbal and corneal epithelial cells (213). A recent study has shown that, 

upon UVB exposure, pterygial conjunctival cells have increased expression of TLR3 

and increased levels of phosphorylated, nuclear NF-kB in superficial layers of the 

conjunctiva (214). This indicates that there is a correlation between UV exposure, TLR3 

expression and downstream signaling. It has been suggested that TLR3 may recognize 

noncoding RNAs released from necrotic cells damaged by UV light, induce nuclear 

translocation of NF-kB, and thus promote uncontrolled proliferation of pterygial cells 

(214). This increased TLR3 signaling seems specific, as for instance TLR5 expression 

does not correlate with pterygium development (215) and similar levels of TLR5 were 

found in pterygial and healthy cells. 

In the conjunctiva, TLRs can be activated by the calcium-binding protein S100A (216). 

S100 proteins are ubiquitously expressed, and among others regulate intracellular 

calcium (Ca2+) concentrations so that they are sufficient for cell metabolism, yet 

preventing accumulation (217). Intracellularly, in addition to regulating Ca2+ 

homeostasis, S100 proteins bind to enzymes, cytoskeletal proteins receptors, 

transcription factors, and nucleic acids, to mediate among others proliferation and 

inflammation (217, 218).  

In the extracellular space and in bodily fluids, S100 proteins are usually an indication 

of disease, with some of them being considered biomarkers for atherosclerosis (219) or 

stroke (220). What causes the release of S100 proteins from cells has not been 

completely elucidated, however their secretion occurs either passively, due to cell 

damage, or actively following cell activation mechanisms (221). However, it is clear 

that once released, S100 proteins trigger immune responses by activating TLRs and 

other cell surface receptors (222).  

In pterygium tissues, S100A proteins are thought to increase cell adhesion and 

migration, and contribute to inflammation, angiogenesis and fibrosis (216). In particular 

S100A6, S100A8 and S100A9 proteins are highly upregulated, at both transcript and 
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protein levels, particularly in the superficial layers of pterygial epithelium (223). 

S100A8 and S100A9 were also found highly upregulated in the tears of patients with 

pterygium (224), suggesting a role for these S100A proteins in ocular inflammation and 

corneal neovascularization.  

NLRP3, caspase-1 and IL-1b mRNA and protein levels are much higher in pterygium 

tissue compared to normal conjunctival tissue (191), suggesting a role for NLRP3 

inflammasome activation in the development of pterygia. Local injections with 

mitomycin C have been shown to inhibit the activation of the NLRP3 inflammasome 

pathway, reduce the levels of secreted IL-1b and decrease the recurrence rate of 

pterygium postoperatively (225). 

 

1.5.1.2. Keloids 

Under physiological conditions, the wound healing process is assisted by a host of 

mechanisms. In the acute inflammatory phase, macrophages and other inflammatory 

cells are recruited. In the proliferative phase, contractile fibroblasts are mobilized, and 

the extracellular matrix of the granulation tissue is formed. In the final stage, matrix 

metalloproteinases (MMPs) and their inhibitors (tissue inhibitor of metalloproteinases 

[TIMPs]) replace the granulation tissue with collagen type I and elastin (226). When 

this process is exacerbated, excessive scar tissue formation occurs and keloid-like scars 

form.  

Keloids proliferate into normal adjacent areas, are elevated above skin level, and do not 

respect the original borders of the wounds. Prevalence of keloids is much higher in 

populations with pigmented skin (e.g. Hispanics, African-Americans, Asians) (227). 

Keloids rarely occur in syndromes and when they do, they are usually located on the 

earlobes, upper arms, shoulders and torso (227). Typical keloid symptoms include 

discomfort, pain, itching, stiffness, restricted joint movement, (228), as well as 

depression (227).  

Keloid formation is attributed to the accumulation of extracellular matrix components 

and collagen, as well as abnormal proliferation and failure of apoptosis of 

myofibroblasts, leading to atypical fibroblasts deposition (226).  
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Similarly to what is reported for pterygium, the innate immune system has been 

implicated also in the pathogenesis of keloids. At a molecular level, TLR6, 7 and 8 are 

highly upregulated in keloid scars, at both mRNA and protein level (229). In contrast, 

a more recent study reported downregulation of TLR7, suggesting a more complex 

picture. In addition, upregulation of TLR4 was found, that increases connective tissue 

growth factor (CTGF) and collagen accumulation within keloids (230). It has been 

reported that in keloids, TLR4 can be activated by hypoxia-inducible factor 1a (HIF-

1a). This factor is expressed at a significantly higher level in keloid tissue as it is a 

hypoxic microenvironment (231).  

In the acute inflammatory phase of the wound healing process, NLRP3 inflammasome 

activation occurs (180). While this is beneficial for wound healing, persistent activation 

of the NLRP3 inflammasome has been seen in keloid tissue. The levels of NLRP3 (194), 

caspase-1 and IL-1b (181) are highly increased in keloid samples compared to normal 

or burn skin. 

Elevated levels of trans-epidermal water loss (TEWL) have been observed in keloids 

(232). Reduced hydration in these tissues increases the expression levels of several 

S100 proteins in the epidermis: S100A8, A9 (233) and A12 (234). These S100 proteins 

then activate dermal fibroblasts via TLR4, thus promoting fibrosis (233). 

Keloid cells have similar pathological behavior to cancer cells. They undergo metabolic 

reprogramming from oxidative phosphorylation to aerobic glycolysis, known as the 

“Warburg effect”, characterized by high glucose uptake and increased lactate 

production (235). In line with this, the glucose transporter Glut1 is overexpressed in 

keloid tissue, suggesting that glucose uptake into the cells is an indicator for increased 

keloid risk (181). 

 

1.5.2. OPDKD epidemiology and patient description 

There are only a few families with OPDKD described in the literature: a Norwegian 

family spanning 3 generations (208, 209, 228), a Peruvian patient (209) and a Saudi 

Arabian family with 3 members affected over 2 generations (211). 

The Norwegian proband and her oldest son developed conjunctival ingrowth by the age 

of 2, that progressed rapidly. Despite multiple surgical interventions, the changes 
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progressed, leading to visual loss. The younger son developed corneal changes 

somewhat later, at the age of 6. All patients developed keloids on their fingers in their 

early 20s, and later on their toes (209). The third generation OPDKD patient presented 

a corneal nodule in one eye at the age of 3, which has become vascularized (208). 

Otherwise, the patients are healthy. 

In 2014, Abarca and coworkers reported a new case of OPDKD in a Peruvian patient 

(209). By age 7, he had been diagnosed with pterygium in his right eye and in his left 

at age 9. He underwent surgery in both eyes, but the changes recurred soon after (209). 

On his toes, he had keloid formation after surgery for ingrown nails, but also other 

keloids that appeared spontaneously. At the age of 19, he presented small keloids on 

fingers (209).  

In a report of familial pterygium, two siblings presented with aggressive pterygium 

development at the age of 4 and 6, respectively (211). Their maternal aunt had 

pterygium diagnosed at the age of 20. Although all three patients underwent surgical 

resections followed by adjuvant therapy with mitomycin C, they all had unusually 

aggressive recurrences. No skin changes were reported. 

In addition, there are other hereditary diseases that present with pterygium-like changes 

and/or keloids. One such condition is Penttinen type of premature aging syndrome. This 

condition is characterized by translucent skin, delayed bone maturation and dental 

development, progressive lipodystrophy, pronounced acro-osteolysis (236, 237), 

pronounced connective tissue destruction, in addition to corneal vascularization (238). 

Penttinen syndrome has been associated with missense mutations in PDGFRB (238, 

239). Warburg-Cinotti syndrome also presents with corneal neovascularization and 

keloids, chronic skin ulcers, wasting of subcutaneous tissue and acro-osteolysis. This 

disabling condition is associated with missense variants in the discoidin domain 

receptor tyrosine kinase 2 (DDR2) (240).  

 

1.5.3. Pathogenesis and pathophysiology of OPDKD 

Genetic analysis of the Norwegian family identified an autosomal dominant variant in 

PDGFRB p.(Asn666Tyr), that co-segregated with the disease in the family. It was found 

to occur as a de novo mutation in the first generation (208). This variant leads to an 
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amino acid change in the highly conserved autoinhibitory domain of the receptor 

tyrosine kinase (RTK) PDGFRb. Other, non-synonymous variants in this particular 

codon have been associated with both Penttinen syndrome (238) and somatic infantile 

myofibromatosis (241). 

This PDGFRB mutation is temperature sensitive, causing significant constitutive 

activation of PDGFRb and downstream ligands, particularly at the physiological lower 

temperatures of the cornea (208). At ambient temperatures (20 °C), the measured 

temperature of the corneal surface is approximately 32 °C (242). Similarly, distal limbs 

are regions with physiologically lower temperature. These body parts are constantly 

exposed to lower and more variable temperatures, than the core temperature of 37 °C. 

This observation is important for understanding why these body parts are most affected 

in PDGFRB-associated OPDKD (208). 

In contrast, the p.(Asn666Ser) mutation associated with Penttinen syndrome leads to 

highly activated PDGFRb regardless of temperature. However, at reduced temperature, 

increased levels of P-STAT1 were observed. STAT1 is important for tissue wasting 

(243), possibly explaining the chronic ulcers on feet in these patients (208). 

 

Bredrup and colleagues found that the p.(Asn66Tyr) PDGFRB variant was sensitive to 

treatment with imatinib, an RTK inhibitor, in vitro. However, when a patient was treated 

off-label with this drug, no improvement was observed and the medication was 

discontinued after 10 months (208). 
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Aims 

 

The main goal of this thesis has been to characterize the Pellino-2 protein and a novel 

c.770C>T, p.(Thr257Ile) PELI2 variant associated with OPDKD. 

 

Objectives  

Paper 1: Following previous reports that Pellino-2 mediates NLRP3 inflammasome 

activation, we aimed to elucidate the role of Pellino-2 in the activation of NLRP3 

inflammasome and secretion of interleukin-1b. 

 

Paper 2: We aimed to identify novel interaction partners of Pellino-2 and characterize 

Pellino-2 intracellular localization in non-immune cells. 

 

Paper 3: We aimed to report and characterize the PELI2 variant associated with 

OPDKD. 
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Materials and Methods 

This section describes the methods and techniques used in preparation of this thesis. 

 

3.1. Ethical considerations (paper 2 & 3) 

The study was approved by the Regional Committee for Medical and Health Research 

Ethics, Western Norway (IRB.no.00001872, project number 2014/59). Informed 

written consent was obtained from the affected individual and healthy family members 

prior to collection of blood samples and skin biopsies. The study thus adhered to the 

Tenets of the Declaration of Helsinki. 

 

3.2. Expression vectors (paper 1, 2 & 3) 

Human PELI2 cDNA encoding full-length human Pellino-2 (UniProt ID: Q9HAT8) 

was subcloned from a pLenti-Peli2-myc-DDK vector (RC203409L1, OriGene, 

Rockville, USA) into a pQCXIH/pQCXIP retroviral expression vector (Clontech, 

California, USA), using BamHI and EcoRI restriction enzymes. Apart from the FLAG 

tag, several other molecular tags were cloned on the Pellino-2 sequence: an N-terminal 

or C-terminal GFP tag, respectively, were inserted, alongside a linker between the GFP 

and Pellino-2, consisting of six amino acids (Ser-Gly-Leu-Arg-Ser-Ala) (244). An 

additional plasmid was generated by inserting a C-terminal HA tag.  

HA-IRS-1 (vector ID: VB170108-1009arr) and TRAF7-HA (vector ID: VB160907-

1025yut) encoding plasmids were purchased from VectorBuilder Biosciences 

(Guangzhou, China) Inc. The HA tag was also changed to a myc tag. All constructs 

were subsequently verified by Sanger sequencing. 

