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C̄    Celsius degrees 

Ab    Antibody 

AGs    Acidophilic granulocytes 

AIM2   Absent in melanoma 2  
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Inflammasomes are cytosolic molecular platforms that alert the immune system 

about the presence of the infection. As multiprotein complexes, they consist of NLRs 

(NOD-like receptors), adaptor proteins ASC and caspase-1. The assembly of the 

complexes requires the activation signal and depends on the homotypic interactions. 

Our laboratory has found that zebrafish guanylate-binding protein 4 (Gbp4), an IFNɹ-

inducible GTPase harboring a C-terminal CARD domain, is required for the 

inflammasome-dependent clearance of Salmonella Typhimurium (ST) by neutrophils in 

vivo. Although several key components of the inflammasome have already been 

characterized, little is known about other potential components. In this Thesis we 

describe two new inflammasome components and we developed antibodies against 

inflammasome components in Alpacas as tools to shed light in to inflammasome 

assembly and function. 

On one hand, we report the identification of an evolutionarily conserved protein, 

that we term Caiap (from CARD- and ANK-containing Inflammasome Adaptor Protein), 

which has an N-terminal CARD domain and 16 C-terminal ANK domains, and is required 

for the inflammasome-dependent resistance to Salmonella Typhimurium in zebrafish. 

Intriguingly, Caiap is highly conserved from cartilaginous fish to marsupials but is absent 

in placental mammals. Mechanistically, Caiap acts downstream flagellin and interacts 

with catalytic active Caspa, the functional homolog of mammalian caspase-1, through 

its ANK domain, while its CARD domain promotes its self-oligomerization. Our results 

therefore point to ANK domain-containing proteins as key inflammasome adaptors 

required for the stabilization of active caspase-1 in functionally stable, high molecular 

weight complexes. 

On the other hand, we found that zebrafish wdr90 is highly induced by Gbp4 

independently of inflammsome activation. This gene encodes a large protein of 

unknown functions until date that contains several WD40 domains, which are involved 

in coordinating multi-protein complex assembly. Its overexpression increased caspase-

1 activity and the resistance of the larvae to ST infection, acting upstream of Caspa and 

Asc. In addition, it was able to alter the distribution of NLRC4, but not of NLRP3 or AIM2, 

when expressed in HEK293T cells.  
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Finally, we have generated WDR90 knockout immortalized bone marrow-

derived macrophages and the CRISPR tools to generate KI cell lines to tag endogenous 

WDR90 with the FLAG epitope to facilitate its detection. In addition, we have produced 

alpacas antibodies against zebrafish Asc and human WDR90, which will help to shed light 

into inflammasome assembly, activation and biological functions.  
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1. The immune system 

The immune system is essential for the maintenance of a balanced physiological 

state, preventing the organism against threats that could alter this balance. The immune 

system is divided in two blocks; the innate immune system and the adaptive immune 

system.  

The innate immune system detects the presence of microbes and initiates 

mechanisms to eliminate potentially infectious threats. This system acts as a first barrier 

against pathogens. It includes physical barriers such us the skin, different cell types like 

neutrophils, macrophages, dendritic cells, monocytes and epithelial cells, and a wide 

range of soluble molecules.  

On the other hand, the adaptive immune system provides an acquired response 

which is more specific and long-lasting than the innate immune response. This adaptive 

immunity is activated after a first contact with infection and it is more effective after 

each successive contact with the same pathogen. The adaptive immunity includes the 

complement system, lymphocytes and their secreted antibodies. Lymphocytes appear 

exclusively in vertebrates and are the key for a stronger immune response as well as 

immunological memory (Abbas, A. K., Lichtman, A. H., 2015). These cells are derived 

from hematopoietic stem cells in the bone marrow (Janeway and Medzhitov, 2002) and 

are capable of specifically recognize individual pathogens. Moreover, lymphocytes are 

divided into two main categories of cells: T lymphocytes (T cells) and B lymphocytes (B 

cells) (Figure 1). During the adaptive response, extracellular pathogens are recognized 

by presenting cells that mediate the response by B cells, which are the cells responsible 

of antibody (Ab) secretion.  

T cells are characterized by the presence of a T-Cell Receptor (TCR) in their 

surface. They mediate a large number of activities and can be divided in three groups:  

- T helper lymphocytes (Th), which have regulatory functions and are involved in 

the development and production of antibodies by B cells or interacting with phagocytic 

cells helping them to destroy the pathogens phagocytosed before.  
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-T Cytotoxic lymphocytes (CTL) that recognize and destroy virus-infected cells (or 

cells infected with other pathogens), damaged or dysfunctional and tumour cells (Harty 

et al., 2000). 

-Regulatory T cells (Treg) that mediates the tolerance to self-antigens and 

prevent autoimmune diseases (Bettelli et al., 2006). 

 

 

Figure 1. Scheme of the main components of innate and adaptive immunity. Innate immunity 

(left) include natural barriers and phagocytes, dendritic cells, NK cells and the complement system, 

adaptive immunity (right) include B and T cells, Antigen Presenting Cells (APCs) and Plasma cells. 

1.1. The innate immune system in fish 

In the immune system, the innate system is the most evolutionarily conserved 

one compared with the adaptive system which is only present in vertebrates. Teleost 

fish are the first evolutionary group that possesses a well-structured and differentiated 

immune system, being similar to those in birds and mammals. However, the ecosystem 

of fish leads to big living differences with higher vertebrates. These differences are also 

represented in their immune system. For example, in contrast to higher vertebrates, fish 

are free-living organisms from early embryonic stages of life and depend on their innate 

immune system to survive. Fish innate response comprises physical barriers (epithelium 

and mucosa), cellular effectors (phagocytic cells and nonspecific cytotoxic cells) and 

humoral factors (complement and other acute phase proteins), whereas adaptive 

response comprises a cellular (Ly) and humoral (Ab) components (Uribe, Folch, Enriquez, 
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& Moran, 2011). Moreover, specific antibodies can be produced without generating a 

systemic response (Uribe et al., 2011).  

The organs and tissues of the immune system in teleosts have been classified, as 

in mammals, in primary and secondary organs (See table below) (Neely & Flajnik, 2016). 

Fish lack bone marrow; its function is taken by the kidney, a primary organ that is the 

largest site of haematopoiesis until adulthood. Kidney consists of two parts: the anterior 

or cephalic (head kidney, HK), with mainly hematopoietic function, and posterior, 

basically with excretory function. Regarding to secondary lymphoid organs, the spleen 

is the most important but presents few lymphocytes, although may increase in number 

by administration of an antigen. The spleen in zebrafish remains a small organ that 

contains large amounts of erythroblasts at 30 days post fertilization. At three months, 

when lymphoblasts are evident in the spleen, emerging ellipsoids are involved in the 

capture of antigen. A similar developmental pattern has been described for other teleost 

spleen, such as that of the Atlantic salmon, grouper and catfish (dos Santos, Romano, de 

Sousa, Ellis, & Rombout, 2000; Iwama & Nakanishi, 1996).  

Function Mammals Teleost 

fish 

References 

Primary 

organ 

Bone 

marrow/Thymus 

Head 

kidney/Thymus 

(Brinkworth 

& Thorn, 2013) 

Secondary 

organ 

Spleen/Lymph 

nodes 

Spleen (Boehm, 

Hess, & Swann, 

2012) 

 Table 1. Comparative primary and secondary organs in mammals and teleost fish 

Furthermore, mucus is essential to prevent attachment and inhibit the entry of 

bacteria, fungi or parasites to the epithelial surfaces and digest microorganisms. Fish 

mucus possesses a wide battery of lytic enzymes, such as lysozyme and lectins, 

complement proteins, antibacterial peptides and immunoglobulin M (IgM) and IgT 

ό.ƻǎƘǊŀΣ [ƛΣ ϧ {ǳƴȅŜǊΣ нллсΤ tŀǊǊŀΣ YƻǊȅǘłǌΣ ¢ŀƪƛȊŀǿŀΣ ϧ {ǳƴȅŜǊΣ нлмсΤ {ŀǳǊŀōƘ ϧ {ŀƘƻƻΣ 

2008).  
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Innate cellular response of the fish includes a variety of leukocytes, which 

phagocytes are very important in innate immunity by its capacity to eliminate viruses, 

bacteria and parasites because their function is less influenced by the temperature 

(Rowley et al., 1988; Secombes and Fletcher, 1992; Blazer, 1991; Sepulcre et al., 2002; 

Lange and Magnadottir, 2003; Magnadottir et al., 2005). Moreover, they can be the 

initiator of activation and regulation of the specific immune response (Clem et al., 1985; 

Clem et al., 1991; Vallejo et al., 1992). The process of phagocytosis in fish is almost the 

same as described for mammalian leukocytes, ending with two mechanisms responsible 

for the killing of phagocytized microorganisms. The first one is the production of reactive 

oxygen intermediates (ROS) with a rapid and abrupt increase in the rate of oxygen 

consumption, known as respiratory burst, being independent on mitochondrial 

respiration. The second one is the production of nitric oxide (NO) and other nitrogen 

reactive intermediates (RNS). It is further known that ROS produced by phagocytes of 

fish have bactericidal activity (Sharp and Secombes, 1993; Skarmeta et al., 1995). In 

addition, neutrophils possess myeloperoxidase in their cytoplasmic granules, which in 

the presence of halide and hydrogen peroxide kills bacteria by halogenation of the 

bacterial cell wall. Moreover, these cells use lysozymes and other hydrolytic enzymes of 

lysosomes for pathogen elimination (Fischer et al., 2006). On the other hand, the 

nonspecific cytotoxic cells of fish are morphologically distinct from the large granular 

lymphocytes of mammals, whereas, they are suggested to be functionally similar (Evans 

and Jaso-Friedmann, 1992). These cells are able to eliminate a range of spontaneously 

xenogeneic targets, including parasites in fish and traditional targets of natural killer 

cells in mammals (Hasegawa et al., 1998). Differently than the natural killer cells of 

mammals, the nonspecific cytotoxic cells of catfish are not granulated, small 

lymphocytes that are commonly found in lymphoid tissues, but are rarely found in the 

blood (Shen et al., 2002).  

Beside cellular effectors described above, there are a wide variety of substances 

(humoral effectors) that act on the innate defence of the fish (Alexander and Ingram, 

1992). These molecules may be classified into different groups due to its function. There 

are bacterial growth inhibitors such as: transferrin, antiproteases and ceruloplasmin; 

viral replication inhibitors such as interferon; inhibitors of bacterial toxins; lysines such 
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as lysozyme and chitinase; agglutinins and precipitins such as lectins and C-reactive 

protein, and finally complement components. In teleosts, as well as in higher 

vertebrates, the complement system can be activated in three different ways: the 

classical pathway, which is triggered by Ab binding to the cell surface (Holland and 

Lambris, 2002), the alternative pathway, which is independent of antibodies and is 

activated directly by foreign microorganisms, and the lectin pathway, which is activated 

by the binding of a protein complex consisting of mannose/mannan-binding lectin in 

bacterial cells (Sakai, 1992). The complement system performs several functions 

important for the humoral clearance of the pathogens, such as leukocyte chemotactic 

activity (Lamas and Ellis, 1994), opsonisation (Sakai, 1984a), inactivation of certain toxins 

(Von Eschen and Rudbach, 1974; Ellis, 1980; Sakai, 1984b), the bactericidal activity 

(Sakai, 1983), and cytotoxicity and viral inactivation (Sakai, 1992).  

1.2. Adaptive immune system in fish 

Antibodies are the key mediators of the adaptive immune response, together 

with its producing cells, lymphocytes. The main, predominant immunoglobulin in 

teleosts is the IgM class. It is a tetramer and contains eight antigenic combining sites 

(Acton et al., 1971). In vitro studies, using conjugated monoclonal antibodies (mAbs) 

against specific antigenic determinants on the surface of lymphocytes and functional 

immunological assays, have shown that fish have two cell populations, which are 

equivalent to B and T cells of mammals. mAbs against immunoglobulin M (IgM) of 

teleost serum are able to react with only one of the lymphocyte population (Lobb and 

Clem, 1982; DeLuca et al., 1983; Secombes et al., 1983; Navarro et al., 1993), which 

suggest that the surface of Igs may be a marker for B cell-like cells and allow the isolation 

of the two cell populations of lymphocytes of teleost: Ig+ e Ig-. Further, due to the 

functional studies, it has been shown that these two populations in fish (Ig+ and Ig- 

lymphocytes) have the functional characteristics of the B and T lymphocytes of 

mammals, respectively (DeLuca et al., 1983; Sizemore et al., 1984; Miller et al., 1986; 

Marsden et al., 1995). Moreover, IgD as a second immunoglobulin isotype (Edholm et 

al., 2011) and IgT as a third one (Danilova et al., 2005; Hansen et al., 2005; Uribe et al., 

2011) have been also identified in fish. Although the functional relevance of IgD remains 

to be determined, as in mammals, the teleost-specific IgT seems to be specialized in 
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mucosal immunity. Therefore, those antibodies would play the functional role as the 

equivalent of mammalian IgA (Zhang et al., 2010; Xu et al., 2013).  

The immunological response of the skin and gills is important because they are 

in direct contact with the environment. Therefore, teleost antibodies are found not only 

in intestine (Zhang et al., 2010), bile (Jenkins et al., 1994) and systemically in the plasma, 

but also in the skin (Z. Xu et al., 2016) and gill mucus (Z. Xu et al., 2016).  

Like mammals, adaptive immune system of teleost presents memory (Arkoosh 

and Kaattari, 1991; Whittington et al., 1994; Van Muiswinkel, 1995). After a first contact 

with the antigen, primary response develops with the production of a specific titer of 

antibodies in the serum that is increased with the further contact with the same antigen 

(secondary response). The whole process is dependent on the temperature.  

As previously mentioned, the initiation of the adaptive immune response is 

controlled by macrophages which functions consist of degrading and presenting 

antigens together with MHC proteins to lymphocytes so that they can recognize the 

determine antigen (Clem et al., 1985; Vallejo et al., 1992). However, the recent studies 

in zebrafish shown the existence of a population of dendritic cells with antigen-

presenting properties (Lugo-Villarino et al., 2010).  