 

3.3. Trio exome sequencing (paper 3) 

DNA extracted from peripheral blood from the affected individual and his parents was 

subjected to Whole Exome Sequencing (WES), performed by HudsonAlpha 

(HudsonAlpha Genomic Services Laboratory, Huntsville, AL, USA) using NimbleGen 

v3 exome capture and sequenced on Illumina HiSeq with 2 x 100 bp reads and an 

estimated median coverage of 75x. Illumina BCL-files were converted to fastq-files by 

HudsonAlpha. Trimming (Trimmomatic-0.33), alignment (bwa-0.6.2) to GRCh37.1, 



 40 

realignment, and variant calling (picard-tools-1.129 and GenomeAnalysisTK-2.7.4) 

(245) were performed following the Broad recommended best practice guidelines (246). 

Vcftools v.0.1.9 was used for filtering variants (247), and Annovar (248) was used for 

annotation. 

 

3.4. Generation of transduced cell lines (paper 2 & 3) 

Transduced HEK293 and U87MG cells, stably overexpressing PELI2 (NM_021255.3) 

c.wt and c.770C>T, p.(Thr257Ile) variants with a C-terminal HA tag, as well as 

transduced BJ-5ta immortalized fibroblasts, stably overexpressing PELI2 c.wt with an 

N-terminal GFP tag, were generated by transduction with the constructs described 

above (249). Virus production was performed by transfecting Phoenix-AMPHO 

packaging cells (CRL-3213, ATCC, Manassas, VA) as described previously (250). Two 

days after transfection, the medium was harvested and the immortalized cell lines 

HEK293 (ATCC CRL-1573™), U87MG (ATCC HTB-14™) and BJ-5ta immortalized 

fibroblasts (ATCC, CRL-4001™) were transduced following standard protocols (251). 

The cells were grown in DMEM containing 10% fetal calf serum. Two days post-

infection, stably transduced cells were selected by adding 1 ng/ml puromycin (cat# ant-

pr-1, InvivoGen, San Diego, CA) to the culture medium, and kept thereafter in selection 

medium for additional 14 days.  

 

3.5. Cell culture (paper 1, 2 & 3) 

Normal rat kidney (NRK) cells stably expressing GFP-Rab1 (NRK-GFP-Rab1 cells) 

(244), along with human embryonic kidney (HEK) 293 cells, HeLa cells and human 

fibroblasts were cultured in Dulbecco’s Modified Eagle Medium (DMEM), high 

glucose (4500 mg/L), supplemented with 10% fetal bovine serum (FBS), penicillin 100 

U/mL, streptomycin 100 μg/mL and L-glutamine 2 mM.  

U87MG glioblastoma cells were grown in DMEM medium, high glucose, 

supplemented with 10% FBS, penicillin 100 U/mL, streptomycin 100 μg/mL, L-

glutamine 2 mM, non-essential amino acids (NEAA) 0.3 mM and plasmocin 10 μg/mL. 
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LNCaP cells (ATCC CRL-1740™) were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 medium, supplemented with 10% FBS, penicillin 100 U/mL, 

streptomycin 100 μg/mL and L-glutamine 2 mM. 

THP-1 cells (ATCC TIB-202™) were cultured in RPMI-1640 medium, supplemented 

with 10% FBS, penicillin 100 U/mL, streptomycin 100 μg/mL, L-glutamine 2 mM and 

2-mercapto-ethanol 0.05 mM. Cells were cultured for no longer than 15 passages.  

THP-1 monocytes were gradually transitioned for cultivation in Dulbecco’s Modified 

Eagle Medium (DMEM), high glucose (4500 mg/L), supplemented with 10% fetal 

bovine serum (FBS), penicillin 100 U/mL, streptomycin 100 μg/mL L-glutamine 2 mM 

and 2-mercapto-ethanol 0.05 mM. 

 

3.6. Drug treatments 

3.6.1. Macrophages (paper 1) 

THP-1 monocytes were differentiated into adherent macrophages, as previously 

described (252), using 200 nM phorbol-12-myristate-13-acetate (PMA, #4174S, Cell 

Signaling) for 3 days, followed by a 5-day resting period (THP1PMA cells).  

Following differentiation into macrophages, the THP1PMA cells were primed with 100 

ng/mL LPS (E. coli O111:B4, #LPS25, Sigma-Aldrich) for 4 h and activated with 5 

mM ATP (#R0441, Thermo Scientific) for 15 min, before fixation. 

In order to block the activation of the NLRP3 inflammasome, THP1PMA cells were 

treated with either 10 μM quinine (#ab141247, Abcam), 30 mM KCl or 50 μM 

glyburide (#15009, Cayman Chem) for 30 min, before priming with LPS and activation 

with ATP, as described above. 

 

3.6.2. K+ efflux (paper 2) 

HEK293 cells were treated with 10 mM tetraethylammonium chloride (TEA) before 

fixation for 30 min using 3% PFA in PBS or with 10 μM nigericin for 1 h before fixation 

for 30 min using 3% PFA in PB. The staining procedure was performed as described. 
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3.6.3. Cycloheximide chase assay (paper 3) 

Transduced HEK293 cells stably overexpressing wild type and mutant Pellino-2 with a 

C-terminal HA tag were seeded in 6-well dishes at 5x105 cells/well. At 70-80% 

confluency, the cells were treated with 10 μg/mL cycloheximide (Sigma-Aldrich, 

#C4859-1ML) for the indicated time points, followed by cell lysis and immunoblotting. 

 

3.7. Immunofluorescence (paper 1, 2 & 3) 

Fixation was performed at room temperature for 30 min, with 3 % paraformaldehyde 

(PFA) in 0.1 M phosphate buffer pH=7.2 or 1x PBS pH=7.4 prewarmed at 37 °C, 

followed by 3 quick washing steps with 0.2 % BSA (#9998S, Cell Signaling 

Technology) in PBS, supplemented with 0.02 % sodium azide (wash solution). 

Permeabilization was done with 0.2 % saponin (#47036, Sigma-Aldrich) in wash 

solution, for 5 min at room temperature. Unspecific antibody binding sites were blocked 

with the permeabilization solution supplemented with 5 % normal goat serum 

(#ab7481, Abcam), filtered through 0.2 μm sterile filter. Incubation with primary 

antibody properly diluted in block solution was performed at room temperature, for 2 

h. The cells were thoroughly washed 3 times with wash solution, followed by a long 

overnight washing step at room temperature on a rocking platform. The secondary 

antibody incubation was performed for 2 h, at room temperature, in block solution. The 

cells were washed 3 times with wash solution, followed by a long washing step at room 

temperature on a rocking platform, followed by a final rinse in PBS and dH2O, before 

mounting the coverslips on glass slides with ProLongÒ Gold Antifade Reagent with 

DAPI (#8961, Cell Signaling). 

Double labeling immunofluorescence analysis was performed using antibodies against 

Pellino-2 (#HPA053182, Sigma-Aldrich), NLRP3 (#ALX-804-819-C100, Enzo) ASC 

(#sc-514414, Santa Cruz), GM130 (#610823, BD Transduction Laboratories), 

acetylated α-tubulin (#T6793, Sigma Aldrich), LAMP-1 (#sc-18821, Santa Cruz), 

TOMM20 (#WH0009804M1, Sigma Aldrich), proteasome 19S S5A/ASF (#ab20239, 

Abcam), LC3 (#SAB1305552, Sigma Aldrich), ATP synthase subunit IF1 (ATPIF1, 

#A-21355, ThermoFischer Scientific), splicing factor SC-35 (gift from prof. Karl-
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Henning Kalland, University of Bergen), PML nuclear bodies (#sc-966, Santa Cruz), 

and proliferating cell nuclear antigen PCNA (#2586, Cell Signaling). 

Goat anti-rabbit IgG Alexa FluorÒ 488 and goat anti-mouse IgG Alexa FluorÒ 594 

(#111-546-144 and #115-586-146, both from Jackson Laboratories) were used as 

secondary antibodies.  

 

3.8. Transient transfection, cell lysis and co-immunoprecipitation (paper 1, 2 & 

3)  

For transient transfection, 8 μL Lipofectamine 2000 reagent (Invitrogen, Waltham, 

Massachusetts, USA) and 2 μg plasmid DNA were added to HEK293 cells upon 60-70 

% confluency. Cells were harvested after 40 h in cold lysis buffer and after 20 min 

incubation on ice, the cells were gently lysed on a rotor for 45 min, then centrifuged at 

21250 g and 4 °C for 10 min.  

Co-immunoprecipitation with anti-FLAG M2 magnetic beads (#M8823, Merck) was 

performed for 90 min at room temperature, followed by four washing steps with PBS + 

0.5 % Triton-X100. 

Co-immunoprecipitation with anti-HA magnetic beads (#88837, Thermo Fischer) was 

performed according to manufacturer’s instructions: inputs were aliquoted before cell 

supernatants were incubated with anti-HA magnetic beads for 30 min at room 

temperature. The beads were washed 4x 3 min with washing buffer, before boiling the 

samples with Bolt LDS sample buffer (#B0007, Thermo Fischer) and Bolt sample 

reducing agent (#B0009, Thermo Fischer) at 98 °C for 10 min. 

The exact composition of the lysis buffer and the washing buffer for each individual 

interaction partner studied can be found in Table 4. 

 

3.9. Subcellular fractionation (paper 2) 

HEK293 cells were seeded on 10-cm dishes (106 cells/dish) and grown until 70-80 % 

confluency. Prior to harvesting, the cells were washed 2 times with cold, serum-free 

medium. The cells were scraped and collected in 9 mL cold, serum-free medium. The 

cells were centrifuged for 5 min at 900 g and 4 °C and washed two more times with 5 

mL of cold, serum-free medium, before resuspending the cells in 500 μL cold  
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Table 4. Components of the lysis buffer and washing buffer used for co-immunoprecipitation 
of target proteins 
 
Target protein Lysis buffer Washing buffer 
Cyclin F 50 mM Tris HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 

0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, Complete 
protease inhibitors (Roche) 

Lysis buffer diluted 1/10 
with dH2O 

DVL2 50 mM Tris HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 
0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, Complete 
protease inhibitors (Roche) 

Lysis buffer diluted 1/5 
with dH2O 

IRAK-1 (pi=5.87) Citric acid-Na2HPO4 buffer pH=5.87, 200 mM NaCl, 5 
mM EDTA, 0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 
5% Triton-X100, Complete protease inhibitors (Roche) 

Lysis buffer 

IRAK-4 (pi=5.23) Citric acid-Na2HPO4 buffer pH=5.23, 200 mM NaCl, 5 
mM EDTA, 0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 
Complete protease inhibitors (Roche) 

Lysis buffer 

NEK-9 50 mM Tris HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 
0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, Complete 
protease inhibitors (Roche) 

Lysis buffer diluted 1/15 
with dH2O 

ROBO-1 50 mM Tris HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 
0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 5% Triton-
X100, Complete protease inhibitors (Roche) 

Lysis buffer 

TAK-1 (pi=6.23) Citric acid-Na2HPO4 buffer pH=6.23, 200 mM NaCl, 5 
mM EDTA, 0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 
5% Triton-X100, Complete protease inhibitors (Roche) 

Lysis buffer 

TRAF6 (pi=6.1) Citric acid-Na2HPO4 buffer pH=6.1, 200 mM NaCl, 5 
mM EDTA, 0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 
5% Triton-X100, Complete protease inhibitors (Roche) 

Lysis buffer 

TRAF7 (pi=6.1) Citric acid-Na2HPO4 buffer pH=6.1, 600 mM NaCl, 5 
mM EDTA, 0.1 % NP40, 0.5 % Tween20, 1 mM PMSF, 
5% Triton-X100, Complete protease inhibitors (Roche) 

Lysis buffer 

 

homogenization buffer (10 mM HEPES pH 7.4, 50 mM sucrose, 1 mM PMSF, 1 μg/mL 

aprotinin, supplemented with Complete protease inhibitors Roche). The cells 

suspension was homogenized 20 times with the cell homogenizer (Isobiotec, 

Heidelberg, Germany) using the 8-μm clearance ball and two 1-mL syringes. 

Afterwards, 500 μl cold homogenization buffer was added and the cells were 

homogenized 40 times more.  

The cell lysate was centrifuged at 4 °C and 2,000 g for 10 min. The pellet (nuclear 

fraction) was resuspended in homogenization buffer. The supernatant (cytoplasmic 

fraction) was centrifuged at 100,000 g at 4 °C for 60 min. After resuspension in 

homogenization buffer and centrifugation at 100,000 g at 4 °C for 15 min, the pellet 

(membranous fraction) was resuspended in homogenization buffer. Acetone 

precipitation was performed on all three fractions and resuspended in equal amount of 

sample buffer for immunoblot analysis. 
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For the detection of Na+/K+-ATPase, the nuclear, cytoplasmic and membranous 

fractions were resuspended in RIPA buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1 

% NP40, 1 % Na deoxycholate, 0.1 % SDS, supplemented with Roche protease 

inhibitors) and directly added to the gel, without boiling them. 

 

3.10. Yeast two-hybrid screen (paper 2) 

The yeast two-hybrid screen was performed by Hybrigenics Services (Paris, France). 

Briefly, full-length human PELI2 cDNA in an N-LexA-bait-C fusion vector was used 

as bait, and a human lung cancer random primed cDNA fragment library as prey. The 

number of analyzed interactions was 98.1 million. The positive clones were isolated 

and their corresponding prey fragments were Sanger-sequenced and identified using the 

NCBI GenBank Database. A predicted biological score (PBS) was calculated for each 

candidate, assessing the reliability of each protein-protein interaction (highest 

probability of specificity: score A; lowest probability of specificity: score E). 

 

3.11. Immunoblotting (paper 1, 2 & 3) 

The protein samples were resolved on BoltÒ 4-12% Bis-Tris Plus gels, at 200 V for 38 

min, in 1x BoltÒ MES SDS Running Buffer. Separated proteins were transferred onto 

nitrocellulose membrane at 10 V for 1 h, at 4 °C, in 1x BoltÒ Transfer Buffer, 

supplemented with 10 % methanol.  

On a rocking platform, the membranes were incubated with blocking solution (5 % non-

fat dry milk) for 1 h, followed by 3x5 min washing steps with TBST. The membranes 

were incubated at 4 °C overnight with the primary antibody (dilution in 5 % BSA in 

TBST). After 3x5 min washing with TBST, the membranes were incubated for 1 h at 

room temperature with HRP-linked anti-rabbit IgG secondary antibody (Cell Signaling, 

#7074) or HRP-linked anti-mouse IgG secondary antibody (Cell Signaling, #7076), 

1:2,000 dilution in 5 % non-fat dry milk in TBST. The final washing steps of 3x5 min 

were performed with TBST, followed by enhanced chemiluminescent detection on a 

ChemiDoc Touch Imaging System (Biorad). 

Proteins were visualized using the Super Signal West Pico system alone or with added 

Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 
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Rockford, IL). A protein standard (MagicMark; Thermo Fisher Scientific) was used as 

a molecular weight marker. 

Antibodies used were targeting Pellino-2 (#HPA053182, Sigma-Aldrich), HA tag (#71-

5500, Thermo Scientific), GFP tag (JL-8, #632381, Clontech Labs), GAPDH (#G9545, 

Sigma-Aldrich), Na+/K+-ATPase (#ab76020, Abcam), IRAK-1 (#4504, Cell Signaling), 

IRAK-4 (#4363, Cell Signaling), TRAF6 (#8028, Cell Signaling), a-tubulin (#3873, 

Cell Signaling), HP1a (#2616, Cell Signaling) and TAK-1 (#4505, Cell Signaling). 

DVL-2 (#3216, Cell Signaling), NEK9 (#ab138488, Abcam), ROBO-1 (#ab7279, 

Abcam) and cyclin F (#sc-952, Santa Cruz) were detected as previously described 

(240). 

 

3.12. ELISA (paper 1 & 3) 

Polystyrene 96-well plates (Thermo ScientificTM) were pre-coated overnight at 4 °C 

with specific IL-1β capture antibody, then blocked with ELISA/ELISASPOT diluent 

for 1 hour at RT, and incubated with standard IL-1β dilutions and cell cultures media 

(100 μL, undiluted) overnight at 4 °C followed by washes with PBS plus 0.05 % Tween-

20, and incubation with biotinylated detection antibody for 1 hour at RT. The plates 

were incubated with avidin-HRP for 30 min at RT and washed again. The signal was 

developed after addition of tetramethylbenzidine (TMB) for 15 min and the reaction 

was stopped by 1 M H2SO4. BioTek SynergyTM HT microplate reader was used to detect 

the signals with 450 nm and correction at 470 nm. The detection range of IL-1β ELISA 

was 2-150 pg/ml. 

 

3.13. Cell viability assay (paper 1 & 3) 

Cell proliferation/viability following NLRP3 inflammasome activation was assessed by 

WST-1 assay. Twenty-four hours after inflammasome activation, the WST-1 reagent 

(#5015944001, Roche) was added into the wells at a 1:10 dilution and incubated for an 

additional 4 h at 37 °C. The optical density (OD) was measured at wavelength 440 nm 

with correction at 650 nm, using a BioTek SynergyTM HT microplate reader.  
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3.14. Live cell imaging (paper 2) 

Transgenic immortalized fibroblasts stably overexpressing Pellino-2 with an N-

terminal GFP tag were seeded in 35 mm culture dishes (#P35G-1.5-14-C, MatTek, no. 

1.5 coverslip, 14 mm glass diameter, uncoated) for live cell imaging. The Andor 

Dragonfly 505 confocal spinning disk system was used, under temperature and CO2 

control (37 °C and 5% CO2). 

 

3.15. Image acquisition and analysis (paper 1, 2 & 3) 

Images were acquired using Leica SP5 and SP8 confocal laser-scanning microscopes 

(Leica Microsystems). The Z-stack function was used to enhance resolution and allow 

for 3D examination, in order to confirm co-localization. Post-processing of images was 

performed using the integrated adaptive deconvolution module Lightning (Leica 

Microsystems). Images were prepared for publication using Adobe Photoshop and 

Illustrator. 

 

3.16. Statistical analysis and reproducibility (paper 1, 2 & 3) 

Statistical analysis was performed using the software Prism 9. All results have been 

replicated in at least 3 independent experiments. 
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Results 
 

4.1. Paper 1  

K+ regulates relocation of Pellino-2 to the site of NLRP3 inflammasome activation 

in macrophages 
 

Background 

The Pellino proteins have been identified as key E3 ubiquitin ligases that mediate innate 

immune responses. More precisely, Pellino-2 has been shown to be involved in the 

activation of the mouse Nlpr3 inflammasome by indirectly promoting Lys-63-linked 

poly-ubiquitination of NLRP3 in the priming step. 

 

Methodology 

In human THP-1 monocytes differentiated into macrophages using phorbol-12-

myristate-13-acetate (PMA) and primed with LPS and activated with ATP, we 

performed indirect immunofluorescence against endogenous Pellino-2, NLRP3 and 

ASC, in order to examine the relationship between Pellino-2 and NLRP3 

inflammasome activation. The macrophages were also cultured in K+-free medium and 

treated with K+ channel blockers. To confirm the activation of NLRP3 inflammasome, 

ELISA analysis of secreted IL-1b was performed in parallel. 

 

Summary of results  

In resting THP1-derived macrophages, Pellino-2 was endogenously expressed 

throughout the cytoplasm. NLPR3 and ASC proteins were upregulated upon LPS 

priming and ATP activation. Following NLRP3 inflammasome activation, Pellino-2 

changed intracellular localization and co-localized with both the NLRP3 protein and 

ASC protein, in the late stages of inflammasome assembly. 

Given the role of K+ efflux in NLRP3 inflammasome activation, we next studied the 

effect of extracellular K+ levels on Pellino-2 localization by maintaining the cells in K+-

free medium, without LPS and ATP-induced activation. The co-localization of Pellino-

2 with NLRP3 and ASC was also seen in these cells when maintained in K+-free 
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medium, suggesting that low levels of extracellular K+ alone are sufficient to activate 

the NLRP3 inflammasome and also to initiate the interaction of Pellino-2 with NLRP3 

and ASC. 

We next blocked the efflux of K+ ions from THP1-derived macrophages by incubating 

them with quinine, KCl or glyburide prior to their activation. Upon treatment with these 

compounds, Pellino-2 did not change localization under activating conditions or by 

cultivation in K+-free medium. This suggests that Pellino-2 localization is directly 

sensitive to K+ efflux from the cells. In line with this, significantly reduced levels of IL-

1β secretion were observed, indicating that NLRP3 inflammasome activation had not 

been fully completed, in the absence of Pellino-2 relocation to the inflammasome.  

We observed that when replacing a fixation buffer with physiological K+ concentration 

(phosphate buffer saline (PBS)) with phosphate buffer (PB) which does not contain K+, 

this affected Pellino-2 localization. In THP1-derived macrophages primed with LPS 

before PB-fixation, Pellino-2 presented in the nucleus instead of the cytoplasm as seen 

with PBS-fixation. Otherwise, priming and activation of the NLRP3 inflammasome, as 

well as relocation of Pellino-2 intracellularly and its co-localization with NLRP3 after 

culturing the cells in K+-free culture medium were similar in PB- and PBS-fixed cells. 

In conclusion, we showed that Pellino-2 is a crucial element in the assembly and 

activation of the NLRP3 inflammasome, and that K+ efflux has an essential role in 

Pellino-2 intracellular localization. 

 

4.2. Paper 2 

Pellino-2 in nonimmune cells: novel interaction partners and intracellular 

localization  

 

Background 

In immune cells, K+ ions influence the intracellular localization of Pellino-2 and its 

function in the assembly and activation of the NLRP3 inflammasome. 

Classically, the Pellino proteins have been identified as substrates or binding partners 

of proteins involved in the TLR pathway. While Pellino-1 and Pellino-3 have been well 
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characterized, no extensive studies of Pellino-2 have been performed in non-immune 

cells, in terms of intracellular localization and interaction partners.  

Methodology 

To identify novel interaction partners of Pellino-2, we performed yeast two-hybrid 

screening, followed by co-immunoprecipitation experiments. To visualize the 

intracellular localization of Pellino-2, we performed indirect immunofluorescence 

against endogenous Pellino-2 in a variety of cell lines, as well as subcellular 

fractionation. Live cell imaging was also employed, in GFP-tagged Pellino-2 stably 

transfected fibroblasts. 

  

Summary of results 

Following a yeast two-hybrid screen, we identified several novel protein-protein 

interactions: Pellino-2 interacts with cyclin F, DVL-2, TRAF7 and ROBO-1 with very 

high confidence, IRS-1 and NEK9 with high confidence, as well as other proteins, with 

lower confidence interaction score. These data were confirmed in co-

immunoprecipitation experiments. These novel interaction partners are found in 

different cellular compartments and have diverse functions in intracellular signaling 

cascades. 

In immunofluorescence experiments, we observed that Pellino-2 was localized in the 

cytoplasm, when using phosphate buffer saline (PBS) as fixation buffer with 

physiological concentration of K+ ions. In contrast, when phosphate buffer (PB) that 

does not contain K+ was used as fixation buffer, Pellino-2 relocated to the nucleus. 

Treatment with the potassium ionophore nigericin resulted in nuclear localization of 

Pellino-2, which was reversed by the potassium channel blocker TEA. 