2. Immune system and inflammasomes 

As described above, the innate immune system is the first line of defence against 

pathogens. Microbial detection is achieved through germline-encoded pattern-

recognition receptors (PRRs) that survey both the extracellular and intracellular spaces 

for pathogen-associated molecular patterns (PAMPs), and host-derived danger signals 

like damage-associated molecular patterns (DAMPs)(Broz & Monack, 2013). PAMPs are 

exogenous signals, usually essential for microbe survival and therefore commonly 

preserved. PAMPs molecules include bacterial and viral nucleic acids, structural 

components such us cell wall components, the bacterial protein flagellin, components 

of the peptidoglycan bacterial cell wall, and lipopolysaccharide (LPS) from Gram-

negative bacteria. Different PAMPs are specifically recognized by two main families of 

PRRs: the Toll-like receptors (TLRs) and the NOD-like receptors (NLRs). 
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In contrast, DAMPs are endogenous signals released by damaged or stressed 

cells  that activate different receptors localized in the cytosol (Newton & Dixit, 2012). 

The main family of DAMPs receptors are NLRs.  

Both, PAMPs and DAMPs, achieve an immune and inflammatory response 

through the activation of PRRs in order to induce pathogen clearance, removal of dead 

cells and restoration of tissue homeostasis. Maintenance of tissue homeostasis is crucial 

and insufficient inflammation can cause continuous infection of pathogens, whereas 

excessive inflammation can lead to chronic or systemic inflammatory diseases (Ahn et 

al., 2017).  

2.1. PRRs 

PRRs are classified in five different families depending on their genetic and 

functional characteristics. The first family discovered about two decades ago is TLR 

family which are membrane-bound receptors located at the cell surface or on endocytic 

compartments. Activated TLRs can transduce the signalling to initiate innate and 

adaptive immune responses. (Cao, 2016; Gao, Xiong, Li, & Yang, 2017a; Qian, Liu, & Cao, 

2014). The rest of the family members are unbound intracellular receptors. In this group 

are included the NLRs, retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs), C-type 

lectins (CTLs), and absent-in-melanoma (AIM)-like receptors (ALRs). TLRs and CTLs are 

located in the plasma membrane, while the NLRs, RLRs, and ALRs are intracellular PRRs 

(Y. K. Kim, Shin, & Nahm, 2016b). 

As described above, activation of PRRs leads to an immune and inflammatory 

response. The main innate response to PAMPs and DAMPs is started by TLRs and NLRs 

and concludes in the formation of a pro-inflammatory complex called inflammasome. 

Inflammasome assembly allows auto cleavage of pro-caspase1 to active caspase-1 

which leads to an inflammatory response due to the release of inflammatory cytokines. 

Since inflammasomes are the main subject of this thesis, they will be described in detail 

further below.  
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2.2. Toll like receptors 

Toll-like receptors were first described as transmembrane receptors involved in 

immune pathways using a Drosophila melanogaster model (Hashimoto, Hudson, & 

Anderson, 1988). Successive findings have described these receptors as a highly 

conserved family. TLRs are composed by three main structural domains: (1) a N-terminal 

extracellular leucine-rich repeat (LRR) domain required for ligand binding and microbial 

sensing through PAMPs; (2) a single transmembrane helix and (3) a C-terminal 

cytoplasmic Toll-IL-1R homology (TIR) domain involved in intracellular signalling. Agonist 

binding gets TLRs to dimerize into homodimers or change the conformation of existing 

dimers. It has been described that TLRs are also able to form different heterodimers 

depending on the bounding ligand (Bryant, Symmons, & Gay, 2015; Gao, Xiong, Li, & 

Yang, 2017b). Signalling through TLRs induces the activation of nuclear factor-ˁ. όbC-

ˁ.ύΣ ŀŎǘƛǾŀǘƻǊ ǇǊƻǘŜƛƴ-1 (AP-1) and type I IFN. Moreover, the expression of TLRs is cell 

specific, allowing an adequate response based on the cell type and the microbial 

challenge (Newton & Dixit, 2012). TLRs are key inducers of the pro-inflammatory 

cytokines IL-1 and IL-18, but do not directly contribute to the activation of inflammatory 

caspases (Takeda and Akira, 2005). 

The TLR protein family is conserved from insects to mammals, but TLR signalling 

pathways in fish exhibit different features than those in mammals. TLRs are highly 

expressed in the skin of zebrafish suggesting a prominent role in the defence against 

pathogens. To date, it has been described almost a complete set of 20 putative TLR 

variants in this model organism and the ligands of some of these receptors have been 

already described (Y. Li, Li, Cao, Jin, & Jin, 2017).  

2.3. NOD-like receptors 

In concordance with TLRs, NLRs play an important role in pathogen recognition. 

NLRs share three common main domains: (1) a central nucleotide-binding and 

oligomerization (NACHT) domain; (2) a C-terminal leucine-rich repeats (LRRs) domain 

which is the sensing motif able to recognize different ligands, as in TLRs; and (3) a N-

terminal effector domain (caspase recruitment (CARD) or pyrin (PYD) domains). This N-

terminal domain determines the classification of the NLR family into four subfamilies; 
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the acidic transactivation domain (NLRA), the baculoviral inhibitory repeat-like domain 

(NLRB), the caspase activation and recruitment domain (CARD; NLRC), and the pyrin 

domain (NLRP) (Figure 2) (Y. K. Kim, Shin, & Nahm, 2016a).  

 

Figure 2. Schematic representation of individual NLR domains. CARD; caspase association and 

recruitment domain, ATD; acidic transactivation domain, FIIND; function to find domain, PYD; pyrin 

domain, BIR; Baculoviral inhibition of apoptosis protein repeat domain, LRR; leucine-rich repeats, MT; 

targets NLRX1 to the mitochondria but no sequence homology with traditional mitochondrial targeting 

sequence has been reported. Adapted from Saxena & Yeretssian, 2014. 

NOD-like receptors can also be divided into four broad functional categories: 

inflammasome assembly, signalling transduction, transcription activation, and 

autophagy. Acting through the inflammasome, these receptors are the principal PRRs 

responsible for intracellular defence, which mediate caspase-1 processing and, thereby, 
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the activation of pro-inflammatory cytokines, such as interleukin-мʲ όL[-мʲύ ŀƴŘ L[-18, 

and the induction of a special program of cell death called pyroptosis (Lamkanfi & Dixit, 

2014).   

The diversity of effector domains allows the NLRs to interact with a wide variety 

of binding partners, leading to the activation of multiple signalling pathways and to their 

oligomerization into inflammasomes (Martinon, Mayor, & Tschopp, 2009). The most 

studied receptors associated to inflammasomes are NOD1, NOD2, NLRP1, NLRP3, NLRC4 

(formerly IPAF) and AIM2.  

NOD1 and NOD2 both recognize bǊŜŀƪŘƻǿƴ ǇǊƻŘǳŎǘǎ ƻŦ ōŀŎǘŜǊƛŀƭ ŎŜƭƭ ǿŀƭƭǎ όʴ-D-

glutamyl-meso-diaminopimelic acid [iE-DAP], which is a peptidoglycan component 

found only in Gram-negative bacteria and MDP from both Gram-positive and Gram-

negative bacteria, respectively). Upon ligand sensing,  NOD1 and NOD2 oligomerize and 

recruit RIP2 via CARD-CARD interactions which leads to activation of the NF-kB signalling 

pathway, which plays an important role in regulating the host immune response 

(Schroder & Tschopp, 2010). However, a direct relation between these receptors and 

inflammasome activation has not been reported.  

On the contrary, other members of the NLR family such as NLRPs and NLRCs, are 

involved in caspase-1 activation and the consequent formation of the inflammasome, a 

multiprotein complex. Eight members of NLRs (NLRP1, NLRP2, NLRP3, NLRP6, NLRP7, 

NLRP12, NLRC4, and NAIP) and AIM2 have been described to be inflammasome 

activators (Y. K. Kim et al., 2016a).  

The NLR proteins are normally localized in the cytoplasm in an inactive, auto-

repressed form. The spontaneous oligomerization and activation of the protein is 

inhibited by its folded structure. The LRR domain fold intramolecularly back onto the 

NACHT domain, which is conformationally rearranged when a PAMP binds to the LRR 

upon a direct or indirect manner. Once it is bound, the NACHT domain is exposed 

triggering the oligomerization of the receptor and the NLRs effector domain is exposed. 

Through a homotypic interaction, CARDs and PYDs recruit CARD- and PYD- containing 

effector molecules, bringing them into close proximity with each other and leading to 
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their activation (Tschopp, Martinon, & Burns, 2003). These proteins are the ideal 

molecular platform needed for the activation of inflammatory caspases. 

3. Inflammasomes 

The concept of inflammasome was described for the first time a decade ago by 

Tschopp and colleagues. Inflammasome was reported as a large molecular platform 

required for the oligomerization and activation of the pro-inflammatory protease, 

caspase-1, consisting of the NLR protein NLRP1, the adaptor protein ASC (also known as 

PYCARD), and the two members of the inflammatory caspase subfamily, caspases-1 and 

-5 (Martinon, Burns, & Tschopp, 2002). A few years later other receptors of the 

inflammasome were described and the implication of this complex in inflammatory 

diseases, host defence and sepsis protection was showed (Agostini et al., 2004; S. L. Fink 

& Cookson, 2005; Mariathasan et al., 2004; Saleh et al., 2006).  

Inflammasomes are broadly expressed in haematopoietic and non-

haematopoietic cells and can trigger numerous downstream responses including 

production of IL-мʲΣ L[-18, eicosanoids and pyroptotic cell death. Since this first 

description, research within the inflammasome field has been one of the most studied 

fields in immunology leading to huge advances. As it was described above, 

inflammasomes are cytosolic multiprotein complexes usually composed of sensor 

proteins, mainly from the NLR family, adaptor proteins such as ASC and an effector 

cysteine-protease enzyme, usually caspase-1. Active caspase-1 cleaves and activates a 

pore-forming protein called Gasdermin D (GSDMD) (Shi et al., 2015), thereby inducing 

cytokine release and a lytic highly pyrogenic programmed cell death termed pyroptosis. 

Inflammasome activation is an essential component of the innate immune 

response and is critical for the clearance of pathogens or damaged cells. However, 

uncontrolled inflammasome activation is also a major driver of autoimmune and 

metabolic disorders, underlying the importance of understanding this process in 

physiological and pathological contexts. 
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3.1. Inflammasome receptors 

Several types of factors that can activate the inflammasome acting through 

different receptors (Figure 3). The major studied receptors to date are NLRP1, NLRP3, 

NLRC4 and AIM2.  

In summary, NLRPs proteins recruit the adaptor protein ASC by PYD-PYD 

interactions, which serves as an adaptor protein recruiting caspase-1 through CARD-

CARD interactions, leading to its activation (Dick, Sborgi, Rühl, Hiller, & Broz, 2016). On 

the other hand, NLRC4 is able to interact directly with caspase-1 through its CARD 

domain and, therefore, ASC is probably not required in this process (Latz, Xiao, & Stutz, 

2013). Exposure of CARD domains of ASC or NLRC4 serves as a platform for CARD 

domains of caspase-1 to interact, leading to its activation. Active caspase-1 has been 

shown to cleave several substrates, such as the pro-forms of the cytokines IL-1b and IL-

18. It has been demonstrated that there are variable requirements for caspase-1 

cleavage depending on the pathogen and the responding NLR (Guey, Bodnar, Manié, 

Tardivel, & Petrilli, 2014). 

 

Figure 3. Canonical inflammasomes and their main activators.(Sharma & Kanneganti, 2016) 
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3.1.1. NLRP1  

The NLRP1 inflammasome was the first inflammasome described. It is known to 

be activated by anthrax lethal toxin produced by Bacillus anthrax, a bipartite toxin 

composed of a protective antigen (PA) and a lethal factor (LF). PA generates pores on 

the host cell membrane, which help LF to enter the cell and cleave NLRP1 at an N-

terminal site. This cleavage is required for the induction of inflammasome activation 

(Frew, Joag, & Mogridge, 2012; Levinsohn et al., 2012). NLRP1 activation also promotes 

parasite clearance and provides protection against Toxoplasma gondii infection in mice 

(Gorfu et al., 2014). In response to a high dose of LF, the CARD of NLRP1b binds the CARD 

of pro-caspase-1. This complex is sufficient to drive pro-IL-мʲ ŀƴŘ ǇǊƻ-IL-18 processing 

and pyroptosis independently of ASC or caspase-1 self-proteolysis. In response to a low 

dose of LF, the CARD of NLRP1b recruits ASC to form a macromolecular cytoplasmic 

speck, where caspase-1 undergoes proteolysis and contributes to pro-IL-мʲ ŀƴŘ ǇǊƻ-IL-

18 processing (Man & Kanneganti, 2015). 

3.1.2. NLRP3 

NLRP3 inflammasome is the most studied in the inflammasome field. It is 

expressed mainly by myeloid lineage cells and responds to a wide range of infectious 

and endogenous ligands and is implicated in the pathogenesis of several 

autoinflammatory diseases, including arthritis, gout, diabetes, obesity, and AlzheimŜǊΩǎ 

disease (H. Guo, Callaway, & Ting, 2015). The triggers that have been shown to induce 

NLRP3 activation include pathogen-derived ligands such as microbial cell wall 

components, nucleic acids, and pore-forming toxins; environmental crystalline 

pollutants like silica, asbestos, and alum; and endogenous danger signals like ATP, serum 

amyloid A protein, and uric acid crystals (Sharma & Kanneganti, 2016). In fact, the 

diversity of its activators is one of the most distinctive features of the NLRP3 

inflammasome and makes the possibility of a direct interaction with each activator 

unlikely. It is therefore assumed that the NLRP3 inflammasome either senses a common 

secondary activator downstream of these stimuli or responds to cellular stress 

associated with infection or physiological damage. 

Activation of the NLRP3 inflammasome is thought be regulated at both the 

transcriptional and post-translational levels. The first signal in inflammasome activation 
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involves the priming signal activated trough TLRs-NF-ˁ. ǇŀǘƘǿŀȅ ǘƘŀǘ ƭŜŀŘǎ ǘƻ 

upregulate the expression of NLRP3. The second signal implies the PAMPs or DAMPs 

ligands and initiates the assembly of the complex. Several molecular mechanisms have 

been suggested for NLRP3 activation to induce caspase-1 activation and IL-мʲ 

maturation (Jo, Kim, Shin, & Sasakawa, 2016).  

3.1.3. AIM2  

The PYHIN family protein AIM2 is the only inflammasome sensor that does not 

belong to the NLR family, nevertheless some structural features are shared. AIM2 

Ŏƻƴǘŀƛƴǎ ŀƴ bπǘŜǊƳƛƴŀƭ t¸5 ŀƴŘ ŀ /πǘŜǊƳƛƴŀƭ ILbнлл 5b!πōƛƴŘƛƴƎ ŘƻƳŀƛƴΦ ¢Ƙƛǎ ŘƻƳŀƛƴ 

forms an intramolecular complex and are maintained in an autoinhibitory state. Recent 

work has even suggested that the role of PYD of AIM2 is not to maintain autoinhibition, 

but to oligomerize and drive filament formation (Morrone et al., 2015). The AIM2 

inflammasome is activated by a number of microbial pathogens and dsDNA ligands, 

including the DNA virus mouse cytomegalovirus (MCMV), the cytosolic 

bacterium Francisella novicida and the dsDNA ligand poly(dA:dT). Cytoplasmic sugar-

phosphate backbone of dsDNA binds to AIM2 inducing its activation (Man, Karki, & 

Kanneganti, 2016). To accomplish sufficient AIM2 inflammasome formation to allow 

ŎŀǎǇŀǎŜπм ŎƭŜŀǾŀƎŜ 5b! ƴŜŜŘǎ ǘƻ ōŜ ŘƻǳōƭŜ ǎǘǊŀƴŘŜŘ and of more than 80 bp in length 

(Jin et al., 2012).  Since AIM2 lacks a CARD, it essentially requires, similar to NLRPs, the 

ōǊƛŘƎƛƴƎ ǇǊƻǘŜƛƴ !{/ ǘƻ ǊŜŎǊǳƛǘ ŎŀǎǇŀǎŜπм. CARD of ASC binds the CARD of pro-caspase-

1, forming a macromolecular complex known as the AIM2 inflammasome (Bauernfeind 

& Hornung, 2013).  

3.1.4. NLRC4 

Specific Gram-negative bacteria encoding type 3 or 4 secretion systems, such as 

Salmonella enterica serovar Typhimurium (ST), Pseudomonas aeruginosa and Legionella 

pneumophila, trigger activation of the NLRC4 inflammasome, which is important in 

innate immunity by its capacity to eliminate viruses, bacteria and parasites because their 

function. It has been demonstrated that two bacterial proteins, flagellin and PrgJ, 

activate NLRC4, however, the physical interaction between both PAMPs and NLRC4 has 

never been shown. NLRC4 activation by these ligands is mediated by NAIP coreceptors, 

also encoded within the NLR family (Kofoed & Vance, 2011; Zhao et al., 2011). In mice,  
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NAIP5 and NAIP6 (NLR family, apoptosis inhibitory protein 5 and 6), have been shown 

to detect flagellin (Lightfield et al., 2011). NAIP5 engagement by flagellin promotes a 

physical NAIP5ςNLRC4 association, rendering full reconstitution of a flagellin-responsive 

NLRC4 inflammasome in non-macrophage cells.  

The related NAIP2 functioned analogously to NAIP5, serving as a specific 

inflammasome receptor for T3SS rod proteins such as Salmonella PrgJ and Burkholderia 

BsaK. PrgJ-NAIP2-NLRC4 inflammasome is assembled into multi subunit disk-like 

structures through a unidirectional adenosine triphosphatase polymerization, primed 

with a single PrgJ-activated NAIP2 per disk. Analysis by cryoςelectron microscopy (cryo-

EM) reconstruction showed that a single PrgJ-activated NAIP2 initiates NLRC4 

polymerization in a domino-like reaction to promote the disk assembly (W. Lu et al., 

2015).  

In addition, the expression of Naip1, Naip2, Naip5, and Naip6 is dependent on 

IRF8 in murine BMDMs, which is required for the optimal activation of NLRC4 

inflammasome but dispensable for the activation of NLRP3 and AIM2 inflammasomes 

(Karki et al., 2018).  

On the other hand, only one NAIP orthologue has been found in humans (known 

as hNAIP) and this is necessary to sense a type III secretion needle protein (Figure 4).  

Unfortunately, it remains to be determined whether and how human NLRC4 senses 

flagellin without another NAIP homologues (Latz et al., 2013). 

 

   

Figure 4.Recognition of bacterial flagellin and T3SS components by NAIPs (Vance, 2015) 
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The ligand-bound NAIPs appear to drive conformational changes in NLRC4 that 

expose the NACHT domain for the recruitment and activation of further NLRC4 

molecules (Diebolder, Halff, Koster, Huizinga, & Koning, 2015; Z. Hu et al., 2013; Zehan 

Hu et al., 2015).  

In addition to these NAIP sensors, recent studies showed the importance 

phosphorylation of NLRC4 at serine 533 for activation of the NLRC4 inflammasome 

following infection with S. Typhimurium or transfection of flagellin purified from S. 

Typhimurium which occurs previous to the NLRC4 activation by NAIPs (Matusiak et al., 

2015; Qu et al., 2012). However, this post-translational modification is required for 

optimal caspase-1 activation, but it is not essential. NLRC4 mutant S533A, like wild-type 

NLRC4, can bind to NLRP3 protein that is induced after infection and then NLRP3 

engages ASC to activate caspase-1 (Qu et al., 2016a). 

The NLRC4 oligomers nucleate the filament formation of the adapter protein ASC 

and protease caspase-1 providing an efficient response against infections through the 

removal of infected cells by pyroptosis and the propagation of inflammation through IL-

мʲ ŀƴŘ L[-18. Furthermore, NLRC4 can interact directly with caspase-1 to induce cell 

death and an eicosanoids storm that includes prostaglandins and leukotrienes release 

and rapidly initiate inflammation and vascular fluid loss (von Moltke et al., 2012). This 

pathway also leads to actin reorganization which helps to arrest bacteria inside dying 

macrophages for further elimination by neutrophils (Man, Ekpenyong, et al., 2014), and 

this process occurs independently of IL-мʲ ƻǊ L[-18 production (Figure 5) (Sellin et al., 

2014). Accordingly, NLRC4 activation in epithelial cells is specifically required to control 

pathogen load during S. Typhimurium infection. At the same time, neutrophils activate 

the NLRC4 inflammasome themselves during acute S. Typhimurium infection and are a 

major cell compartment for IL-мʲ ǇǊƻŘǳŎǘƛƻƴ ŘǳǊƛƴƎ ŀŎǳǘŜ ǇŜǊƛǘƻƴŜŀƭ ŎƘŀƭƭŜƴƎŜ in vivo. 

Importantly, unlike macrophages, neutrophils do not undergo pyroptosis upon NLRC4 

inflammasome activation (K. W. Chen et al., 2014). 

Other studies indicate that NLRC4 activates an alternative cell death program 

morphologically similar to apoptosis in caspase-1 or GSDMD deficient BMDMs. In this 

case, caspase-8 is recruited to the Naip5/NLRC4/ASC (Lee et al., 2018; Mascarenhas et 

al., 2017).  
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Overall, all these studies highlight the importance of NLRC4 inflammasome in 

cellular responses beyond the conventional roles of cytokine release and pyroptosis. 

Moreover, human genetic studies expose that gain-of-function mutations in NLRC4 are 

associated with autoinflammation and enterocolitis and that NLRC4 has a role in 

inflammasome independent mechanisms such as cancer protection (Duncan & Canna, 

2018; Hafner-.ǊŀǘƪƻǾƛőΣ нлмтύ.  

 

Figure 5 Crosstalk between NLRC4 and NLRP3 (Hafner-.ǊŀǘƪƻǾƛőΣ нлмтύ 

3.2. Adaptor protein ; ASC 

Another molecule essential in assembly of the inflammasome complex is ASC, 

also called PYCARD. In this multiprotein assembly complex ASC protein plays an 

important role. This adaptor molecule was originally identified in the insoluble cytosolic 

fraction, called speck, of the cells undergoing apoptosis (J Masumoto et al., 1999). It is 
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composed of an N-terminal PYD domain and a CARD domain, which allows the 

interaction with other inflammasome components.  

The interaction between major inflammasome components occurs through 

homotypic PYDςPYD or CARDςCARD interactions. The PYD and CARD domains possess 

nucleating ability that allows them to induce oligomerization, forming the structural 

basis for assembly of inflammasomes (Dick et al., 2016; A. Lu et al., 2014). Recent studies 

show that assembly of the ASC speck involves oligomerization of ASC-PYD into filaments 

and cross-linking of these filaments by ASC-CARD. The CARD domain is essential to form 

the ASC speck, as ASC mutants with a non-functional CARD only assemble filaments and 

moreover disrupt endogenous specks in primary macrophages. 

Systematic site-directed mutagenesis of ASC-PYD is used to identify 

oligomerization-deficient ASC mutants (ASCE80R or ASCY59A) and demonstrate that 

ASC speck formation is required for efficient processing of IL-мʲΣ ōǳǘ ŘƛǎǇŜƴǎŀōƭŜ ŦƻǊ 

GSDMD cleavage and pyroptosis induction (Figure 6) (Dick et al., 2016).  

 

Figure 6. ASC oligomerization model. Adapted from Dick et. al, 2016. 
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3.3. Effector proteins 

3.3.1. Caspase-1  

Caspases are a family of cystein proteases that cleave after aspartate residues 

(Asp) (E. A. Miao et al., 2010). Although caspase-mediated processing can result in 

substrate inactivation it may also generate active signalling that participates in ordered 

processes (McIlwain et al., 2013) and develop key roles in the apoptosis and proteolytic 

activation of cytokines (Nicholson, 1999; Boatright and Salvesen, 2003; Nadiri et al., 

2006). In humans, the caspase family includes 13 members, whose functions seem to 

correlate with their phylogenetic relationship (Lamkanfi et al., 2002). Cell death 

caspases are initiators (caspase-2, -8, -9, and -10) and executioners (caspase-3, -6, and -

7) of apoptosis (Nadiri et al., 2006). Initiator caspases sense death signals, and activate 

more downstream effectors caspases, which cleave cellular substrates, mediating the 

changes associated with apoptosis. Human inflammatory caspases include caspase-1, -

4, -5 and -12. In mice, caspase-5 is absent but they have an additional inflammatory 

caspase, caspase-11, which has probably arisen by tandem gene duplication of caspase-

4 (Nadiri et al., 2006). The arrangement of the exon-intron structure of the inflammatory 

caspases, suggest that they originated from the same ancestral gene. Both inflammatory 

and apoptotic caspases are synthesized as inactive zymogens, situated in the cytosol and 

share a common conserved structure composed of a prodomain and a catalytic region 

(Lamkanfi et al., 2002; Nadiri et al., 2006; Miao et al., 2011).  

Caspase-1 is one of the best characterized inflammatory caspases. Originally, 

caspase-1 was found in an attempt to purify the enzyme responsible for IL-1 processing 

(Thornberry et al., 1992), although later it was also shown to be able to activate IL-18 

(Gracie et al., 2003; Martinon and Tschopp, 2004; Dinarello, 2005). While Caspase-1 was 

once thought to also process IL-33, this is no longer believed to be the case (Cayrol et 

al., 2009; Luthi et al., 2009; Talabot-Ayer et al., 2009; Ali et al., 2010). Caspase-1, like 

other pro-inflammatory caspases, contains an N-terminal caspase-recruitment domain 

(CARD), and a catalytic region composed of both a large (p20) and a small (p10) subunits 

with a conserved Gln-Ala-Cys-X-Gly active site sequence (where X is Arg, Gln or Gly) 

found in the large subunit. There are other structural proteins that have this CARD 



Introduction 

44 
 

domain, like the adaptor protein ASC that binds to caspase-1, producing the 

oligomerization of pro-caspase-1 within the inflammasome, facilitating the caspase 

auto-cleavage into the p20 and p10 subunits (Stehlik et al., 2003; Mariathasan et al., 

2004). These p10 and p20 subunits, once released, form an active heterotetramer that 

acts as a very efficient IL-1-converting enzyme (Guey et al., 2014). However, this dogma 

has recently been challenged by an elegant study (Boucher et al., 2018). Thus, in the cell, 

the dominant species of active caspase-1 dimers elicited by inflammasomes are in fact 

full-length p46 and a transient species, p33/p10. In addition, p33/p10 autoprocessing 

occurs with kinetics specified by inflammasome size and cell type, and this releases 

p20/p10 from the inflammasome, which becomes unstable and protease activity is 

terminated. 

Although pro-caspase-1 is constitutively expressed in resting cells, it remains 

inactive in the cytoplasm until inflammatory cells, like monocytes or macrophages, 

receive the appropriate stimulus (Martinon et al., 2002). In addition, caspase-11 (also 

known as caspase-4) is critical for caspase-1 activation and IL-1 production in 

macrophages infected with Escherichia coli, Citrobacter rodentium or Vibrio cholerae 

(Kayagaki et al., 2011). In macrophages, K+ release induces a rapid and strong activation 

of caspase-1, triggering the processing and release of the mature IL-1 (Gudipaty et al., 

2003). Although the channel involved in this mechanism has remain elusive for decades, 

a recent study has identified the two-pore domain K+ channel (K2P) TWIK2 as the K+ 

efflux channel triggering NLRP3 inflammasome activation in mouse macrophages (Di et 

al., 2018). 

Interestingly, functions for caspase-1 different for those known to date have 

recently been identified. Thus, it has been shown that caspase-1 can stimulate the 

biogenesis of the membrane to repair the damage produced by the pore-forming toxins, 

promoting cell survival as a mean of resisting infection by pathogenic bacteria (Gurcel 

et al., 2006). It has also been shown that caspase-1 takes part in the NF-kB activation via 

TLR2 and TLR4 (Miggin and O'Neill, 2006). These results highlight the importance of this 

enzyme to regulate different aspects of the immune response.  