In subcellular fractionation experiments, Pellino-2 was recovered in the membranous 

fraction of the cytoplasm. In double immunofluorescence against Pellino-2 and a variety 

of organelle markers, we saw no colocalization between Pellino-2 and any of the 

examined protein markers: GM130, acetylated α-tubulin, TOMM20, ATP synthase 

subunit IF1, LAMP-1, LC3, proteasome 19S S5A/ASF and RAB1, splicing factor SC-

35, PML nuclear bodies, and proliferating cell nuclear antigen PCNA. 
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In immortalized fibroblasts stably overexpressing GFP-tagged Pellino-2, the protein 

was observed in advancing and retracting membrane protrusions (ruffles), as well as in 

mobile protein aggregates. Overexpressed Pellino-2 was very dynamic in nature, as it 

condensed in aggregates that appeared and disappeared at different locations inside the 

cells, as well as traveling to different parts of the cell. 

 

4.3. Paper 3 

A de novo PELI2 variant associated with constitutive NLRP3 inflammasome 

activation 

 

Background 

Ocular pterygium-digital keloid dysplasia is characterized by early onset corneal 

neovascularization causing reduced visions. Patients later develop keloids on digits. A 

temperature-sensitive activation mutation PDGFRB has been associated with OPDKD. 

In this study, a family with an adolescent boy suffering from OPDKD underwent 

genetic analysis to identify the variant associated with the disease.  

 

Methodology 

Trio exome sequencing followed by Sanger sequencing were used to identify novel, 

potentially disease-causing mutations. ELISA analysis and cell viability assays were 

conducted on stably transfected U87MG cells, overexpressing the WT or the Thr257Ile 

Pellino-2 amino acid substitution. 

Immunofluorescence of endogenous Pellino-2 was performed on the patient fibroblasts 

and age- and sex-matched controls.  

In stably transfected HEK293 cells carrying wild type or the Thr257Ile Pellino-2 

substitution, protein-protein interactions were examined using co-immunoprecipitation. 

Lastly, protein stability was studied using a cycloheximide chase assay.  

 

Summary of results 

A de novo variant in PELI2, g.C770T p.(Thr257Ile) was identified and predicted to be 

damaging.  
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The Pellino-2 OPDKD variant did not affect the binding of the Pellino-2 protein to its 

interaction partners (IRAK-1, TAK-1, TRAF6, ROBO-1, NEK9, DVL2, cyclin F, 

TRAF7), nor did it affect the stability and turnover of the protein compared to the wild 

type protein. The novel variant also did not impact the ability of Pellino-2 to change 

intracellular localization upon K+ efflux. 

In transgenic U87MG cells stably overexpressing Thr257Ile Pellino-2, much higher 

baseline levels of IL-1b secretion was observed in non-activated cells (NT or LPS 

priming), compared to cells overexpressing WT Pellino-2. This suggests that the 

mutation leads to a constitutive activation of the NLRP3 inflammasome. Furthermore, 

IL-1b secretion was significantly increased in activated cells overexpressing the 

Thr257Ile Pellino-2, compared to wild type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 54 

 

 

 

  



 55 

Discussion 

 

The focus of this thesis has been the lesser studied isoform of the Pellino family of E3 

ubiquitin ligases, the Pellino-2 protein. Our work started with a Peruvian patient that 

presented with an OPDKD-like phenotype: ocular pterygium due to corneal 

neovascularization, and keloids on hands and feet. At the time, the disease-causing 

mutation of this condition was not known. As we already had under our care a 

Norwegian family with this condition, our idea was to examine the two families looking 

for mutations in a common gene. However, no such gene was identified in our analysis 

and we later showed that the disease-causing variant in the Norwegian family was 

PDGFRB c.1996A>T, p.(Asn666Tyr) (208). While no PDGFRB mutation was found 

in the Peruvian patient, data analysis revealed that a de novo mutation in PELI2 could 

be the likely candidate for causing OPDKD. 

At the time, there were conflicting and few reports on Pellino-2 function. Most studies 

performed on Pellino-2 had been done in overexpression conditions, usually transient 

transfection (29, 32, 35, 57). This leads to high protein expression and may be prone to 

artefacts (25). At the beginning of this project, the only knowledge on Pellino-2 was 

that it most likely had an E3 ubiquitin ligase function, due to a RING-like domain 

discovered in the C terminus of the protein (35, 38). Additionally, a forkhead-associated 

(FHA) domain had also been characterized for Pellino-2 (34). The function of the FHA 

domain had been described as binding phospho-Thr residues located in the substrates 

that Pellino-2 binds to (34).  

Therefore, before performing any extensive analysis of the OPDKD variant, first we 

had to characterize Pellino-2 in more depth. 

 

5.1. Pellino-2 in non-immune cells 

Before the initiation of this thesis, studies on Pellino-2 had been conducted in non-

immune cells, but under overexpression conditions, using transfected Pellino-2 tagged 

with a variety of recombinant epitopes. However, no localization study had been 

performed on endogenous Pellino-2.  
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We therefore began by investigating the intracellular distribution of endogenous 

Pellino-2 in a variety of non-immune cell lines, to obtain information that is not 

confined to an individual cell type. We used cancerous, as well as non-cancerous cell 

lines, immortalized cell lines, as well as primary cultures. In immunofluorescence 

experiments, we noticed a striking difference in the subcellular localization of Pellino-

2, depending on the buffer used for dissolving the paraformaldehyde for fixation.  

Using a fixation buffer lacking K+ ions, Pellino-2 had a nuclear localization in all cells 

with the exception of HeLa cells. However, when the fixation buffer contained a 

concentration of K+ similar to physiological extracellular K+ concentration, Pellino-2 

was localized in the cytoplasm of all tested cells. HeLa cells again stood out in the 

amount of expressed Pellino-2 and the distribution pattern: while most studied cells 

have a punctate pattern for Pellino-2 distribution, HeLa cells expressed an abundant 

amount of Pellino-2.  

The influence of K+ ions on Pellino-2 localization was further confirmed in experiments 

using either K+ channel blockers to prevent K+ efflux from the cells, or ionophores that 

increase the efflux of K+ ions from within cells. 

The finding that K+ ions have such a clear effect on Pellino-2 intracellular localization 

was very intriguing for us. PubMed searches on “potassium” or “potassium efflux” at 

the time were only limited to immune cells, in relation to another element of the innate 

immune system, the NLRP3 inflammasome. Then in 2018, Humphries and colleagues 

published the first PELI2 knockout mouse model which indicated that Pellino-2 played 

a role in the activation of the NLRP3 inflammasome and secretion of IL-1b (64). 

  

5.2. Pellino-2 in immune cells 

Pellino-2 is classically involved in TLR signaling. As an E3 ubiquitin ligase, it can 

ubiquitinate TLR downstream kinases, such as IRAK-1 and IRAK-4, and at the same 

time be a substrate for phosphorylation by these kinases (29, 38). Pellino-2 involvement 

leads to NF-kB activation and upregulation of pro-inflammatory cytokines, such as IL-

6, IL-8, and TNFα (61).  

Interestingly, while Pellino-3 has been shown to temper the inflammatory response 

(56), Pellino-2 seems to act in a pro-inflammatory way. In their 2018 study, Humphries 
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and colleagues showed that Pellino-2 is tightly involved in the secretion of IL-1b, by 

indirectly mediating NLRP3 poly-ubiquitination during the priming step of NLRP3 

inflammasome activation (64). IL-1β is a key cytokine, that can further trigger the 

secretion of other pro-inflammatory cytokines, therefore it is also called an “early 

responsive cytokine” (253). 

We therefore continued the explorations of Pellino-2 and K+ efflux, using the NLRP3 

inflammasome activation as a study system. We were able to show that Pellino-2 

colocalizes with NLRP3 and ASC proteins during inflammasome assembly and is a 

crucial element in the assembly of the inflammasome and secretion of IL-1β. This led 

to the observation that Pellino-2 changes intracellular localization in activated 

macrophages, compared to resting macrophages. While Pellino-2 is found in the 

cytoplasm of resting immune cells, when these become activated, Pellino-2 relocates to 

the site of the NLRP3 inflammasome.  

Although the Pellino proteins were initially thought to have overlapping roles, the 

generation of knockout mice lacking one of the Pellinos proved that the proteins have 

distinct but overlapping functions. For instance, Pellino-1 expression has been shown 

to be upregulated by LPS treatment (51, 254), but we found that Pellino-2 protein levels 

are not affected by LPS treatment (249).  

 

5.3. Pellino-2 is a K+ sensor 

Given that K+ efflux has been widely recognized as a cellular event mediating the 

activation of the inflammasome, we hypothesized that intracellular K+ concentration 

may influence Pellino-2 localization also in immune cells. Use of several K+ channel 

blockers revealed that indeed, in THP-1 cells, Pellino-2 can change localization due to 

K+ efflux, and that blocking K+ channels inhibits Pellino-2 relocation, NLRP3 

inflammasome maturation and IL-1β secretion.   

Thus, we have shown that Pellino-2 intracellular localization is highly sensitive to K+ 

efflux and the intracellular K+ concentration. It is unclear how Pellino-2 can sense this 

event, of K+ efflux, but it has been shown previously that K+ ions are found in the 

enzymatic centers of functional ribosomes (143), suggesting the importance of metal 

ions for protein synthesis and/or function. It is conceivable that K+ ions can also be 



 58 

found in the 3D structure of Pellino-2 and that the depletion of intracellular K+ affects 

the structural integrity of Pellino-2 or alters its function. Of course, X-ray 

crystallography or cryo-electron microscopy may elucidate these hypotheses.  

In non-immune cells, under non-physiological conditions, Pellino-2 relocates to the 

nucleus due to K+ efflux. The functional significance of this is still unclear, although it 

enables Pellino-2 to gain access to its nuclear interaction partners, NEK9 and cyclin F.  

 

5.4. Pellino-2 and novel interaction partners 

A different direction of this thesis has been to identify novel protein-protein interactions 

involving Pellino-2. As a next step, we wanted to determine if any of these interactions 

were affected by the OPDKD-associated variant. A yeast two-hybrid screen identified 

13 potential interactors of Pellino-2 and co-immunoprecipitation experiments 

confirmed the six top candidates: ROBO-1, IRS-1, DVL-2, TRAF7, cyclin F and 

NEK9. The wide range of intracellular signaling pathways in which these proteins are 

involved suggests that Pellino-2 is a more versatile protein than originally thought. Its 

classical function as E3 ubiquitin ligase remains to be explored in relation to all these 

newly identified interaction partners, however it is conceivable that Pellino-2 may exert 

other functions apart from ubiquitination. 

The interplay between Pellino-2 and its interaction partners is a dynamic and complex 

process, and beyond the scope of the present study. In the following section, potential 

implications for these protein-protein interactions are briefly discussed. 

IRS-1 and DVL-2 have been hypothesized to act in conjunction during epithelial-

mesenchymal transitioning. IRS-1 is thought to impair the activity of a yet unknown E3 

ubiquitin ligase thus leading to the blocking of DVL-2 poly-ubiquitination and 

degradation (255). Depending on which protein Pellino-2 binds to, it may facilitate (via 

IRS-1) or, quite the opposite, block epithelial-mesenchymal transition (via DVL-2).  

Pellino-2 also interacts with NEK9 and cyclin F, both with nuclear localization and with 

roles in the cell division process. NEK9 is a kinase that initiates interphase progression, 

by phosphorylating histones and NEK6 and NEK7, thus controlling chromosome 

separation. Cyclin F is an E3 ubiquitin ligase that targets CCP110 during G2 phase for 

proteasomal degradation, thereby acting as an inhibitor of centrosome reduplication. 
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Again, depending on which protein Pellino-2 interacts with, it may act as a facilitator 

(via NEK9) or inhibitor (via cyclin F) of cell division. 