Despite the importance of caspase-1 in inflammation, the information on the 

presence and activity of this enzyme in fish is scant. Inflammatory caspases have so far 
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only been found in vertebrates (Martinon and Tschopp, 2004). In zebrafish and 

pufferfish, two subgroups of inflammatory caspases with a highly conserved caspase 

domain were discovered. The first subgroup is formed by Caspa and Caspb with highly 

conserved catalytic domain, and with an N-terminal pyrin domain (PYD) rather than the 

typical CARD of inflammatory caspases (Lamkanfi et al., 2002; Huising et al., 2004).  

Nevertheless, recent studies have demonstrated that  Caspa is the functional 

homologue of mammalian CASP1 in zebrafish and mediates inflammasome effector 

functions in both neutrophils and macrophages (Kuri et al., 2017; Tyrkalska et al., 2016; 

Vincent, Freisinger, Lam, Huttenlocher, & Sauer, 2016) .Curiously, the first caspase-1 

homologue of fish showing the N-terminal CARD domains has been identified in gilthed 

seabream (López-Castejón et al., 2008) but this caspase-1 is unable to process IL-1 

(Angosto et al., 2012).  

3.3.2. IL1 

IL-1 is the common name for a diverse family of proteins (11 cytokines), of which 

IL-мʰΣ L[-мʲΣ L[-1 receptor antagonist (IL-1ra) and IL-18 are the most representative and 

studied, although several newly discovered molecules show a clear homology to this 

group (Dinarello, 1997; Dinarello, 1999; Busfield et al., 2000; Smith et al., 2000; Debets 

et al., 2001; Lin et al., 2001; Pan et al., 2001). Members of that family induce a complex 

network of pro-inflammatory cytokines and via expression of integrins on the surface of 

leukocytes and endothelial cells, regulate and initiate inflammatory responses 

(Dinarello, 2011).  

Both IL-мʰ ŀƴŘ L[-мʲ ŀǊŜ ǇǊƻŘǳŎŜŘ ōȅ Ƴŀƴȅ ŘƛŦŦŜǊŜƴǘ ŎŜƭƭ ǘȅǇŜǎ όhǇǇŜƴƘŜƛƳ et 

al., 1986), including neutrophils, natural killer cells, B-lymphocytes, T-lymphocytes and 

cells of the central nervous system. However, the main producing cells are blood 

monocytes and tissue macrophages (Lepe-Zuniga and Gery, 1984; Dinarello et al., 1986; 

Dinarello, 1988; Arend et al., 1989), which are an important source because of their 

strategic locations, ability to synthesize large amounts of IL-1 and to process the IL-1 

precursor more effectively than other cells.  

The alignment of vertebrates IL-1 amino acid sequences shows higher homology 

in regions containing the secondary structure of the IL-мʲ ƳƻƭŜŎǳƭŜΦ The IL-1 family 
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signature is conserved in the IL-мʲ ǎŜǉǳŜƴŎŜǎ ƻŦ ƳŀƳƳŀƭǎΣ ōƛǊŘǎ ŀƴŘ ŀƳǇƘƛōƛŀƴǎΣ ōǳǘ ƛǎ 

only partially conserved in fish. 

IL-мʰ ŀƴŘ L[-мʲ ōƛƴŘ ǘƻ ǘƘŜ ǎŀƳŜ ǊŜŎŜptor molecule, which is called IL-1RI. There 

is a third ligand of this receptor ς the Interleukin 1 receptor antagonist (IL-1Ra), which 

does not activate downstream signalling, so it acts as an inhibitor of IL-мʰ ŀƴŘ L[-мʲ 

signalling by competing with them for binding sites of the receptor (Weber et al., 2010; 

Dinarello, 2011). Activation of the signalling pathways lead to activation of many 

transcription factors, such as NF-ˁ.Σ !t-1, c-Jun N-terminal kinase (JNK) and p38 MAPK 

(Simi et al., 2007; Weber et al., 2010). 

The role of IL-1 in the immune response has been partly elucidated by expression 

studies. In mammals, IL-мʲ ƛǎ ǇǊƻŘǳŎŜŘ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ Ƴŀƴȅ ǎǘƛƳǳƭƛΣ ƛƴŎƭǳŘƛƴƎ ōŀŎǘŜǊƛŀƭ 

LPS, numerous microbial products, cytokines (TNF, IFN-ʴΣ Da-CSF and IL-2), T-

cell/antigen-presenting cell interactions and immune complexes (Stylianou and 

Saklatvala, 1998). Similar studies have revealed that bird, amphibian and fish IL-1 show 

a similar expression pattern to its mammalian counterpart. In chicken, IL-мʲ ƛǎ ǉǳƛŎƪƭȅ 

induced in blood monocyte-derived macrophages, reaching optimal levels within 1 h 

after LPS treatment (Weining et al., 1998). The Xenopus IL-мʲ ǘǊŀƴǎŎǊƛǇǘ ǿŀǎ ƛƴŘǳŎƛōƭŜ in 

vivo following injection with LPS (Zou et al., 2000a). In fish, IL-1 expression studies have 

usually been performed by RT-PCR or Northern blot and it has been shown that in vivo 

and in vitro treatment with LPS is able to induce IL-1 mRNA in all the species tested, 

including carp, trout, seabass and catshark (Zou et al., 1999a; Zou et al., 1999b; Zou et 

al., 2000b; Scapigliati et al., 2001; Engelsma et al., 2001; Bird et al., 2002a). In trout many 

expression studies have been developed. Thus, it is known that stimulation with 5 g/ml 

LPS induces the expression of IL-1 1 h after stimulation, reaching maximum levels after 

4 h. In addition, culture temperature has a marked effect on IL-1 expression, because a 

temperature increase acts as a positive regulator in IL-1 synthesis (Zou et al., 2000b). 

Moreover, IL-1expression levels of the trout mononuclear phagocyte cell line RTS-11 are 

up-regulated after LPS treatment (Brubacher et al., 2000). In seabream, IL-1 mRNA 

accumulation is induced in leukocytes after bacterial challenge (Chaves-Pozo et al., 

2004) or in vitro stimulation with different PAMPs (Sepulcre et al., 2007). The protein is 

also accumulated in leukocytes activated with LPS or bacterial DNA, as detected by 
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western blot using a polyclonal Ab to seabream (Pelegrín et al., 2004). Furthermore, 

seabream is not processed by Casp1 and the stimuli known to activate the NLRP3 and 

NLRC4 inflammasomes fail to promote IL-мʲ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ ǊŜƭŜŀǎŜ ōȅ ǎŜŀōǊŜŀƳ 

macrophages (Angosto et al., 2012). In European seabass and zebrafish, however, in 

vitro studies reported that Casp1 and Caspa, respectively, processed IL-мʲ (Reis, do Vale, 

Pereira, Azevedo, & Dos Santos, 2012; Vojtech, Scharping, Woodson, & Hansen, 2012). 

3.3.3. Pyroptosis and GDSMD 

Many forms of the programmed cell death pathways are critical for 

organogenesis, development, immunity or even the maintenance of homeostasis in 

multicellular organisms. Inflammasome activation leads to a distinct form of 

programmed cell death termed pyroptosis. Pyroptosis consists on a highly pro-

inflammatory form of cell death, essential in the innate immune response to prevent 

the spread of the intracellular infection. It is characterized by cellular lysis, release of 

intracellular components, and an inflammatory response. Pyroptosis is induced by the 

activation of pro-inflammatory caspases within inflammasomes (Bergsbaken, Fink, & 

Cookson, 2009; Boucher, Chen, & Schroder, 2016).  

tȅǊƻǇǘƻǎƛǎ ǿŀǎ ŘŜǎŎǊƛōŜŘ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ƛƴ мффнΣ ǿƘŜƴ ǘƘŜ {ŀƴǎƻƴŜǘǘƛΩǎ 

laboratory observed that murine macrophages infected with the Gram-negative 

bacterium, Shigella flexneri, were undergoing a form of cell death which was similar to 

apoptosis (Zychlinsky, Prevost, & Sansonetti, 1992). A few years later similar 

observations were seen in cells infected with a closely related pathogen, S. 

Typhimurium, reporting the presence of DNA degradation, changes in nuclear 

morphology and finally vacuole formation (Monack, Raupach, Hromockyj, & Falkow, 

1996). In addition to these apoptosis-like features, Cookson and co-workers reported 

that cell death by such infected cells also presented features similar to other death type: 

necrosis (Brennan & Cookson, 2000). Pyroptosis involves the formation of 1- to 2-nm 

pores on the cell membrane (de Vasconcelos, Van Opdenbosch, Van Gorp, Parthoens, & 

Lamkanfi, 2018; S. L. Fink & Cookson, 2005). It further proceeds through cytoplasmic 

swelling, osmotic lysis, and release of intracellular contents. Similar to apoptosis are the 

features of nuclear condensation and DNA damage (S. L. Fink & Cookson, 2006), but 

differing from apoptosis the nucleus remains intact and karyorrhexis does not occur. 
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Furthermore, cells dying by necrosis or pyroptosis secrete pro-inflammatory cytokines 

and release their cytoplasmic content, into the extracellular space (Z. S. Guo, Liu, & 

Bartlett, 2014), whereas in classic apoptosis, the retention of plasma membrane 

integrity and the formation of apoptotic bodies render it an immunologically silent death 

mode (Figure 7).  

 

Figure 7. Three key modes of cell death. In classic apoptosis, the retention of plasma membrane 

integrity and the formation of apoptotic bodies render it an immunologically silent death mode. Whereas, 

cells dying by necrosis or pyroptosis secrete pro-inflammatory cytokines and release their cytoplasmic 

content, into the extracellular space (Guo et al., 2014). 

Beside the formation of pores in the plasma membrane was directly linked to 

pyroptotic cell death, the exact mechanism underlying the formation of these pores 

remained unknown. In 2015, GDSMD was simultaneously identified by different 

researcher as the main pore formation mediator during pyroptosis (Kayagaki et al., 

2015; Shi et al., 2015). GSDMD acted downstream caspase-1 and caspase-11 and it was 

shown that GSDMD is a substrate of caspase-1 and its cleavage at the predicted site 

during inflammasome activation was required for pyroptosis and IL-мʲ ǎŜŎǊŜǘƛƻƴ (W. He 

et al., 2015). Once is cleaved GSDMD N-terminal domain assembles membrane pores to 

induce cytolysis, whereas its C-terminal domain inhibits cell death through 

intramolecular association with the N domain (Z. Liu et al., 2018). 

Pyroptosis occurs mainly in innate immune cells, such 

as monocytes and macrophages (Edgeworth, Spencer, Phalipon, Griffin, & Sansonetti, 

2002; S. L. Fink, Bergsbaken, & Cookson, 2008).  Pyroptosis of infected cells is appearing 

as an important mechanism of microbial clearance (E. A. Miao et al., 2010), in addition 

to host defence mechanisms coordinated by inflammasome dependent IL-мʲ (K. W. 

Chen et al., 2014) and IL-18 (Franchi et al., 2012). Macrophage pyroptosis releases S. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/monocyte
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macrophages
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Typhimurium from its intracellular replicative niche, and therefore increases its 

susceptibility to neutrophil mediated extracellular destruction. Recent studies show 

that, in contrast to its activation in macrophages, GSDMD cleavage and activation in 

neutrophils was caspase independent and mediated by a neutrophil-specific serine 

protease, neutrophil elastase (ELANE), released from cytoplasmic granules into the 

cytosol in aging neutrophils. ELANE-mediated GSDMD cleavage was upstream of the 

caspase cleavage site and produced a fully active ELANE-derived NT fragment (GSDMD-

eNT) that induced lytic cell death (Kambara et al., 2018).  

The ability to undergo pyroptotic death is not unique to immune cells. For 

example, pyroptosis of the gut epithelium promotes the extrusion of infected cells into 

the gut lumen, preventing S. Typhimurium, and probably other pathogens, from 

traversing the epithelial barrier to invade the host  (Knodler et al., 2014).  

4. Zebrafish  

4.1. Description, distribution, taxonomy, ecology and 

reproduction  

Taxonomically, the zebrafish (Danio rerio) is a derived member of the genus 

Danio, of the family Cyprinidae, order Cypriniformes. Zebrafish (zf) is a small shoaling 

cyprinid fish, which size reaches maximum 60 mm (Figure 8). Their natural range is close 

to the Ganges and Brahmaputra river basins in north-eastern India, Bangladesh, and 

Nepal. They are most commonly encountered in shallow ponds and standing water 

bodies with visibility to a depth of approximately 30 cm, often connected to rice 

cultivation (Spence et al., 2008).  

 

Figure 8. Adult zebrafish. Adapted from www.zebrafishfilm.org 
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Zebrafish are promiscuous and breed seasonally during monsoon season, which 

occur from April to August (spawning has also been recorded outside wet season, 

suggesting that breeding may be seasonal as a result of food availability). Mating 

behaviour is also heavily influenced by photoperiod, as spawning begins immediately at 

first light during breeding season and continues for about an hour. In order to initiate 

courtship about 3 to 7 males chase females and try to lead female towards a spawning 

site by nudging her and/or swimming around her in a tight circle. The female releases 5 

to 20 eggs at a time. This cycle repeats for about an hour. While the presence of female 

pheromones is required for initiation of courtship behaviour in the male, male gonadal 

pheromones are required by the female for ovulation to occur. There is limited evidence 

for male-male competition and female mate preference (Spence et al., 2006). When a 

breeding pair reaches the spawning site, the male aligns his genital pore with the 

female's and begins to quiver, which causes the female to release her eggs and the male 

to release his sperm. Although time to hatch depends on water temperature, most eggs 

hatch between 48 and 72 hours after fertilization. Chorion thickness and embryo activity 

also impact incubation time. Zebrafish are approximately 3 mm upon hatching and are 

immediately independent. They are able to swim, feed, and exhibit active avoidance 

behaviors within 72 hours of fertilization (Engeszer et al., 2004; Engeszer et al., 2007a; 

Engeszer et al., 2007b). 

Zebrafish are omnivorous, feeding primarily on zooplankton and insects, 

although phytoplankton, filamentous algae and vascular plant material, spores and 

invertebrate eggs, fish scales, arachnids, detritus, sand, and mud have also been 

reported from gut content analyses (Spence et al., 2008).  

4.1.1. Zebrafish as a vertebrate research model 

During many years zebrafish was used in aquarium field but nowadays and taking 

in account all advantages in research of this models is every day more popular between 

researchers. Main features of the model are: 

¶ Small size. Low maintenance cost and small space needed.  

¶ Robust fish. High resistance to pathogens.  

¶ High fecundity and large production of embryos (around 200 

eggs/female/week).  
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¶ Short generation time (for a vertebrate). Typically 3 to 4 months, making it 

suitable for selection experiments.  

¶ Zebrafish eggs are large relative to other fish (0.7 mm in diameter at fertilization 

time), optically transparent and externally developed following fertilization, 

making them easily accessible to embryonic manipulation and imaging.  

¶ Transparency of zebrafish embryos, together with the large availability of 

transgenic lines, let in vivo tracking of cells. 

¶ Rapid development, which is very similar to the embryogenesis in higher 

vertebrates including humans, the precursors develop to all major organs within 

36 hours, and larvae display food seeking and active avoidance behaviour within 

five days after fertilization (2 to 3 days after hatching).  

¶ Type-based forward genetics doable.  

¶ Easy to transfer among different labs by transporting their eggs.  

¶ The zebrafish genome has now been completely sequenced, making it an even 

more valuable research organism.  

¶ As a vertebrate, zebrafish shares considerable genetic sequence similarity with 

humans.  

¶ It is relatively easy to knockdown specific genes by using morpholinos and 

overexpressing proteins by mRNA or plasmids.  

¶ Existence of a centralized online resource for the zebrafish research community 

(http://zfin.org), making easier the work with this model.  

As a vertebrate, zebrafish has special value as a model of human disease and for 

the screening of therapeutic drugs (Chakraborty et al., 2009) and is often more tractable 

for genetic and embryological manipulation and cost effective than other vertebrate 

models such as mice (Trede et al., 2004).  

Use of reverse genetics approaches using zinc finger nucleases (ZFNs) (Meng et 

al., 2008) and a transposon strategy (Kawakami, 2004) for generating transgenic 

zebrafish, which help in analysing new roles of additional genes in larval and adult 

zebrafish. Furthermore, recent advances demonstrate that the CRISPR-Cas system 

functions in vivo to induce targeted genetic modifications in zebrafish embryos with 
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efficiencies similar to those obtained using zinc finger nucleases and transcription 

activatorςlike effector nucleases (Hwang et al., 2013) which have radically reduced the 

efforts to introduce targeted genome engineering (J. Liu et al., 2017).  

All these advantages have led to the increased interest of scientists using 

zebrafish as an animal model research in the last years, therefore, research in 

inflammasome using zebrafish has also increased. Although several key components of 

the inflammasome have already been characterized in mammals, little is known about 

the proteins that form part of the inflammasome in other vertebrate groups (Angosto & 

Mulero, 2014). At present, the function of NLRs in lower vertebrates and invertebrates 

is less well understood than that in mammals. Three distinct NLR subfamilies were found 

when mining genome databases of various non-mammalian vertebrates; the first 

subfamily (NLR-A) resembles mammalian NODs, the second (NLR-B) resembles 

mammalian NLRPs, and the third (NLR-C) appears to be unique to ray-finned fish (class 

Actinopterygii) (Laing, Purcell, Winton, & Hansen, 2008), containing 405 NLR genes that 

are unique to teleost fish (Howe et al., 2016). Recent reports have indicated that several 

members of the mammalian NLR family, namely NOD1, NOD2 and NLRC3, are conserved 

in zebrafish, and probes the importance of NOD-like receptors for innate antibacterial 

immunity in teleost fish (Y. Li et al., 2017). 

In addition, the zebrafish has a ASC orthologue (accession number  NM_131495),  

which  encodes  for  the  ASC adaptor protein and it has been already used to facilitate 

the study of endogenous ASC dynamics (Kuri et al., 2017). However, orthologs of 

caspase-1 seem to be restricted to the superorders Protacanthopterygii (trout and 

salmon) and Acanthopterygii (seabream, seabass, and medaka) of ray-finned fish 

(Angosto et al., 2012; López-Castejón et al., 2008), while most primitive Ostariophysi 

(catfishes and zebrafish) do not have caspase-1 orthologs. Fortunately, a functional 

homolog of mammalian caspase-1 has been reported in the zebrafish, caspase a (Caspa), 

which harbors N-terminal PYD and C-terminal CARD domains (Junya Masumoto et al., 

2003; Vincent et al., 2016). It has recently been shown that the activation of different 

inflammasomes is fine-tuned by several proteins, including the interferon-induced 

guanylate-binding proteins (B.-H. Kim et al., 2016; Tyrkalska et al., 2016). Therefore, 
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many pieces are still necessary to solve this puzzle and to elucidate which proteins are 

involved in inflammasome activation.  

5. Salmonella enterica serovar Typhimurium (ST)  

Infectious diseases, such as salmonellosis, are responsible for one-third of all 

mortality worldwide and have become a significant public health threat in both 

developed and developing countries. Salmonella is a global food-borne pathogen that 

infects and replicates within macrophages of both humans and animals and cause an 

estimated 93.8 million salmonellosis infections and 155,000 deaths globally each year 

(Sotomayor et al., 2018). A critical step in disease pathogenesis for many clinically 

important bacteria is their ability to infect and survive within host cells. Control of its 

infection is difficult due to the bacterium high tolerance to environmental stress, 

widespread distribution, multiple drug resistance, and adaptability. Moreover, 

continuous genetic re-assortment in Salmonella, leads to increased virulence and the 

emergence of resistance to multiple drugs, is of significant public health concern 

(Branchu, Bawn, & Kingsley, 2018; H.-M. Chen, Wang, Su, & Chiu, 2013).  

Salmonella is a gram-negative, non-spore-forming, rod-shaped bacteria, which 

belong to the Enterobacteriaceae family. These microorganisms can range from around 

0.7 to мΦр ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊ ŀƴŘ н ǘƻ р ˃Ƴ ƛƴ ƭŜƴƎǘƘΦ ¢ƘŜȅ ŀǊŜ ŦŀŎǳƭǘŀǘƛǾŜ ŀƴŀŜǊƻōŜǎ ŀƴŘ 

show predominantly peritrichous motility.  

Virulence of Salmonella species is mainly due to type III secretion systems (T3SSs) 

are multiprotein structures which transport proteins across the two membranes of the 

bacterial cell and a third membrane of the target host cell (Cornelis & Van Gijsegem, 

2000). Once inside the cell, these proteins can alter cellular functions such as 

cytoskeleton structure, membrane transport, signal transduction, and cytokine 

expression (Sotomayor et al., 2018). These changes allow for the invasion and 

permanence of the bacterium in the infected cell. 

ST encodes two different T3SSs, which are responsible for the performance of a 

range of virulence functions during the infection. The Salmonella Pathogenicity Island 1 

(SPI-1) T3SS is still activated in extracellular bacteria and translocate effectors through 
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the host cell plasma membrane. Those actions lead to localized actin polymerization, 

membrane ruffling and entry of bacteria into the host cell (Galán, 2001), where they 

remain in a membrane-bound compartment known as the Salmonella-containing 

vacuole (SCV). The second T3SS, also encoded by a pathogenicity island (SPI-2), is 

activated already in intracellular bacteria, probably in response to low [Ca2+] and [Fe2+], 

acidic pH and low osmolarity (Lee et al., 2000; Zaharik et al., 2002; Garmendia et al., 

2003) in the SCV. SPI-2 gene expression begins at 1 h after uptake of bacteria by host 

cells, and increases with the time, over the next few hours (Cirillo et al., 1998; Uchiya et 

al., 1999; Beuzón et al., 2000; Knodler et al., 2002; Kuhle and Hensel, 2002; Garmendia 

et al., 2003). The expression of SPI-2 genes and associated effectors is controlled by the 

SsrA-SsrB, two component of regulatory system, which are encoded within SPI-2 (Cirillo 

et al., 1998). 

The SPI-2 T3SS secretes three proteins ς SseB, SseC and SseD ς that are required 

for translocation of the effector proteins into and across the vacuolar membrane 

(Nikolaus et al., 2001), and therefore they are considered to be components of a 

translocon. The translocated effectors are encoded both within and outside SPI-2, and 

enable intracellular replication of bacteria in macrophages, epithelial cells and 

fibroblasts (Hensel et al., 1995; Ochman et al., 1996; Cirillo et al., 1998; Hensel et al., 

1998; Beuzón et al., 2000; Beuzón et al., 2002). Usually, SCVs form Salmonella induced 

filaments (SIF). This process can control the integrity of the SCV membrane and its 

expansion, which is necessary for bacterial cell division. It is also possible that by 

controlling vesicular fusion on the SCV, these bacterial proteins ensure delivery of 

nutrients to the SCV, thereby facilitating bacterial replication. However, in some cases 

the bacteria do not have the time or the capability to modify the vacuole leading to the 

fusion of the SCV with phagolysosome triggering intra-vacuole destruction or 

autophagy. In other cases, Salmonella damages the SCV membrane triggering vacuole 

destruction, allowing bacteria to escape into the cytosol, where they can be destroyed, 

particularly in activated macrophages, or multiply extensively especially in epithelial 

cells (Wiedemann et al., 2014). 
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6. Zebrafish-ST infection model in inflammasome research 

Activation of the innate immune response in zebrafish embryos occurs after ST 

infection. This infection model was well-established previously by Stockhammer and co-

workers (2009).  There are different routes of the infection depending on what is the 

purpose of the study. The most common are: duct of cuvier, yolk sac circulation valley, 

caudal vein and blood islands for used to study phagocytosis (Benard et al., 2012). The 

hindbrain ventricle (Phennicie et al., 2010) and tail muscle injection (Lin et al., 2009) are 

used for macrophage migration. The otic vesicle (Le Guyader et al., 2008) is usually used 

for neutrophil migration and notochord is used for Mycobacterium marinum mutants 

injection being permissive compartment for its growth that are strongly attenuated 

when injected in other tissues (Benard et al., 2012). Finally, yolk sac injection is used for 

systemic infection (van der Sar et al., 2003; Benard et al., 2012) (Figure 9). 

 

Figure 9. Locations in zebrafish explored as sites for infections (HV- Hindbrain, OV ς Otic Vesicle, 

DOC ςDuct of Cuvier, N ς Notochord, TM ς Tain Muscle, YSCV ς Yolk Sac Circulation Valley, YS ςYolk Sac, 

BI ς Blood Islands, CV ς Caudal Vein). 

Nowadays, several studies support the usefulness of this infection model in 

multiple inflammation and infection research (Howlader et al., 2016; Torraca & 

Mostowy, 2018), including inflammasome research (Sofia de Oliveira et al., 2015; Kuri 

et al., 2017; Tyrkalska et al., 2016). Our group has recently reported using this model 

that the IFNg-inducible GTPase Gbp4 is involved in inflammasome activation and ST 

clearance (Tyrkalska et al., 2016), which occurs in two steps: first neutrophils are 

recruited to the infection site through the inflammasome independent production of 

CXCL8 and LTB4 and then ST is cleared through the Gbp4 inflammasome-dependent 

biosynthesis of prostaglandin D2. Notably, the CARD domain of Gbp4 is required, but 
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dispensable, for the assembly into the inflammasome, while its GTPase activity is 

indispensable for inflammasome assembly, caspase-1 activation and ST clearance 

(Figure 10).  

 

Figure 10. Proposed model for ST infection resolution in zebrafish.  Stage 1, step1: infected cells 

release Cxcl8 and LTB4 in an inflammasome-independent manner. Stage 1, step 2: neutrophils are 

recruited to the infection sites via Cxcl8 and LTB4 gradients and phagocytose ST. Stage 2, step1: ST taken 

up by neutrophils localized to the Salmonella-containing vacuole (SCV) where it uses its T3SS to translocate 

bacterial proteins to the cytosol. Flagellin, being one of those bacterial proteins, can be recognized by 

cytosolic NLRs, probably NLRP3 and NLRC4, which consequently induce the assembly of a Gbp4 and Asc 

through CARD domains allowing the subsequent recruitment of pro-Caspa. Stage 2, step2: the hydrolysis 

of GTP to GDP or GMP by Gbp4 results in a conformational change in the inflammasome complex that 

allows the activation of Caspa via autocleavage, resulting in the induction of PG biosynthesis through the 

activation of cPla2 and via Ptgs (also known as cyclooxygenases)(Tyrkalska et al., 2016). 
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7. New inflammasome components 

At it has been described above, not only NLRs, ASC and CASP1 are part of the 

inflammasome. Inflammasome complex includes a wide number of molecules which 

intervene in its function, some of them remaining unknown. Due to its implication in 

host defence, inflammation and a wide number of diseases, a complete knowledge of 

the function of this complex is needed. In order to define it, researchers keep looking 

for new insights in the inflammasome field. For example, the reported Gbp4, GSDMD or 

LRRK2. (W. Liu et al., 2017; Ramos-Junior & Morandini, 2017; Tyrkalska et al., 2016)  

Moreover, most NLRs have the ability to recruit the adaptor protein ASC. Many 

proteins contain repeating amino acid sequences, which act as the building blocks that 

form the underlying architecture of specific protein-binding interface. Amino acid 

sequence repeats containing proteins are therefore potential putative inflammasome 

components. Within these domains ankyrin repeats (ANK) domains and tryptophan-

aspartic acid (WD) domains in WD-repeats (WDR) proteins are important in large protein 

complexes interaction. 

7.1. Ankyrin proteins  

Ankyrin repeats (ANK), consisting of 33 amino acid residues that are highly 

conserved among many representatives of the plant, animal, and protozoa kingdoms 

(Mosavi, Cammett, Desrosiers, & Peng, 2004), are one of the most frequently observed. 

ANK was first discovered in the yeast cell cycle regulator Swi6/Cdc10 and the Drosophila 

signalling protein Notch (Breeden & Nasmyth, 1987), and owes its name to the 

cytoskeletal protein ankyrin, which contains 24 copies of this repeat (Lux, John, & 

Bennett, 1990). Although most proteins with ANK present 6 of these repeats, that 

number can vary from 2 to 34. Domains containing ANK span a wide range of functions 

including proteinςprotein interactions, such as the recruitment of a substrate to the 

catalytic domain of an enzyme or the assembly of stable multiprotein complexes 

(Dueber, Yeh, Chak, & Lim, 2003; Prehoda, Scott, Mullins, & Lim, 2000).  