TRAF7 belongs to the TNF receptor associated factor (TRAF) family of proteins, 

alongside TRAF6, a known interaction partner of Pellino-2. TRAF6-Pellino-2 

interaction has been extensively characterized (32, 33, 61). TRAF7 also possesses E3 

ubiquitin ligase activity and may target Pellino-2 for ubiquitination. Conversely, 

Pellino-2 may exert its E3 ubiquitin ligase activity on TRAF7, since no E3 ubiquitin 

ligases are known to target TRAF7 for ubiquitination. TRAF7 stands out from its TRAF 

family of proteins due to its structure: TRAF7 has only one TRAF-type ZINC finger 

domain (compared to two or three, like the other TRAFs). In addition, instead of a C-

terminal TRAF domain, TRAF7 presents seven WD40 repeats (256). Therefore, it may 

be that Pellino-2 signaling via TRAF7 has novel implications for downstream signaling. 

Interestingly, TRAF7 interacts with ROBO-4, a member of the ROBO family of 

proteins (257). 

Several interaction partners of Pellino-2 are known to be important in NLRP3 function. 

Activation of NLRP3 inflammasome has been shown to decrease IRS-1 expression 

levels (258), while the antidiabetic drug glyburide inhibits NLRP3 inflammasome 

activation, by blocking K+ channels and thus K+ efflux (156). Furthermore, the process 

of epithelial-to-mesenchymal transition, involving among others DVL-2, has been 

shown to occur downstream of the NLRP3 inflammasome activation (259). Another 

interesting recent finding is that NEK7, a nuclear kinase and a substrate of Pellino-2 

newly identified interaction partner NEK9, is a crucial element in the activation of the 

NLRP3 inflammasome (178). Noteworthy, NLRP3 inflammasome activation and cell 

division (mitosis) are mutually exclusive events (177), therefore NEK7 activity during 

NLRP3 inflammasome activation must be different than its activity during cell division. 

We have shown that K+ efflux leads to Pellino-2 relocation during inflammasome 

activation (249). It has also been shown that NEK7 activity occurs downstream of K+ 

efflux, prior to inflammasome activation (139). We hypothesize that K+ efflux leads to 

Pellino-2 relocation, which activates its binding partner NEK9. Downstream of NEK9, 

NEK7 contributes to the activation of NLRP3 inflammasome. Further investigations 

are needed to confirm this. Also, it remains to be elucidated how K+ efflux (that leads 
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to Pellino-2 relocation) plays a role in such diverse intracellular signaling cascades like 

cell migration, epithelial-mesenchymal transition, insulin signaling, or cell division.  

 

5.5. Pellino-2 in disease 

As previously mentioned, this study into Pellino-2 was initiated after a likely disease-

causing PELI2 variant was found in a patient with OPDKD. Furthermore, bioinformatic 

predictors of mutation pathogenicity have indicated that the c.770C>T, p.(Thr257Ile) 

PELI2 variant is likely to be damaging. 

Initially, we wanted to investigate the effects of the OPDKD PELI2 variant in patient 

macrophages. Unfortunately, the patient carrying this mutation lives in a remote 

mountainous area in Peru and we have only been able to obtain a skin biopsy from him. 

The alternative was to produce stably transfected THP-1 monocytes, that can easily be 

converted to macrophages. Transduction of THP-1 cells using shRNA constructs has 

been successful (260-262). However, we have been unable to transduce THP-1 cells 

with lentiviral vectors carrying full-length wild type or c.770C>T PELI2 cDNA. 

As an alternative, we chose to stably overexpress PELI2 with a C-terminal HA tag in 

U87MG cells. U87MG cells are glioblastoma cells, originating from astrocytes. 

Alongside microglia, astrocytes also perform innate immune functions in the brain. The 

U87MG cells therefore contain NLRP3 inflammasome components, but the cells are 

different from immune cells in that expression of NLRP3 is not upregulated by bacterial 

components like LPS. The cells are relatively easy to transduce to make stably 

transfected cells (263). 

In transgenic U87MG cells overexpressing the c.770C>T PELI2 variant, we observed 

constitutive activation of the NLPR3 inflammasome, by measuring high levels of 

secreted IL-1β even in resting cells. This suggests that chronic inflammation may be 

important in PELI2-associated OPDKD development.  

Multiple potential mechanisms have been hypothesized for the development of 

pterygium and keloids (oxidative stress, UV light, epigenetics) and several molecules 

related to proliferation, inflammation, angiogenesis and fibrosis are common 

biomarkers related to the development of these conditions (264, 265). The NLRP3 

inflammasome has also been implicated in their pathogenesis, as both pterygium and 
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keloids seem to present with high levels of NLRP3 (191, 194), caspase-1 and IL-1b 

(181, 191).  

 

We have shown by various methods in our first two publications that Pellino-2 can 

change localization depending on the intracellular concentration of K+ ions: upon K+ 

efflux, Pellino-2 is redistributed to different intracellular compartments. The fact that 

K+ efflux leads to NLRP3 inflammasome activation has been known for some time 

(108). Our work has strengthened the connection between Pellino-2 and NLRP3 

inflammasome assembly and activation, and further, that K+ efflux is important in this 

process.  

At the same time, we are reporting a novel PELI2 variant associated with OPDKD. The 

mutation appears to be disease-causing via constitutive NLRP3 inflammasome 

activation. The variant did not affect the ability of Pellino-2 to relocate in response to 

K+ efflux. 

Genetic mutations of NLRP3 that constitutively activate the NLRP3 inflammasome are 

well documented (187), for example c.61G>C, p.(Asp21His), a heterozygous 

pathogenic variant associated with keratitis fugax hereditaria (KFH) (200). There are 

several similarities between OPDKD and KFH, as well as some differences. Both 

conditions can manifest at an early age with corneal changes alone (KFH) or in 

combination with skin changes (OPDKD). On the other hand, KFH is an episodic 

disease, whereas OPDKD is a progressive disease. Further, PDGFRB-related OPDKD 

is caused by a temperature-sensitive variant, whereas KFH has not been linked to 

seasonal variations (188).  

There are also NLRP3 mutations that lead to NLRP3 inflammasome activation under 

cold conditions (203). We show that the activation of the NLRP3 inflammasome could 

be initiated, by simply culturing macrophages at lower temperatures. This is of 

particular interest as recently, a temperature-sensitive mutation in PDGFRB 

(MIM#173419) was found associated with OPDKD in a Norwegian family (208). This 

autosomal dominant variant NM_002609.3 (PDGFRB): c.1996A>T, p.(Asn666Tyr) 

leads to ligand-independent autoactivation of the kinase at 32 °C, the physiological 

corneal temperature. As both cornea and digits have lower and more variable 
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temperatures than the core body temperature (242), this observation could be important 

for understanding why these body parts are most affected in the PDGFRB-associated 

OPDKD. It remains to be determined if the physiological corneal temperature is also 

important in PELI2-associated OPDKD. 

Figure 7 summarizes the findings of this thesis and indicates mechanisms contributing 

to the development of PELI2-associated OPDKD. 

 

 
Figure 7. Proposed mechanism for the development of inflammation mediated OPDKD. 

 

In the TLR pathways, TAK-1 is a well-known downstream interaction partner of 

Pellino-2: Pellino-2 is required for TAK1-dependent NF-kB activation (61). Four de 

novo mutations in MAP3K7 encoding TAK-1 have been shown to cause 

frontometaphyseal dysplasia 2 (FMD2), a rare skeletal genetic disease associated with 

keloid development (266-268). The FMD2-associated MAP3K7 mutations lead to 

increased TAK-1 autophosphorylation and activation of downstream signaling. It is 

conceivable that the OPDKD Pellino-2 mutation, acting upstream of TAK-1, activates 

similar intracellular signaling cascades that lead to abnormal cell proliferation as seen 

in keloids.  

Also toll-like receptors have been implicated in the pathogenesis of both keloids and 

pterygium, the hallmarks of OPDKD. Pterygial conjunctival cells have increased 

expression of TLR3 in the superficial layers of the conjunctiva, compared to epithelial 

layers (214), while TLR6, 7 and 8 are highly upregulated in keloid scars (229). In 

addition, upregulation of TLR4 was shown in keloids, which led to increased connective 

tissue growth factor (CTGF) and collagen accumulation within keloids (230).  
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Together, these data suggest that PELI2-associated OPDKD could be caused by an 

excessive immune process that involves the NLRP3 inflammasome.  

 

Therefore, NLRP3 inflammasome blocking could be a viable target in treatment. 

However, the identification of the molecular mechanism, via Pellino-2 and K+ efflux, 

may provide multiple and more specific targets, in order to avoid off-target 

immunosuppressive side-effects. There are small molecules already in development 

against Pellino-1 (another member of the Pellino family) (269) and K+ channel blockers 

glyburide and quinine, are commercially available drugs, that indirectly block the 

inflammasome activation. In addition, there are also drugs that target the inflammasome 

directly, pointed either at the components of the inflammasome (NLRP3 protein, ASC 

protein, pro-caspase 1 enzyme) or the end-products of inflammasome activation (IL-1β, 

IL-18).  
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Conclusions and future perspectives 

 

In this thesis, we focused on endogenous Pellino-2 in immune and non-immune cells 

and characterized multiple facets of this protein. We showed that Pellino-2 acts as a 

potential K+ sensor that changes intracellular localization following K+ efflux. In 

immune cells, Pellino-2 relocates to the activated NLRP3 inflammasome, and we have 

shown that Pellino-2 is essential for mediating the effect of K+ efflux on inflammasome 

activation. In non-immune cells, Pellino-2 relocates to the nucleus, but the functional 

significance of this is still unclear. Pellino-2 is constitutively expressed in non-immune 

cells and it readily responds to K+ efflux from these cells. This opens up for research 

into its K+ sensing ability and the functions and relevance of Pellino-2 in non-immune 

cells.  

One proof of this was the expansion of the list of interaction partners of Pellino-2, to 

include ROBO-1, IRS-1, DVL-2, TRAF7, cyclin F and NEK9. Our project was 

exclusively aimed at studying protein-protein interactions in an overexpression system 

and confirmation of these findings are still needed for endogenously expressed proteins. 

Nevertheless, these findings open new avenues of research into Pellino-2, especially if 

these Pellino-interacting proteins are substrates for Pellino-induced ubiquitination. Our 

data suggest that Pellino-2 is a dynamic protein that can move within the cell to reach 

its interaction partners. With more Pellino-binding proteins being identified, it is not 

unlikely that these will also reveal new functions for Pellino-2 in signaling pathways 

mediated by these interaction partners. 