Researching CARD/ANK containing proteins, in this Thesis we report the 

identification of an evolutionarily conserved N-terminal CARD and C-terminal ANK 
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domains, termed Caiap from CARD- and ANK-containing Inflammasome Adaptor 

Protein, which is characterized in this Thesis. 

7.2. WDR proteins 

WD-repeat proteins belong to a large and fast-expanding conservative protein 

family. WDR proteins are defined by the presence of WD40 domains. These domains are 

called WD40 domains due to the conserved WD dipeptide and the length of 

approximately 40 amino acid residues in a single repeat. More precisely the WD40 

domain is defined as a 44ς60 residue sequence unit that typically contains the GH 

dipeptide 11ς24 residues from its N-terminus and the WD40 dipeptide at the C-terminus 

(Neer, Schmidt, Nambudripad, & Smith, 1994). They are found in all eukaryotes, but 

rarely in prokaryotes, and are one of the most abundant protein interaction domains in 

the human proteome (C. Xu & Min, 2011), existing more than 340 WD40 domain 

containing proteins according to a SMART database (Letunic, Doerks, & Bork, 2009). The 

WD4л ǊŜǇŜŀǘǎ ƛƴ ŀ ǇǊƻǘŜƛƴ ŦƻƭŘ ƛƴǘƻ ŀ ʲ-propeller architecture that can contain 4 to 8 

WD40 repeats but are typically seven-bladed with an overall doughnut shape (Figure 

11). Importantly, the central pore of the WDR domain frequently mediates interactions 

with peptide regions of key interaction partners. 

 

Figure 11. WD40 structure. WDR proteins usually form a circular 7- -̡propeller blades. Adapted 

from Schapira et al., 2017 

The common function of these WD40 domain proteins is to serve as a rigid 

scaffold for protein-protein interaction, and to coordinate downstream events, such as 

ubiquitination and histone methylation. WDR domains are often essential subunits of 

multiprotein complexes involved in a wide range of cellular processes, including G 
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protein-coupled receptor signalling, DNA damage sensing and repair, the ubiquitinς

proteasome system, cell growth and division, epigenetic regulation of gene expression 

and chromatin organization, and the immune system. Consequently, they have critical 

roles in many essential biological functions ranging from signal transduction, 

transcription regulation, to apoptosis, and are also associated with several human 

diseases (Schapira, Tyers, Torrent, & Arrowsmith, 2017a). Moreover, WD40 proteins 

function as an interchangeable substrate receptor to target different substrates 

selectively.  

All of these features make WDR proteins as potential participators of 

multiprotein complexes, and some of them has been already described such as Apaf-1 

in apoptosomes (Chai & Shi, 2014) and the recently described LRRK2 in the NLRC4 

inflammasome (W. Liu et al., 2017). In this Thesis, using the zebrafish-ST infection model 

we have discovered another WDR protein, WDR90, whose expression depends on Gbp4 

and that participates in the NLRC4 inflammasome in response to ST infection, as it will 

be discussed in the results section.  
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The specific objectives of the present work are: 

 

1. Molecular, functional and phylogenetic characterization of Caiap. Role in the 

regulation of inflammasome assembly and activation. 

2. Molecular and functional characterization of Wdr90. Role in the regulation of 

inflammasome assembly and activation. 

3. Generation of new tools for inflammasome research.  

  



 

 
 

  



 

 

 

 

 

MATERIALS & 

METHODS 



 

 

 



Material & Methods 

67 
 

1. Animals 

Wild-type zebrafish (Danio rerio H. Cypriniformes, Cyprinidae) were obtained 

from the Zebrafish International Resource Center (ZIRC, Oregon, USA) and mated, 

staged, raised and processed as described in the zebrafish handbook (Westerfield, 

2000). The transgenic lines Tg(mpx:eGFP)i114, with green fluorescent neutrophils 

(Renshaw et al., 2006), were provided by Prof. Stephen A. Renshaw. The transgenic line 

Tg(mpeg1:eGFP)gl22, with green fluorescent macrophages (Ellett et al., 2011), was 

provided by Prof. Graham J. Lieschke., and the Tg(lyz:DsRED2)nz50 (Hall et al., 2007) 

with red fluorescent neutrophils by Prof. Phil Crosier. 

 The experiments performed comply with the Guidelines of the European Union 

Council (Directive 2010/63/EU) and the Spanish RD 53/2013. Experiments and 

procedures were performed as approved by the Bioethical Committees of the University 

of Murcia (approval numbers #75/2014, #216/2014 and 395/2017) and the Bioethical 

Committee of the Universidad Austral de Chile number #293/2017).  

Alpacas (Vicugna pacos H. Artiodactyla, Camelidae) were provided by Criadero 

Machalí and by Llamas del Sur (Temuco, Chile) and handled and maintained as described 

in the llama and alpaca care handbook (Cebra, Anderson, Tibary, Van Saun, & Johnson, 

2014).  

2. DNA constructs 

The genes encoding zebrafish Wdr90, wild type Gbp4, the GTPase-dead mutant 

DōǇпY{Ҧ!!Σ DōǇп/!w5Σ ǘƘŜ ŘƻǳōƭŜ Ƴǳǘŀƴǘ DōǇпY{Ҧ!!κ/!w5Σ Caiap , CaiapɲCARD 

(deletion from I12 to Y97), wild-type (WT) Flag-Caspa, catalytic inactive Flag-Caspa 

mutant (C230A) and WT Asc-eGFP were synthesized by GenScript Corporation. The 

cmv/sp6:caiap-mCherry, cmv/sp6:caiapɲCARD-mCherry, and uas:caiap-mCherry; 

cmlc2:eGFP constructs were generated by MultiSite Gateway assemblies using LR 

Clonase II Plus (Life Technologies) according to standard protocols and using Tol2kit 

vectors described previously (Kwan et al., 2007). The zebrafish Caspa and Asc-Myc 

construct in the pcDNA3 backbone was previously described (Masumoto et al., 2003). 

The MYC-tagged hNLRC4 construct was a gift from Barbara Kazmierczak.  
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The inducible lentiviral construct FgH1tUTG was a gift from Marco Herold 

(Addgene plasmid #70183) and lentiCas9-Blast was a gift from Feng Zhang (Addgene 

plasmid #52962). Packaging plasmids psPAX2 and pMD2.G were a gift from Didier Trono 

(Addgene plasmid #12260 and #12259). 

3. Cell lines 

HEK293T cells and HeLa-Cas9 cells (CRL-11268; American Type Culture 

Collection; gift from Prof. A. Saurin, University of Dundee, Scotland, respectively) were 

ƎǊƻǿƴ ƛƴ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳ (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 2 mM Glutamax and 1% penicillin-streptomycin (Life Technologies). 

HEK293T cells were split before to reach 80% confluence twice per week. Immortalized 

BMDM cells (a gift from Prof. P. Broz, University of Laussane, Switzerland) were cultured 

in DMEM supplemented with 10% FBS and 10% L929 supernatant.  

4. sgRNA design 

To design the Knock-out sgRNAs the WTSI Genome Editing CRISPR design 

software (Hodgkins et al., 2015) was used (http://www.sanger.ac.uk/htgt/wge/). To 

clone individual sgRNAs, 24-bp oligonucleotides containing the sgRNA sequences were 

synthesized (Sigma). They included a 4-bp overhang for the forward (TCCC) and 

complementary reverse (AAAC) oligos to enable cloning into the Bsmb-I site of the 

lentiviral construct.  

To design the Knock-in sgRNAs we used the Zhang Lab CRISPR design software 

(http://crispr.mit.edu/). Guides were synthesized (Invitrogen) with an overhang forward 

(GGAAAGG) and reverse (GTCCGCCGTTTT) to allow cloning into the pU6 vector using 

Dpn1 (Thermo Fisher Scientific). sgRNA sequences are shown in Table 2. 

  

http://crispr.mit.edu/
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Guide Sequence Exon Use 

mWDR90-g1 TCCCGTACCTTGTCGGTATGGCCA 10 KO 

mWDR90-g2 TCCCACGTCCTTCAGTTCGCGATG 8 KO 

mWDR90-g3 TCCCGAACCACGACCTCACCGCCG 13 KO 

mWDR90-g4 TCCCTAACAGACAACTTTGCACGC 5 KO 

hWDR90-1 ACGAAACACCGCAGGTTTACACC 42 KI 

hWDR90-2 GCAGGTTTACACCGTCCGCCAGG 42 KI 

Table 2. sgRNA guides used in this study. 

5. Morpholinos and RNA/DNA/Protein Injection  

Specific morpholinos were resuspended in nuclease-free water to 1 mM, 2 mM 

or 3 mM (Table 3). In vitro-transcribed RNA was obtained following manufactureǊΩs 

instructions (mMESSAGE mMACHINE kit, Ambion). Morpholinos and RNA were mixed in 

microinjection buffer (0.5x Tango buffer and 0.05 % phenol red solution) and 

microinjected into the yolk sac of one-cell-stage embryos using a microinjector 

(Narishige) (1 nl per embryo). The same amount of MOs and/or RNA were used in all 

experimental groups. The efficiency of the MOs was checked by RT-PCR and Western 

blot. 

In some experiments, Tg(mpeg1:GAL4)gl25 one-cell stage embryos were injected 

with a solution containing 100pg uas:caiap-mCherry; cmlc2:eGFP construct and 50pg 

Tol2 RNA in microinjection buffer (0.5× Tango buffer and 0.05% phenol red solution). 

Embryos were sorted at 2 dpf according to the presence or absence of green 

fluorescence in their heart before being infected (see below). 

For crispant experiments, sgRNAs obtained by in vitro transcription using the 

MAXIscript T7 Kit (Ambion) were first checked in vitrousing 100 ng of an amplicon 

containing the target sequence, 30 nM sgRNA and 30 nM EnGen Cas9 NLS from 

Streptococcus pyogenes (New England Biolabs). Injection mixes were then prepared 

ǿƛǘƘ рлл ƴƎκҡƭ /ŀǎф ŀƴŘ млл ƴƎκҡƭ ŎƻƴǘǊƻƭ όр-CGTTAATCGCGTATAATACG-о ύ ƻǊ caiap 

όр-GGGCCACACCGCTGTTGCTG-о ύ ǎƎwb! ƛƴ олл Ƴa Y/ƭ ōǳŦŦŜǊΣ ƛƴŎǳōŀǘŜŘ ŦƻǊ р Ƴƛƴ ŀǘ 

37°C and used directly without further storage.  
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Gene 
ENA or 
Ensembl ID 

Target {ŜǉǳŜƴŎŜ όрΩҦоΩύ 
Concentration 
(mM) 

Reference 

gbp4 
ENSDARG0000006
8857 

e1/i1 
GCTGTTTGTGTGTCTCT
AACCTGTT 

0.1 
Tyrkalska et 
al., 2016 

caiap 
ENSDARG0000009
2758 

ŀǘƎκрΩ¦¢
R 

CTGGTTGAGCCCATGT
CCAGTGCTT 

0.16 
Tyrkalska et 
al., 2017 

asc 
(pycard) 
 

ENSDARG0000004
0076 

ŀǘƎκрΩ¦¢
R 

GCTGCTCCTTGAAAGA
TTCCGCCAT 

0.6 
Tyrkalska et 
al., 2016 

Table 3.Morpholinos used in this study. The gene symbols followed the Zebrafish Nomenclature 

Guidelines (http://zfin.org/zf_info/nomen.html). ENA, European Nucleotide Archive 

(http://www.ebi.ac.uk/ena/). 

6. Generation of stable cell lines 

For Knock-out generation, HEK293T were transfected with lipofectamine 2000 

ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ BrieflyΣ у ˃[ ƭƛǇƻŦŜŎǘŀƳƛƴŜΤ мΦн ˃Ǝ Ǉa5нΦDΣ 

лΦп ˃Ǝ Ǉǎt!·н ŀƴŘ мΦр ˃Ǝ ƻŦ ƻǳǊ ǾŜŎǘƻǊ ƻŦ ƛƴǘŜǊŜǎǘ όŜƛǘƘŜǊ ƭŜƴǘƛ-Cas9 or vector containing 

sgRNA). After 24h, the media was replaced and cells were further incubated for 2 days. 

Viral particles were obtained from filtered supernatants ǿƛǘƘ ŀ лΦпр ˃Ƴ ŦƛƭǘŜǊ and used 

to transduce 5.0 x 104 iBMDMs ŎŜƭƭǎΣ ǿƛǘƘ у ˃Ǝκml polybrene. The transduction mix was 

centrifuged at 1,000 xg for 1h at 30°C. Pelleted cells were then resuspended in fresh 

complete media and plated in a 12 well plate for2 weeks. Stable cell lines were selected 

with Blasticidin (10˃g/ml) for 10 days or sorting of the top 5% eGFP expressing 

population for cells transduced with lentiCas9 and FgH1tUTG vectors, respectively. 

Treatment with doxycycline hyclate (Sigma-!ƭŘǊƛŎƘΤ 5фуфмύ ŀǘ м ˃Ǝκml for 3 days was 

used to induce the expression of gRNAs. Cells were then maintained as per usual after 

the treatment. 

For Knock-in generation, HeLa cells were transfected with lipofectamine 2000 

ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳctions with 1ug of each plasmid. Stable cell lines 

were selected with Puromycin (4µg/ml) for 2 days then induced with doxycycline 

(1µg/ml for 2 days) and sorted by GFP positive.  



Material & Methods 

71 
 

7. Chemical treatments 

In some experiments, 2 dpf embryos were manually dechorionated and treated 

by bath immersion with caspase-1 inhibitor Ac-YVAD-/aY όмлл ˃aΣ tŜǇǘŀƴƻǾŀύ ƻǊ ǘƘŜ 

diluted in egg water supplemented with 1% DMSO. 