Lastly, we reported a novel mutation in PELI2 that appears to constitutively activate 

the NLRP3 inflammasome, a potential mechanism for inflammation and tissue 

overgrowth in OPDKD. The potential targeting of NLRP3 inflammasome in the 

treatment of PELI2-related OPDKD is subject to further research. 
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Appendix 
 

PELI2 sequence and location of the mutation c.C770T 

 

ATGTTTTCCCCTGGCCAGGAGGAACACTGCGCCCCCAATAAGGAGCCAGTGAAA

TACGGGGAGCTGGTGGTGCTCGGGTACAATGGTGCTTTACCCAATGGAGATAGA

GGACGGAGGAAAAGTAGATTTGCCCTCTACAAGCGGCCCAAGGCAAATGGTGTC

AAACCCAGCACCGTCCATGTGATATCCACGCCCCAGGCATCCAAGGCTATCAGCT

GCAAAGGTCAACACAGTATATCCTACACTTTGTCAAGGAATCAGACTGTGGTGGT

GGAGTACACACATGATAAGGATACGGATATGTTTCAGGTGGGCAGATCAACAGA

AAGCCCTATCGACTTCGTTGTCACAGACACGATTTCTGGCAGCCAGAACACGGAC

GAAGCCCAGATCACACAGAGCACCATATCCAGGTTCGCCTGCAGGATCGTGTGC

GACAGGAATGAACCTTACACAGCACGGATATTCGCCGCCGGATTTGACTCTTCCA

AAAACATATTTCTTGGAGAAAAGGCAGCAAAGTGGAAAAACCCCGACGGCCACA

TGGATGGGCTCACTACTAATGGCGTCCTGGTGATGCATCCACGAGGGGGCTTCAC

CGAGGAGTCCCAGCCCGGGGTCTGGCGCGAGATCTCTGTCTGTGGAGATGTGTA

CACCTTGCGAGAAACCAGGTCGGCCCAGCAACGAGGAAAGCTGGTGGAAAGTG

AGACCAACGTCCTGCAGGACGGCTCCCTCATTGACCTGTGTGGGGCCACTCTCCT

CTGGAGAACAGCAGATGGGCTTTTTCATACTCCAACTCAGAAGCACATAGAAGC

CCTCCGGCAGGAGATTAACGCCGCCCGGCCTCAGTGTCCTGTGGGGCTCAACACC

CTGGCCTTCCCCAGCATCAACAGGAAAGAGGTGGTGGAGGAGAAGCAGCCCTGG

GCATATCTCAGTTGTGGCCACGTGCACGGGTACCACAACTGGGGCCATCGGAGT

GACACGGAGGCCAACGAGAGGGAGTGTCCCATGTGCAGGACTGTGGGCCCCTAT

GTGCCTCTCTGGCTTGGCTGTGAGGCAGGATTTTATGTAGACGCAGGACCGCCAA

CTCATGCTTTCACTCCCTGTGGACACGTGTGCTCGGAGAAGTCTGCAAAATACTG

GTCTCAGATCCCGTTGCCTCATGGAACTCATGCATTTCACGCTGCTTGCCCTTTCT

GTGCTACACAGCTGGTTGGGGAGCAAAACTGCATCAAATTAATTTTCCAAGGTCC

AATTGACTGA 
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Pellino proteins are E3 ubiquitin ligases involved in the innate immune sys-

tem. Recently, Pellino-2 was reported to modulate the activation of the mouse

Nlrp3 inflammasome. We examined the intracellular localization of human

Pellino-2 in THP1-derived macrophages during activation with LPS and

ATP. We observed that Pellino-2 changed intracellular localization and colo-

calized with the inflammasome proteins NLRP3 and ASC late in the assem-

bly of the inflammasome. Colocalization with NLRP3 and ASC was also

seen in cells maintained in potassium-free medium. The colocalization and

inflammasome activation were abrogated by several potassium channel inhibi-

tors, supporting a role for potassium efflux in modulating intracellular local-

ization of Pellino-2. The data suggest that Pellino-2 is essential for mediating

the effect of potassium efflux on inflammasome activation.

Keywords: ASC; inflammasome; NLRP3; PELI2; potassium efflux

The four mammalian Pellinos (Pellino-1, Pellino-2,

and the two isoforms Pellino-3a and Pellino-3b) have

been described as key E3 ubiquitin ligases that mediate

innate immune responses [1]. Pellino-2 associates with

several signaling proteins involved in the Toll-like

receptor (TLR) pathway and functions as a positive

regulator of NF-kB activation, leading to the upregu-

lation of pro-inflammatory transcripts IL-6, IL-8, and

TNFa [2]. Although the Pellino proteins seem to play

distinct roles in immune signaling cascades [3–7], the

mechanisms that selectively recruit Pellino-2 remain

elusive.

The NLRP3 inflammasome is a cytosolic multipro-

tein complex that regulates the innate inflammatory

response [8]. Its activation is a two-step process, begin-

ning with ‘priming’. In this phase, TLRs are activated

by extracellular ligands, leading to increased protein

synthesis of components of the inflammasome and pre-

cursors of pro-inflammatory cytokines, among them

pro-IL-1b [9]. In the second step, ‘activation’, the

inflammasome is assembled, cleaving inactive precur-

sors to active pro-inflammatory molecules, such as

mature IL-1b [10]. A common intracellular response,

potassium (K+) efflux [11,12], triggered by a variety of

Abbreviations

ASC, apoptosis-associated speck-like protein; CO2, carbon dioxide; DMEM, Dulbecco’s modified Eagle’s medium; ELISA, enzyme-linked

immunosorbent assay; fps, frames per second; HRP, horseradish peroxidase; IgG, immunoglobulin G; IL-1b, interleukin 1 beta; IL-6, inter-

leukin 6; IL-8, interleukin 8; IRAK-1, interleukin 1 receptor-associated kinase 1; K+, potassium ions; KCl, potassium chloride; LDS, lithium
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danger signals, like viral DNA, bacterial toxins, and

nanoparticles [13,14], leads to the activation of the

NLRP3 inflammasome. The effect of K+ efflux is sup-

ported by studies showing that (a) depletion of cytoso-

lic K+ in response to ATP or nigericin mediates IL-1b
maturation, (b) K+ efflux alone can activate the

NLRP3 inflammasome, and (c) high extracellular K+

concentrations inhibit the activation of the NLRP3

inflammasome [11,15,16].

Recently, Pellino-2 was found to be involved in the

activation of the mouse Nlrp3 inflammasome [17]. In a

Pellino-2 constitutive knockout mouse model, Humph-

ries and co-workers showed that Pellino-2 is essential

in the priming step for the activation of the canonical

pathway of the mouse Nlrp3 inflammasome. At the

same time, they showed that Pellino-2 did not directly

induce poly-ubiquitination of Nlrp3, thus suggesting

that Pellino-2 may exert its effects on Nlrp3 in an indi-

rect manner [17].

Although the function of Pellino-2 has been charac-

terized to some extent, a detailed examination of the

intracellular localization of Pellino-2 has not been

reported. Therefore, in this study, we examined the

intracellular localization of Pellino-2 in a human

macrophage cell line, with particular emphasis on its

interaction with the NLRP3 inflammasome. We show

that Pellino-2 colocalizes with the inflammasome pro-

teins NLRP3 and ASC in activated THP1-derived

macrophages. This effect is abrogated when pharmaco-

logical K+ channel blockers are used. Although

NLRP3 appears to change localization for inflamma-

some activation, blocking of the K+ channels prevents

the relocation of Pellino-2 and thus the assembly and

maturation of the inflammasome. Our findings indicate

a significant effect of K+ efflux on Pellino-2 localiza-

tion and point to an essential role of Pellino-2 reloca-

tion in the activation of the NLRP3 inflammasome.

Materials and methods

Expression vectors

Human PELI2 cDNA encoding full-length human Pellino-

2 (UniProt ID: Q9HAT8) was subcloned from a pLenti-

Peli2-myc-DDK vector (RC203409L1, OriGene, Rockville,

USA) into a pQCXIH/pQCXIP retroviral expression vector

(Clontech, California, USA), using BamHI and EcoRI

restriction enzymes. An N-terminal GFP tag was inserted

containing a linker between the GFP and Pellino-2, consist-

ing of six amino acids (Ser-Gly-Leu-Arg-Ser-Ala) [18]. An

additional plasmid was generated by inserting a C-terminal

HA tag. All constructs were subsequently verified by San-

ger sequencing.

Transient transfection and cell lysis

For transient transfection, 8 lL Lipofectamine 2000

reagent (Invitrogen, Waltham, Massachusetts, USA) and

2 lg plasmid DNA encoding HA-tagged or GFP-tagged

human Pellino-2 were added to HEK293 cells upon 60–
70% confluency in 10-cm plates. Cells were harvested after

40 h. The cells were lysed in 50 mM Tris–HCl pH 7.4,

200 mM NaCl, 5 mM EDTA, 0.1% NP-40, 0.5% Tween-20,

1 mM PMSF and supplemented with complete protease

inhibitors (Roche Diagnostics, Mannheim, Germany, #11-

836-145-001). Cell lysates were centrifuged to remove cell

debris. Bolt LDS sample buffer (Thermo Fisher, Waltham,

MA, USA, #B0007) and Bolt sample reducing agent

(Thermo Fisher, #B0009) were added before immunoblot

analysis.

Immunoblot analysis

Proteins were separated and transferred onto nitrocellulose

membranes using the Bolt� Bis-Tris Plus electrophoresis

and transfer system (Thermo Fisher Scientific). Membranes

were incubated overnight at 4 °C with primary antibodies.

The immunodetection of Pellino-2 (1 : 1000 dilution,

Sigma-Aldrich, St. Louis, MO, USA, #HPA053182), the

HA tag on Pellino-2 (1 : 500 dilution, Thermo Scientific,

#71-5500), the GFP tag on Pellino-2 (1 : 500 dilution,

Clontech, clone JL-8, #632381), and GAPDH (1 : 10 000

dilution, Sigma-Aldrich, #G9545) was performed according

to Cell Signaling Technologies instructions (details in Sup-

porting information). HRP-linked anti-rabbit IgG antibody

(Cell Signaling, Danvers, MA, USA, #7074) at 1 : 2000

dilution was used as secondary antibody (detailed descrip-

tion in Supporting information).

To test for binding specificity of the Pellino-2 antibody,

a blocking peptide PrEST antigen PELI2 (Sigma-Aldrich,

#APREST83881) was used at 1 : 1000 dilution. Incubation

with the blocking peptide and Pellino-2 antibody was per-

formed in parallel with overnight incubation with the

Pellino-2 antibody only.

THP-1 cell differentiation into macrophages

THP-1 cells (ATCC TIB-202TM) were cultured in RPMI-

1640 medium, supplemented with 10% FBS, 100 U�mL�1

penicillin, 100 lg�mL�1 streptomycin, 2 mM L-glutamine,

and 0.05 mM 2-mercapto-ethanol. Cells were cultured for

no longer than 15 passages.

THP-1 monocytes were gradually transitioned for culti-

vation in Dulbecco’s modified Eagle’s medium (DMEM),

high glucose (4500 mg�L�1), supplemented with 10% fetal

bovine serum (FBS), 100 U�mL�1 penicillin, 100 lg�mL�1

streptomycin, 2 mM L-glutamine, and 0.05 mM 2-mercapto-

ethanol.
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THP-1 monocytes were differentiated into adherent

macrophages, as previously described [19], using 200 nM

phorbol-12-myristate-13-acetate (PMA, Cell Signaling,

#4174S) for 3 days, followed by a 5-day resting period

(THP1PMA cells).

Treatment of THP1PMA macrophages

Following differentiation into macrophages, the THP1PMA

cells were primed with 100 ng�mL�1 LPS (E. coli O111 : B4,

Sigma-Aldrich, #LPS25) for 4 h and activated with 5 mM

ATP (Thermo Scientific, #R0441) for 15 min, before fixation.

In order to block the activation of the NLRP3 inflam-

masome, THP1PMA cells were treated with either 10 lM
quinine (Abcam, Cambridge, England, #ab141247), 30 mM

KCl (Sigma-Aldrich, #1049360500) or 50 lM glyburide

(Cayman Chem, Ann Arbor, MI, USA, #15009) for

30 min, before priming with LPS and activation with ATP,

as described above.

THP-1 monocytes were also gradually transitioned for

cultivation in complete DMEM culture medium, for

immunofluorescence experiments involving potassium-free

(K+-free) culture medium. Before fixation, the cell culture

medium was changed for 3 h to DMEM without potassium

chloride (KCl) (Cell Culture Technologies, custom-made).