8.  Infection assay 

Infection experiments were performed using S. Typhimurium 12023 (wild type) 

or S. Typhimurium 12023 expressing DsRedT3 (de Oliveira et al., 2015). Overnight 

cultures in Luria-Bertani medium (LB) were diluted 1/5 in LB with 0.3 M NaCl, incubated 

at 37 ̄ C until 1.5 optical density at 600 nm was reached, and finally diluted in sterile PBS. 

Zebrafish one-cell embryos were injected with MOs and/or mRNAs. Larvae of 2 

dpf were dechorionated manually, anesthetized in embryo medium with 0.16 mg/ml 

tricaine and 10-50 bacteria (Yolk sac) or 100 bacteria (Otic vesicle) per larvae were 

microinjected. Larvae were allowed to recover in egg water at 28-29 ̄ C, and monitored 

for clinical signs of disease or mortality over 5 days. All the survival assays have been 

performed three times, using 40-100 larvae per treatment in each independent 

experiment. Each graph shows the mean result of the three experiments, having an 

accumulated sample size of 120-300 larvae per treatment. 

Cells were stimulated with 1µg/µL of LPS for 4h before the infection and then 

infected using a MOI of 10. The plates were centrifuged for 15 min at 1500 g and placed 

at 37°C for 90 min.  

9. Tail Fin Wounding  

Tail fin amputation was performed at 3 dpf as previously described (S. de Oliveira 

et al., 2013) in casper larvae. 

10. Whole-Mount  In Situ Hybridization (WISH)  

Transparent Casper embryos were used for WISH (Thisse, Thisse, Schilling, & 

Postlethwait, 1993). caiap sense and antisense RNA probes were generated using the 

DIG RNA Labeling Kit (Roche Applied Science) from linearized plasmids. Embryos were 
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imaged using a Scope.A1 stereomicroscope equipped with a digital camera (AxioCam ICc 

3, Zeiss). 

11. Caspase-1 activity assay  

Zebrafish one-cell embryos were injected with MOs and/or mRNAs. 2 dpf larvae 

were dechorionated and infected with different strains of S. Typhimurium into the yolk 

sac (MOI=50). 3 dpf larvae were collected and used to measure the caspase-1 activity as 

described before (Tyrkalska et al., 2017). The caspase-1 activity was determined with 

the fluorometric substrate Z-YVAD-AFC (caspase-1 substrate VI, Calbiochem) as 

described previously (López-Castejón et al., 2008). In brief, larvae were lysed in 

hypotonic cell lysis buffer [25 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid 

(HEPES), 5 mM ethylene glycol-bis(2-aminoethylether)-bΣbΣb Σb-tetraacetic acid 

(EGTA), 5 mM dithiothreitol (DTT), 1:20 protease inhibitor cocktail (Sigma-Aldrich), pH 

7.5] on ice for 10 min. For each reaction, 8л ˃Ǝ ƻŦ ǇǊƻǘŜƛƴǎ were incubated for 90 min at 

25ºC wƛǘƘ рл ˃a Z-YVAD-!C/ ŀƴŘ рл ˃ƭ ƻŦ ǊŜŀŎǘƛƻƴ ōǳŦŦŜǊ ώлΦн҈ о-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.2 M HEPES, 20% 

sucrose, 29 mM DTT, pH 7.5]. After the incubation, the fluorescence of the AFC released 

from the Z-YVAD-AFC substrate was measured with a FLUOstar spectofluorometer 

(BGM, LabTechnologies) at an excitation wavelength of 405 nm and an emission 

wavelength of 492 nm. All the caspase-1 activity assays have been performed three 

times, using 25-40 larvae per treatment in each independent experiment. Three 

independent experiments were performed and one is shown as a representative result. 

12. Cell sorting 

Approximately 300ς500 non-infected and infected larvae from the lines 

Tg(mpx:eGFP)i114 and Tg(mpeg1:eGFP)gl22 were anesthetized in tricaine at 24 hpi, 

minced with a razor blade, incubated at 28°C for 30 min with 0.077 mg/ml Liberase 

(Roche). The resulting cell suspension was passed through a 40- m˃ cell strainer. Cell 

sorting was performed on a SH800Z (Sony). 
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13. Analysis of gene expression  

Total RNA was extracted from whole embryos/larvae, larvae heads or sorted cell 

suspensions with TRIzol reagent (Invitrogen) following the manufacturerΩs instructions 

ŀƴŘ ǘǊŜŀǘŜŘ ǿƛǘƘ 5bŀǎŜ LΣ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ƎǊŀŘŜ όм ¦κ˃Ǝ wb!Τ LƴǾƛǘǊƻƎŜƴύΦ {ǳǇŜǊ{ŎǊƛǇǘ LII 

RNase H Reverse Transcriptase (Invitrogen) was used to synthesize first-strand cDNA 

ǿƛǘƘ ƻƭƛƎƻόŘ¢ύ ǇǊƛƳŜǊ ŦǊƻƳ м ˃Ǝ ƻŦ ǘƻǘŀƭ wb! ŀǘ рлϲ/ ŦƻǊ рл ƳƛƴΦ wŜŀƭ-time PCR was 

performed with an ABI PRISM 7500 instrument (Applied Biosystems) using SYBR Green 

PCR Core Reagents (Applied Biosystems). Reaction mixtures were incubated for 10 min 

at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and finally 15 s at 95°C, 1 

min 60°C and 15 s at 95°C. For each mRNA, gene expression was normalized to the 

ribosomal protein S11 (rps11) content in each sample by Pfaffl method (Pfaffl, 2001). 

The primers used are shown in Table 4. In all cases, each PCR was performed with 

triplicate samples and repeated at least with two independent samples. 

Gene ENA ID Name {ŜǉǳŜƴŎŜ όрΩҦоΩύ Use 

rps11 NM_213377 
F1 GGCGTCAACGTGTCAGAGTA 

RT-qPCR 

R1 GCCTCTTCTCAAAACGGTTG 

asc NM_131495 
F ATTTTGAGGGCGATCAAGTG 

R GCATCCTCAAGGTCATCCAT 

gbp4 NM_001082945 
 ACTGGGAGATGTGGAAAAGGGCG 

 CCATAGCCTTGTTGTCGATCACCCC 

il1b NM_212844 
F5 GGCTGTGTGTTTGGGAATCT 

R5 TGATAAACCAACCGGGACA 

wdr90 XM_003201346 
F4 CTGCATGATGCTGTTCTC 

R4 ATGTCACTTCTGCCTGTCCG 

caiap NM_001025492 

F2 AGCGCAGATATTGTTGCATAAGGGC 

R2 GCCCCCACACGCAGTAGCAG 

caiap 
NM_001025492 

 

F AGGCCATTGTGTATTTTCTGCT 
Validation of gRNA 

R AAGCTCATTGCAGCTATTGACA 

Table 4.Primers used in this study. The gene symbols followed the Zebrafish Nomenclature 

Guidelines (http://zfin.org/zf_info/nomen.html). ENA, European Nucleotide Archive 

(http://www.ebi.ac.uk/ena/). 

http://www.ebi.ac.uk/ena/
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14. Transfection  

HEK293T were transfected with Lipofectamine 2000 following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ /Ŝƭƭǎ ǿŜǊŜ ǳǎǳŀƭƭȅ ǇƭŀǘŜŘ ƻƴ ŀ с ƻǊ нп ǿŜƭƭ ǇƭŀǘŜ ƻǊ ƛƴ ŀ мл 

cm diameter plate and transfected when 80% of confluence was reached. DNA mix and 

Lipofectamine mix were prepared separately using serum free DMEM and were 

incubated for 10 min. Both components were mixed, incubated for another 20 min and 

added to the cells. Final quantities are shown in Table  5. After 6h media was replaced 

with a complete DMEM. Samples were usually taken 24h after transfection. For 

experiments involving the WDR90 plasmid time was extended to 48h.  

Plate size DNA Lipofectamine 2000 DMEM 
(vol. final) 

10 cm  5 mg 9 ml 4.8 ml 

6 wells 1 mg 1.5 µl 800 ml 

12 wells 0.5 mg 0.75 ml 400 ml 

24 wells 0.25 mg 0.45 ml 200 ml 

Table 5.Amount DNA and Lipofectamine used in this study 

15. Dot Blot 

For Dot Blot assays recombinant proteins and BSA were incubated for 20 min 

from 150 ng/µl to 0,59 ng/µl in a nitrocellulose membrane. Membranes were blocked 

with 1% casein in PBST for 1h RT and incubated for 30 min with ǘƘŜ ŀƭǇŀŎŀǎΩ ǇǊŜ ŀƴŘ 

post-immune serum at different concentrations (1:500, 1:1000 and 1:5000), then 

washed with PBST 3 times and incubated with secondary antibody -hllama conjugated 

with HRP (1:5000) 30 min RT. After repeated washes, the signal was detected with the 

enhanced chemiluminescence reagent and ChemiDoc XRS Biorad. 

16. Western Blot 

¢ǊŀƴǎŦŜŎǘŜŘ ŎŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ ǘǿƛŎŜ ǿƛǘƘ t.{ ŀƴŘ ǎƻƭǳōƛƭƛȊŜŘ ƛƴ нлл ˃ƭ ƻŦ lysis 

buffer (50 mM Tris-HCl, pH 7,5, 1% IGEPAL, 150 mM NaCl and a 1:20 dilution of the 

protease inhibitor cocktail P8340 from SigmaAldrich). Samples were centrifuged (13.000 

× g, 10 min) and resolved on 10-8% SDS-PAGE and transferred to nitrocellulose membranes. 

Membranes were block 1h at RT and incubated overnight at 4̄C as indicated in Table 6. For 

detection, corresponding horseradish peroxidase conjugated secondary antibodies (1:5000 
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dilution; Amersham) were used. After repeated washes, the signal was detected with the 

enhanced chemiluminescence reagent and ChemiDoc XRS Biorad. 

 

Epitope 
Primary antibody/ 

concentration 
Secondary antibody 

(HRP) 
Blocking and incubation buffer 

FLAG 
a-FLAG-HRP  

(Sigma-Aldrich)/ 
1:5000 

-------- 5% nonfat milk in TBST 

MYC 
a-MYC (Invitrogen)/ 

1:5000 
a-mouse (1:10000) 5% nonfat milk in TBST 

GFP 
a-GFP-HRP 
(1:10000) 

-------- 
5% nonfat milk  

PBST 

WDR90 

a-WDR90 (Sigma)/ 
(1:1000) 

a-WDR90  
(This work)/ 

(1:1000) 

a-rabbit (1:10000) 

 

a-llama (1:5000) 

2% BSA  

in PBST 

Asc 
a-Asc 

(This work)/ 
(1:1000) 

a-llama (1:5000) 
2% BSA  

in PBST 

Table 6. Antibodies used in this study 

17. Immunoprecipitation  assays  

/Ŝƭƭ ƭȅǎŀǘŜ όм ƳƎύ ǿŀǎ ƛƴŎǳōŀǘŜŘ ŦƻǊ н Ƙ ŀǘ пϲ/ ǳƴŘŜǊ ƎŜƴǘƭŜ ŀƎƛǘŀǘƛƻƴ ǿƛǘƘ пл ˃ƭ 

of slurry of ANTI-FLAG® M2 or Myc Affinity Gels (Sigma-Aldrich). The immuno-

precipitates were washed four times with lysis buffer containing 0.15 M NaCl and then 

twice with PBS. Finally, the resin was boiled in SDS sample buffer and the bound proteins 

were resolved on 10 or 15% SDS-PAGE and transferred to nitrocellulose membranes 

(BioRad) for 50 min at 300 mA. Blots were probed with specific antibodies to FLAG 

(Sigma-Aldrich), Myc (ThermoFisher), and mCherry (TermoFisher), and then developed 

with enhanced chemiluminescence reagents (GE Healthcare) according to the 

manufŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

18. Confocal Microscopy 

Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS, 

incubated 20 min at room temperature with 20 mM glycine, permeabilized with 0.5% 

NP40 and blocked for 1 h with 2% BSA. Cells were then labelled with anti-FLAG 
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monoclonal (1:5000) or anti-Myc polyclonal (1:2000) (Sigma-Aldrich), followed by Alexa 

488-conjugated secondary antibody (Thermofisher) and DAPI (Life Technologies). 

Samples were mounted using a mounting medium from Dako and examined with a Leica 

laser scanning confocal microscope AOBS and software (Leica Microsystems). The 

images were acquired in a 1,024 × 1,024 pixel format in sequential scan mode between 

frames to avoid cross-talk. The objective used was HCX PL APO CS × 63 and the pinhole 

vaƭǳŜ ǿŀǎ мΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ммпΦто ˃ƳΦ 

19.  Recombinant protein purification 

The synthesized sequence for hWDR90 recombinant protein was cloned into 

vector pET30a with His tag for protein expression in E. coli. E. coli strain BL21 was 

transformed with recombinant plasmid and a single colony was inoculated into LB 

medium with antibiotic and incubated in 37̄C at 150 rpm O/N. The culture was diluted 

1/10 into LB medium and incubated in 30̄C at 150rpm until the OD600 =0.6 was reached. 

Culture medium was changed to Y2T medium prewarmed at 42ºC and bacteria were 

incubated for 30 minutes. Culture was cooled down to 16C̄, OD600 was adjusted to 0.6 

and protein expression was induced with 0.001 mM IPTG at 16C̄ for 40h. Cells were 

harvested by centrifugation and the pellets were resuspended with lysis buffer followed 

by 3 pulses of 20 seconds of sonication. The cell lysate was ǎǘŜǊƛƭƛȊŜŘ ōȅ лΦнн ˃Ƴ ŦƛƭǘŜǊs 

and the protein was purified using AminoLink Plus Coupling Resin (Thermo Fisher 

Scientific). Purified protein was stored in aliquots of 250µg until immunization.  