Immunofluorescence

Cells were seeded at a density of 75 000 cells/well in 12-

well dishes on 18-mm glass coverslips coated with

0.1 mg�mL�1 poly-L-lysine. The staining procedure was

performed in accordance with Sannerud and co-workers

(2008) (see Supporting information for details) [20]. The

fixation step was performed at room temperature for

30 min using prewarmed 3% PFA in either PBS pH 7.4 or

0.1 M phosphate buffer (PB) pH 7.2.

Double-labeling immunofluorescence analysis was per-

formed in THP1PMA macrophages, using antibodies

against Pellino-2 (Sigma-Aldrich, #HPA053182), NLRP3

(Enzo, #ALX-804-819-C100), and ASC (Santa Cruz, #sc-

514414). Goat anti-rabbit IgG Alexa Fluor� 488 and goat

anti-mouse IgG Alexa Fluor� 594 (#111-546-144 and

#115-586-146, both from Jackson Laboratories) were used

as secondary antibodies.

Quantification of secreted IL-1b upon NLRP3

inflammasome activation

THP-1 cells were seeded in 96-well tissue-culture plates (Corn-

ing Costar, #9018) at a density of 50 000 cells/well in 100 lL
of THP-1 culture medium, supplemented with 200 nM of

phorbol-myristate acetate (PMA, Cell Signaling, #4174S), and

incubated for 3 days. The medium was replaced with THP-1

culture medium without PMA, and the cultures were allowed

to rest for 5 days in the CO2 incubator.

On the day of the assay, cells were primed with

100 ng�mL�1 LPS (E. coli O111 : B4, #LPS25, Sigma-

Aldrich) for 4 h to upregulate genes necessary for NLRP3

inflammasome activation and activated with 5 mM ATP

(Thermo Scientific, #R0441) for 15 min. Wherever indi-

cated, THP1PMA cells were also treated with either 10 lM
quinine (Abcam, #ab141247), 30 mM KCl (Sigma-Aldrich,

#1049360500), or 50 lM glyburide (Cayman Chem, #15009)

for 30 min, before priming with LPS and activation with

ATP, as described above.

After incubation, supernatants were collected and

assayed for IL-1b release using a human IL-1b ELISA kit

(Thermo Fisher, #88-7261-88) according to the manufac-

turer’s protocol. Briefly, after precoating with a specific IL-

1b antibody, the plates were blocked and incubated over-

night with cell culture media from THP1PMA cells. After

being washed, the plates were incubated with biotinylated

detection antibody, avidin–HRP, and developed by chemi-

luminescence (see Supporting information for details).

Cell viability assay

Cell proliferation/viability following NLRP3 inflammasome

activation in THP1PMA cells was assessed by WST-1

assay. Twenty-four hours after inflammasome activation,

the WST-1 reagent (Roche, #5015944001) was added into

the wells at a 1 : 10 dilution and incubated at 37 °C for

4 h. The optical density (OD) was measured at wavelength

440 nm with correction at 650 nm, using a BioTek Syn-

ergyTM HT microplate reader.

Image acquisition and analysis

Images were acquired using Leica SP5 and SP8 confocal

laser scanning microscopes (Leica Microsystems). The Z-

stack function was used to enhance resolution and allow

for 3D examination, in order to confirm colocalization.

Scale bar is 20 lm and the video frame rate 5 fps. Postpro-

cessing of images was performed using the integrated adap-

tive deconvolution module Lightning (Leica Microsystems).

Statistical analysis and reproducibility

Two-way ANOVA, followed by Tukey’s multiple compar-

isons test, was performed for statistical analysis. All results

have been replicated in at least 3 independent experiments.

Results

Validating Pellino-2 antibody specificity

In order to validate the commercial rabbit polyclonal

Pellino-2 antibody used in this paper (targeting a C-

terminal amino acid sequence NRKEVVEEKQPWA
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YLSCGHVHGYHN), we first examined HEK293 cells

transiently transfected with plasmids containing Pellino-

2 tagged with either an HA tag or a GFP tag. Cell

lysates were analyzed by immunoblotting using anti-

Pellino-2 antibody, as well as anti-HA, anti-GFP, and

anti-GAPDH antibodies (Fig. S1A). The anti-Pellino-2

antibody revealed endogenous Pellino-2 (MW 46 kDa),

as well as the overexpressed HA-tagged Pellino-2 (MW

50 kDa) and GFP-tagged Pellino-2 (MW 73 kDa) at

expected molecular weights. The overexpressed protein

was also identified with anti-HA and anti-GFP antibod-

ies. Next, we used a blocking peptide against the

Pellino-2 antibody, PrEST antigen PELI2 (Fig. S1B),

and we showed that binding of the antibody was effec-

tively blocked by this antigen.

In immunofluorescence experiments, the anti-

Pellino-2 antibody recognized both endogenous and

overexpressed FLAG-tagged Pellino-2 (Fig. S1C). We

thereby concluded that the antibody was specific for

Pellino-2.

Pellino-2 colocalization with NLRP3 and ASC in

primed and activated THP-1 derived

macrophages

Given the recent report indicating that Pellino-2 influ-

ences Nlrp3 inflammasome activation in mouse macro-

phages, we investigated the localization of Pellino-2 in

the human-derived immune cell line THP-1. We differ-

entiated THP-1 monocytes into adherent macrophages

(THP1PMA) using phorbol-12-myristate-13-acetate

(PMA), followed by priming and activation, to initiate

inflammasome assembly and release of mature pro-

inflammatory cytokines.

In THP1PMA cells under resting conditions

(Fig. 1), Pellino-2 was constitutively expressed and

Pellino-2 Merge
4x

NLRP3

4x

Pellino-2 MergeASC

n.t.

LPS

LPS+
ATP

K+-
free

4x

4x

4x

4x

A B

Fig. 1. Pellino-2 colocalizes with NLRP3 and ASC in primed and activated macrophages. THP-1 monocytes were differentiated into adherent

macrophages using 200 nM phorbol-12-myristate-13-acetate (PMA) for 3 days, followed by a 5-day resting period. THP1PMA macrophages

were subjected to indirect immunofluorescence, using PBS as fixation buffer for the fixative agent (3% PFA) without any prior treatment

(n.t.), primed with 100 ng�mL�1 LPS for 4 h (LPS), primed with 100 ng�mL�1 LPS for 4 h and stimulated with 5 mM ATP for 15 min

(LPS+ATP), or cultivated in potassium-free DMEM medium for 3 h (K+-free). The fluorescent images show endogenous Pellino-2,

endogenous NLRP3 (A) or endogenous ASC (B) and nuclei (DAPI). The insets represent a 4 times magnification of the original images,

postprocessed using the deconvolution module Lightning. Scale bar: 20 µm.
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located in the cytoplasm, while expression of the

NLRP3 protein was minimal.

Upon priming with LPS, upregulation of NLRP3

protein expression was seen, with a more specific and

restricted localization close to the plasma membrane,

indicating early stages of inflammasome activation.

This was confirmed by the levels of secreted IL-1b in

LPS-primed THP1PMA cells (Fig. 2). After activation

with ATP, Pellino-2 changed location and became

colocalized with the inflammasome protein NLRP3

(Fig. 1A) and with the adaptor protein ASC

(Fig. 1B).

Thus, Pellino-2 changed its intracellular localization,

depending on the activation status of the macrophages:

In resting macrophages, Pellino-2 was spread diffusely

in the cytoplasm, whereas during activation with ATP

after priming with LPS, Pellino-2 concentrated at the

site of the inflammasome and colocalized with NLRP3

and ASC.

Extracellular K+ ions influence localization of

endogenous Pellino-2 and the activation of the

inflammasome

Due to the role of K+ efflux in NLRP3 inflamma-

some activation [11], we wanted to examine whether

extracellular K+ levels influence the localization of

Pellino-2.

We first cultivated THP1PMA cells in K+-free med-

ium for 3h and performed immunofluorescence analy-

sis using antibodies against Pellino-2, NLRP3, and

ASC. In these cells, which had not been treated with

LPS and ATP, restricted localization of the NLRP3

protein at the plasma membrane (Fig. 1A: K+-free), as

well as ASC speck formation (Fig. 1B: K+-free), was

seen, indicating activation of the inflammasome. In

addition, relocation of Pellino-2 from the cytoplasm to

the site of NLRP3 inflammasome activation (Fig. 1)

and colocalization with the NLRP3 protein (Video S1)

Fig. 2. NLRP3 inflammasome activation, measured in the levels of secreted IL-1b, followed by cell viability assay. (A) THP1PMA cells were

left without any treatment (n.t.), or were primed with 100 ng�mL�1 LPS for 4 h (LPS), primed with 100 ng�mL�1 LPS for 4 h and stimulated

with 5 mM ATP for 15 min (LPS+ATP) or cultivated in potassium-free DMEM medium for 3 h (K+-free), to induce NLRP3 inflammasome

activation. Additionally, the cells were incubated with either 10 lM quinine, 30 mM KCl, or 50 lM glyburide for 30 min, before priming with

LPS and activation with ATP, as described above. Supernatants were harvested, and the measurement of secreted IL-1b was performed by

ELISA analysis. Data are shown as mean � s.e.m. of 3 biological replicates, each with 2 technical replicates. Statistical analysis was

performed using two-way ANOVA, followed by Tukey’s test. **** P < 0.0001. (B) The viability of the cells was measured 24 h after NLRP3

inflammasome activation, using the WST-1 assay. The WST-1 reagent was added in 1 : 10 dilution to the cells and further incubated for 4 h

at 37 °C. Data are shown as mean � s.e.m. of 3 biological replicates. The cell viability assay performed 24 h after activation of the

THP1PMA macrophages showed that the NLRP3 inflammasome activation affects the cells’ viability.
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and ASC protein (Video S2) were seen. This was simi-

lar to our findings in cells activated with ATP at phys-

iological K+ concentration. We used the Lightning

deconvolution tool to achieve confocal super-

resolution down to 120 nm: Pellino-2 was detected in

very close proximity to both NLRP3 and ASC. The

data suggested that low levels of extracellular K+ alone

are sufficient to activate the NLRP3 inflammasome

and also to initiate the interaction of Pellino-2 with

NLRP3 and ASC.

We next proceeded to study several known pharma-

cological K+ channel inhibitors. We blocked the efflux

of K+ ions from THP1PMA-derived macrophages

by incubating them with quinine (Fig. 3A), KCl

(Fig. 3B), or glyburide (Fig. 3C) prior to their activa-

tion. Upon treatment with these compounds, Pellino-2

did not change localization even upon activation with

LPS plus ATP or by cultivation in K+-free medium.

Pellino-2 continued to show only a punctate cytoplas-

mic localization, indicating that Pellino-2 localization

is directly sensitive to K+ efflux from the cells.

In contrast, in cells treated with quinine, KCl, or gly-

buride, activation with LPS plus ATP or cultivation in

K+-free medium resulted in a change of NLRP3 localiza-

tion (Fig. 3). However, while in activated cells, the

NLRP3 inflammasome is normally present as large

aggregates close to the plasma membrane, in cells treated

with K+ channel blockers, NLRP3 was seen as multiple,

small protein collections along the plasma membrane.

We also found significantly reduced levels of IL-1b secre-

tion (Fig. 2), suggesting that the final stages of NLRP3

inflammasome assembly had not been fully completed.

The effect of K+ ions in the fixation buffer

Since we observed an effect of K+ efflux on Pellino-2

intracellular localization, it was of interest to examine

the consequences of removing K+ from the fixation

buffer. The fixation buffer used in the immunofluores-

cence experiments was PBS (Figs 1 and 3), which con-

tains 2.7 mM KCl and 1.8 mM KH2PO4. In

immunofluorescence experiments, PBS is frequently

interchanged with PB, which does not contain K+.

In PB-fixed THP1PMA cells, Pellino-2 was localized

to the cytoplasm (Fig. 4). However, in THP1PMA

cells primed with LPS before PB-fixation, Pellino-2

presented in the nucleus. Otherwise, priming and acti-

vation of the NLRP3 inflammasome, as well as reloca-

tion of Pellino-2 intracellularly and its colocalization

with NLRP3 after culturing the cells in K+-free culture

medium, were similar in PB- and PBS-fixed cells

(Figs 1 and 4). Thus, the absence of K+ in the fixation

buffer may influence the localization of Pelino-2 under

certain circumstances.

Discussion

Relocation of the Pellino protein has been reported in

smaller organisms such as Drosophila [21]. In this

study, we aimed to characterize the intracellular local-

ization of Pellino-2 in a human macrophage cell line,

with particular emphasis on its relation to the NLRP3

inflammasome. We showed that Pellino-2 colocalizes

with the inflammasome proteins NLRP3 and ASC in

activated THP1-derived macrophages. In addition to

the activation status of the macrophages, the absence

or presence of K+ in the extracellular environment also

determined the intracellular localization of Pellino-2,

suggesting that Pellino-2 may translocate between vari-

ous intracellular compartments in response to K+

efflux, a common intracellular mechanism that leads to

NLRP3 inflammasome activation.

The colocalization of Pellino-2 with the NLRP3

inflammasome is in line with previous reports of

Pellino-2 assisting in NLRP3 inflammasome activation

[17]. Humphries and co-workers suggested that Pellino-

2 participates in the inflammasome activation, by

indirectly promoting Lys-63-linked poly-ubiquitination

of NLRP3 in the priming step. They demonstrated that

LPS induces a time-dependent interaction of Pellino-2

with NLRP3 [17]. While they did not see a direct

binding of Pellino-2 to NLRP3 in immunoprecipitation

experiments, Pellino-2 coimmunoprecipitated with

IRAK1. This suggested that ubiquitination could occur

by counteracting the inhibitory effect of the Pellino-2

interaction partner IRAK1 on NLRP3. Our observa-

tion, that Pellino-2 colocalized with the inflammasome

proteins NLRP3 and ASC after activation with ATP, is

consistent with an indirect effect of Pellino-2 on the

NLRP3 inflammasome during the priming phase, but

also suggests that Pellino-2 could also have a more

direct effect during the activation phase.

The presence of activated NLRP3 inflammasomes

was indicated by the restricted localization of the

NLRP3 protein (Fig. 1A) and the speck formation of

ASC (Fig. 1B), as well as the increased secretion of

IL-1b in the supernatants of the cell culture (Fig. 2A).

While resting or primed macrophages displayed typical

morphological characteristics of macrophages, such as

increased cytoplasmic volume, activated macrophages

by LPS plus ATP treatment had a smaller cellular vol-

ume, presumably, at least in part, due to K+ ions

efflux. It is in these smaller cells that we observed colo-

calization between Pellino-2 and NLRP3 and ASC

(Fig. 1).
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A Quinine

Pellino-2 MergeNLRP3

B KCl

Pellino-2 MergeNLRP3

n.t.

LPS

LPS+

ATP

K+-

free

C Glyburide

Pellino-2 MergeNLRP3

-

n.t.

LPS

LPS+

ATP

K+-

free

Fig. 3. Blocking the activation of the NLRP3 inflammasome abrogates colocalization between Pellino-2 and NLRP3. THP-1 monocytes were

differentiated into adherent macrophages using 200 nM phorbol-12-myristate-13-acetate (PMA) for 3 days, followed by a 5-day resting period. THP1PMA

macrophages were subjected to indirect immunofluorescence, using PBS as fixation buffer for the fixative agent (3% PFA). The cells were incubated for

30 minwith 10 lMquinine (A), 30 mMKCl (B), or 50 lMglyburide (C), followed by no treatment (n.t.), primingwith 100 ng�mL�1 LPS for 4 h (LPS), priming

with 100 ng�mL�1 LPS for 4 h and stimulation with 5 mM ATP for 15 min (LPS+ATP), or cultivation in potassium-free DMEM medium for 3 h (K+-free).

The fluorescent images showendogenousPellino-2, endogenousNLRP3, and nuclei (DAPI). Scale bar: 20 µm.
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In experiments using K+-depleted culture medium,

we showed that low extracellular level of K+ alone can

activate the inflammasome protein NLRP3 and initiate

the interaction of Pellino-2 with NLRP3, pointing to

an essential role of Pellino-2 relocation in the activa-

tion of the inflammasome. Similar observations of the

effect of K+ efflux on NLRP3 inflammasome activa-

tion have been reported by Mu~noz-Planillo and co-

workers [11]. They showed that a reduction in cytoso-

lic levels of K+ is both a necessary and sufficient step

for activating the NLRP3 inflammasome in mice.

However, the K+ response of Pellino-2 in our hands

was different from that of NLRP3, in that it occurred

later in the inflammasome assembly and was com-

pletely blocked by several known blockers of the

NLRP3 inflammasome.

While the canonical pathway for activating the

NLRP3 inflammasome consists of two signals, priming

and activation, in cells cultured in K+-free medium this

process seems to be reduced to a single step consisting

only of K+ efflux. Our findings suggest that Pellino-2

is a sensor for K+ efflux that can subsequently trigger

intracellular signaling downstream of TLR in the

absence of a ligand.

Pellino-2 MergeNLRP3

n.t.

LPS

LPS+
ATP

K+-
free

4x

Fig. 4. The fixation buffer influences Pellino-2 localization in primed and activated macrophages. THP-1 monocyte cells were differentiated

into adherent macrophages using 200 nM PMA for 3 days, followed by a 5-day resting period. THP1PMA macrophages (A) without any prior

treatment (n.t.), (B) primed with 100 ng�mL�1 LPS for 4 h (LPS), (C) primed with 100 ng�mL�1 LPS for 4 h and stimulated with 5 mM ATP

for 15 min (LPS+ATP), or (D) cultivated in potassium-free DMEM medium for 3 h (K+-free) were fixed using 3% PFA in 0.1 M phosphate

buffer, pH = 7.2 and subjected to indirect immunofluorescence. The fluorescent images show endogenous Pellino-2, endogenous NLRP3,

and nuclei (DAPI). The inset represents a 4 times magnification of the original image, postprocessed using the deconvolution module

Lightning. Scale bar: 20 µm.
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NLRP3 inflammasome activation can be blocked by

various chemicals. Quinine has been shown to inhibit

K+ efflux via the two-pore domain potassium channel

TWIK2 [22]; high concentrations of extracellular K+

ions inhibit the K+ efflux necessary for activation of

the NLRP3 inflammasome [11]; glyburide inhibits LPS

plus ATP-induced caspase-1 activation, IL-1b secre-

tion, and macrophage death [23]. We found that upon

treatment with any of these blockers, signs of early

activation of the NLRP3 inflammasome were present,

albeit to a much lesser extent than in untreated cells.

While NLRP3 relocated to the edge of the cells

(Fig. 3), the levels of secreted IL-1b were significantly

reduced (Fig. 2). Pellino-2, on the other hand, did not

change intracellular localization when K+ efflux was

blocked with quinine, KCl, or glyburide (Fig. 3). It

appears that NLRP3 can be partially activated, even

in the presence of NLRP3 inflammasome blockers,

suggesting that the blockers do not directly affect the

NLRP3 protein. In contrast, blocking K+ efflux pre-

vents Pellino-2 relocation, and this could be the reason

full inflammasome activation does not occur.

Paraformaldehyde is a common fixative used in

immunofluorescence experiments and both PB and PBS

are used as fixation buffers. Since Pellino-2 was observed

to relocate in the cells in the absence of extracellular K+,

we compared Pellino-2 localization using the two buf-

fers. When using K+-free fixation buffer in primed

immune cells, Pellino-2 surprisingly relocated to the

nucleus (Fig. 4: LPS). While the significance of this find-

ing for physiological conditions is not clear, it is impor-

tant in future studies to use a K+-containing fixation

buffer to maintain physiological conditions and avoid

inconsistent results.

In summary, we show that Pellino-2 colocalizes with

the inflammasome proteins NLRP3 and ASC in THP1-

derived activated macrophages at a late stage of the

inflammasome assembly. In immunofluorescence experi-

ments, Pellino-2 is found in different intracellular com-

partments, depending on the absence or presence of K+

in the extracellular environment, indicating a role for K+

efflux in modulating intracellular transport of Pellino-2.

When blocking K+ efflux, the relocation of Pellino-2 is

abrogated, as well as the activation of theNLRP3 inflam-

masome. Thus, our results indicate that Pellino-2 local-

ization is directly sensitive to K+ efflux from the cells and

modulates the activation of the NLRP3 inflammasome.
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Video S1. Pellino-2 colocalizes with NLRP3 protein in

activated macrophages. THP-1 monocytes were differ-

entiated into adherent macrophages using 200 nM

phorbol-12-myristate-13-acetate (PMA) for 3 days, fol-

lowed by a 5-day resting period. THP1PMA macro-

phages were primed with 100 ng�mL LPS for 4 h and

stimulated with 5 mM ATP for 15 min. The cells were

subjected to indirect immunofluorescence, using PBS

as fixation buffer for the fixative agent (3% PFA). The

fluorescent images show endogenous Pellino-2, endoge-

nous NLRP3 and nuclei (DAPI). Scale bar is 20 lm
and the video frame rate 5 fps.

Video S2. Pellino-2 colocalizes with ASC protein in

activated macrophages. THP-1 monocytes were differ-

entiated into adherent macrophages using 200 nM

phorbol-12-myristate-13-acetate (PMA) for 3 days, fol-

lowed by a 5-day resting period. THP1PMA macro-

phages were primed with 100 ng�mL LPS for 4 h and

stimulated with 5 mM ATP for 15 min. The cells were

subjected to indirect immunofluorescence, using PBS

as fixation buffer for the fixative agent (3% PFA). The

fluorescent images show endogenous Pellino-2, endoge-

nous ASC and nuclei (DAPI). Scale bar is 20 lm and

the video frame rate 5 fps.

Supplementary Material Effect of K+ ions on Pellino-2

intracellular localization.

Fig. S1. Anti-Pellino-2 antibody specifically recognizes

endogenous and overexpressed Pellino-2 and is

blocked by a specific blocking antigen.
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Errata 

Page VII Article I has a different title: “Effect of K+ ions on intracellular localization of 
Pellino-2” – corrected to “K+ regulates relocation of Pellino-2 to the site of NLRP3 
inflammasome activation in macrophages” 

Page VII Misspelling in the title of Article II: “non-immune” – corrected to “nonimmune” 

Page VII Article II was accepted for publication in FEBS Letters – doi.org/10.1002/1873-
3468.14212 

Page 26 Punctuation mistake: the comma before reference (92) should be placed after the 
reference: “during the priming step, (92)...” – corrected to “during the priming step 
(92), …” 

Page 28 Misspelling in the Abbreviations list of Table 3: “penumoniae” – corrected to 
“pneumoniae” 

Page 49 Article I has a different title: “Effect of K+ ions on intracellular localization of Pellino-
2” – corrected to “K+ regulates relocation of Pellino-2 to the site of NLRP3 
inflammasome activation in macrophages” 

Page 50 Misspelling in the title of Article II: “non-immune” – corrected to “nonimmune” 

Page 57 Misspelling “blocking K+ channels inhibit Pellino-2 relocation” – corrected to 
“blocking K+ channels inhibits Pellino-2 relocation” 

Page 59 Missing reference for the sentence “TRAF7 interacts with ROBO-4, a member of the 
ROBO family of proteins” 

Shirakura K, Ishiba R, Kashio T, Funatsu R, Tanaka T, Fukada SI, Ishimoto K, Hino N, 
Kondoh M, Ago Y, Fujio Y, Yano K, Doi T, Aird WC, Okada Y. The Robo4-TRAF7 
complex suppresses endothelial hyperpermeability in inflammation. J Cell Sci. 2019 
Jan 2;132(1):jcs220228. doi: 10.1242/jcs.220228. PMID: 30510113. 
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