20. Antibody generation 

Alpacas were immunized every 15 days 4 times with 250ug of the protein of 

interest with adjuvant (Gerbu Fama). From each individual 150ml of blood was extracted 

40 days forward to the first immunization. Peripheral Blood Lymphocytes (PBL) were 

separated using a Ficoll gradient and the total RNA was isolated with QIAamp RNA Blood 

Mini kit (Qiagen Inc, Valencia, CA) ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

To purify the antibodies contained in ǘƘŜ ŀƭǇŀŎŀǎΩ ǎŜǊǳƳΣ ǘƘŜ ŀƴǘƛƎŜƴ ǿŀǎ 

covalently linked to NHS-activated agarose beads (Thermo Scientific) following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ bI{ ōŜŀŘǎ ǿŜǊŜ ǇǊŜǿŀǎƘŜŘ ǿƛǘƘ I/ƭ мƳa ŀƴŘ 

incubated with the antigen in a carbonate buffer pH 8.3 RT for 3h. Beads were washed 
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and inactivated with 0.5 M NaCl and 0.5 M Ethanolamine. Columns were stored at 4̄C 

with PBS, 0.5 M NaCl and 0.1% sodium azide. 

!ƭǇŀŎŀǎΩ ǎŜǊǳƳ ǿŀǎ ŘƛƭǳǘŜŘ ƛƴ t.{ ŀƴŘ ǎǘŜǊƛƭƛȊŜŘ ǿƛǘƘ ŀ лΦнµm filter and added to 

the column prewashed with coupling buffer. Column was washed with a 10 mM Tris/HCl, 

0.5 M NaCl buffer (pH 7.5), and the antibodies were eluted with acid glycine (0.1M; pH 

2.25), then the eluent was neutralized with Tris/HCl (1M, pH 8). The eluted antibodies 

were stored at 4̄C with 10% glycerol and 0.1% sodium azide.  

21. Sequence analysis of Caiap in different species  

Zebrafish Caiap was identified by searching the CARD protein family (PF00619) 

in the PFAM database. Zebrafish full-length Caiap sequence was then compared with 

other known Caiap sequences, obtained from The Universal Protein Resource (UniProt) 

database and with the newly identified variants by multiple sequence alignment carried 

out with the ClustalX version 2.1 program. The molecular weights were estimated using 

the Protein Molecular Weight tool from The Sequence Manipulation Suite. The domains 

of the proteins deduced from the nucleotide sequences were determined using the 

Simple Modular Architecture Research Tool (SMART), from the European Molecular 

Biology Laboratory (EMBL) website (Letunic et al., 2009). Finally, three-dimensional 

structure predictions were performed using The IntFOLD Integrated Protein Structure 

and Function Prediction Server (McGuffin, Atkins, Salehe, Shuid, & Roche, 2015)and 

visualized with The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC. 

The ModFOLD Quality Assessment Server (Version 4.0) was used to check the accuracy 

of the models (McGuffin, Buenavista, & Roche, 2013). 

22. Statistical analysis 

Data are shown as mean ± SEM and they were analysed by analysis of variance 

(ANOVA) and a Tukey multiple range test to determine differences between groups. The 

ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘǿƻ ǎŀƳǇƭŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ ǘƘŜ {ǘǳŘŜƴǘΩǎ t-test. A log rank test 

with the Bonferroni correction for multiple comparisons was used to calculate the 

statistical differences in the survival of the different experimental groups. A chi-square 

test was used to determine differences in the number of specks formed by Caiap in 

HEK293T cells. All the experiments were performed at least three times, unless 
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otherwise indicated. The sample size for each treatment is indicated in the graph or in 

the figure legend or in corresponding section of the Materials and Methods. Statistical 

significance was defined as p < 0.05.  
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1. CAIAP  

1.1. Identification and characterization of Caiap, a Protein 

Containing a CARD domain and ANK repeats, which is highly 

conserved from cartilaginous fish to marsupials 

A PFAM search to identify proteins harbouring CARD domains revealed the 

presence of Caiap (CARD-ANK Inflammasome Adaptor Protein) in the zebrafish. The 

caiap gene contains two exons and a single open reading frame encoding a putative 

polypeptide of 744 amino acids (predicted molecular mass of 80.9 kDa) (Figure 12) with 

an N-terminal CARD domain and 16 C-terminal ANK repeats (Figure 13A).  

 

 

Figure 12. Sequence alignment of Caiap gene in different species. (A) Diagram showing the 

exons/introns organization of zebrafish caiap gene, indicating the position where the Caiap MO and gRNA 

binds to the 5-̀ untranslated region in pre-mRNA. (B) Multiple alignment of zebrafish Caiap sequence with 

other identified Caiap sequences. The predicted CARD sequences are black boxed and yellow boxed 

indicate the ANK domains. (*) Identity in one position; (:) conservative substitutions in one position; (.) 

semiconservative substitutions in one position. The accession numbers for Caiap sequences are XP_685576 

for zebrafish (Danio rerio), XP_007259539 for blind cave fish (Astyanax fasciatus mexicanus), 

XP_012694853 for atlantic herring (Clupea 900 harengus), XP_006635081 for spotted gar (Lepisosteus 

oculatus), KPP59498 for Asian bonytongue (Scleropages formosus), KKF28470 for large yellow croaker 

(Pseudosciaena crocea), XP_006002757 for African coelacanth (Latimeria chalumnae), XP_005479286 for 

Nile tilapia (Oreochromis niloticus), XP_007901907 for elephant shark (Callorhinchus milii), XP_014189326 
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for Burton's mouthbrooder (Haplochromis 905 burtoni), XP_008107583 for American chameleon (Anolis 

carolinensis), XP_013917140 for common garter snake (Thamnophis sirtalis), XP_006025802 for Chinese 

alligator (Alligator sinensis), XP_005284853 for western painted turtle (Chrysemys picta bellii), ETE70266 

for king cobra (Ophiophagus hannah), XP_007059125 for green sea-turtle (Chelonia mydas), 

XP_010714589 for turkey (Meleagris gallopavo), XP_004936902 for chicken (Gallus gallus), 

XP_005151355 for budgerigar (Melopsittacus undulatus), XP_011570978 for golden eagle (Aquila 

chrysaetos canadensis), XP_009961493 for barn owl (Tyto alba), XP_005482422 for white-throated 

sparrow (Zonotrichia albicollis), XP_002931656 for western clawed frog (Xenopus tropicalis), 

XP_003767351 for Tasmanian devil (Sarcophilus harrisii), and XP_007480566 for gray short-tailed 

opossum (Monodelphis domestica).  

Strikingly, uncharacterized orthologs of zebrafish Caiap were found in many 

organisms, including phylogenetically distant ray-finned fish species, cartilaginous fish 

(elephant shark), lobe-finned fish (coelacanth), amphibian, reptiles, birds, and 

marsupials. However, we failed to find a Caiap ortholog in placental mammals, 

invertebrates, protochordates (amphioxus and sea squirts), jawless fish (lamprey), and 

lung fish by using homology and synteny searches. Phylogenetic analysis confirmed that 

the origin of Caiap predated the split of fish and tetrapods more than 450 million years 

ago, suggesting, therefore, that Caiap was lost in lung fish and placental mammals during 

evolution (Figure 13B).  
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Figure 13. Molecular characteristics and phylogenetic relationships of zebrafish Caiap gene. (A) 

Diagrams showing the domain organization of different fish, amphibians, reptiles, birds, and mammals 

Caiap. The CARD domains (SMART accession number SM00114) are shown as pink boxes and the ANK 

repeats (SMART accession number SM00248) are shown as green boxes. (B) Phylogenetic tree of 

vertebrate Caiap polypeptides. The tree was generated by the cluster algorithm using amino acid 

sequences. Numbers shown are percentages of 100 bootstrap replicates in which the same internal branch 

was observed. The horizontal lines are drawn proportional to the inferred phylogenetic distances, while 

the vertical lines have no significance. 

Caiap was seen to be well conserved across vertebrate species. Thus, zebrafish 

Caiap showed from 47 to 66% amino acid identity and from 64 to 69% amino acid 

similarity with Caiap from other ray-finned fish species (Table 1). In addition, a similar 

degree of conservation was found between zebrafish Caiap and those from other 

vertebrate groups, with the exception of marsupials (35% identity and 55% amino acid 

similarity) (Table 1).  
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Table 7. Amino acid identity and similarity between zebrafish Caiap and other vertebrate Caiap 

sequences. 

Multiple alignment of all Caiap identified revealed that the CARD domain and 

ANK repeats were the best conserved regions of the protein. More interestingly, three-

dimensional structural prediction revealed an identical tertiary structure of Caiap in all 

vertebrate groups (Figure 14A, B). In fact, all the structures perfectly fitted when 

superimposed (Figure 14C).  
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Figure 14. Tridimensional models of Caiap structures in different species. (A, B) 3D models 

showing Caiap proteins from zebrafish (Danio rerio) (A), and blind cave fish (Astyanax fasciatus 

mexicanus), western clawed frog (Xenopus tropicalis), African coelacanth (Latimeria chalumnae), Chinese 

alligator (Alligator sinensis), chicken (Gallus gallus), and Tasmanian devil (Sarcophilus harisii) (B) with 

corresponding accuracies. (C) The 3D Caiap models from all species shown in (A, B) were superimposed. 

The CARD domains are shown in white. 

1.2. Zebrafish Caiap is induced upon infection  

The expression profile of zebrafish Caiap was examined using RT-qPCR and WISH. 

It was found that the mRNA levels of caiap transcripts were maternally transferred, since 

they peaked at fertilization time and then rapidly declined (Figure 15A). In adult fish, 
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caiap transcripts were detected in kidney, the hematopoietic organ of adult fish, heart, 

and skin, but not in muscle, ovary, gills, eye, or brain (Figure 15B). In addition, the mRNA 

levels of caiap were seen to be weakly higher 24 h post-infection (hpi) in the infection 

site of zebrafish larvae infected with ST (Figure 15C). As expected, the gene encoding 

pro-inflammatory IL-1ɼ robustly increased in infected larvae (Figure 15C).  

 

Figure 15. Zebrafish caiap is induced in macrophages upon ST infection. The caiap (AςE) and il1b 

(C) mRNA levels were measured by RT-qPCR in wild-type 0ς7 dpf whole larvae (A), in head kidney, muscle, 

heart, skin, ovary, gills, eye, and brain of 12-month-old wild-type adult fish (B), and whole larvae (C), 

neutrophils (D), and macrophages (E) from 3 dpf larvae which were previously infected with ST or not at 2 

dpf (n = 3). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. ND, not detected. 

 

To further confirm the RT-qPCR results, WISH was performed in infected and 

wounded larvae. Although no positive cells were observed in non-infected larvae, a few 

small round caiap positive cells were found at the infection site (the otic vesicle), the 

number of positive caiap cells increasing from 4 to 24 hpi (Figure 16A). Similarly, a few 

caiap cells were also observed in the wound 24 h after transection of the tail fin tip 

(Figure 16B). 
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Figure 16. Zebrafish caiap is induced in discrete cells at the infection site. Zebrafish 2 dpf larvae 

were infected with ST in the otic vesicle (A) or tail wounded (B). At the indicated times, WISH was 

performed using antisense probes to the caiap gene. Note the presence of caiap+ cells at both the infection 

and injured sites (arrowheads). The areas shown are indicated in the larval scheme with boxes of different 

colors. Numbers in pictures represent the animals with the shown phenotype per total analyzed animals. 

S.I., ST infection. Scale bar: 0.5 mm. 

As expected, no positive cells were observed when using the caiap sense probe 

(Figure 17). This result suggested that both infection and wounding are able to induce 

the expression of caiap in immune cells recruited to the infection and wounding sites, 

namely, macrophages (Gray et al., 2011; Zakrzewska et al., 2010) and neutrophils ((S. de 

Oliveira et al., 2013; Sofia de Oliveira et al., 2015; Tyrkalska et al., 2016). Therefore, 

macrophages and neutrophils were sorted from mpeg1:eGFP (Renshaw et al., 2006) and 

mpx:eGFP (Ellett, Pase, Hayman, Andrianopoulos, & Lieschke, 2011) transgenic larvae, 
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respectively, upon infection with ST and the transcript levels of caiap were analyzed by 

RT-qPCR in both cells types. The results showed that while caiap transcripts drastically 

increased in macrophages upon ST infection (Figure 15D), they remain unaltered in 

neutrophils upon infection (Figure 15E).  

 

 

Figure 17. Control of WISH results shown in Figure 16. Zebrafish 2 dpf larvae were infected with 

ST in the otic vesicle. WISH was performed at 4 hpi using sense probes to the caiap gene. Note that no 

positive cells were observed at the infection site. The area shown is indicated in the larval scheme with 

boxes of different colors in Figure 16. Numbers in pictures represent the animals with the shown phenotype 

per total analyzed animals. Scale bar: 0.5 mm. 

1.3. Caiap is required for the inflammasome-dependent resistance 

to ST in zebrafish  

To further characterize zebrafish Caiap we used a morpholino (MO)-mediated 

gene knockdown strategy whereby the MO was able to bind the translation start of the 

caiap mRNA and, therefore, to inhibit its translation (Figure 12). The efficiency of the 

MO was validated by using a caspase-1 activity assay with a fluorogenic substrate, Z-

YVAD-AFC (Figure 18A,C), which has previously been shown to be processed by gilthead 

seabream caspase-1 (Compan et al., 2012; López-Castejón et al., 2008; Tyrkalska et al., 

2016) and zebrafish Caspa (Junya Masumoto et al., 2003). Caiap morphant animals 

injected with 1 pg/egg MOs showed reduced caspase-1 activity but they developed 

normally and were viable (Figure 18C and D). However, Caiap-deficient larvae showed 

increased susceptibility to WT ST compared with their control siblings (Figure 5D) and 

impaired caspase-1 activity in response to the infection (Figure 18C). Additionally, 
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infection susceptibility and decreased caspase-1 activity were both fully reversed by 

injection of non-targetable caiap mRNA, confirming the specificity of the MO (Figure 18C 

and 5ύΦ Lƴ ŎƻƴǘǊŀǎǘΣ ŦƻǊŎŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ /ŀƛŀǇɲ/!w5 ŦŀƛƭŜŘ ǘƻ ǊŜǎŎǳŜ ǘƘŜ ƘƛƎƘ 

susceptibility and impaired caspase-1 activation of Caiap-deficient larvae (Figure 18E 

and F), suggesting that the CARD domain is indispensable for Caiap function. 

Furthermore, Caiap crispant larvae also showed higher susceptibility to ST infection and 

reduced caspase-1 activity upon infection than their WT siblings (Figure 19). Although 

forced ubiquitous expression of caiap mRNA alone barely increased the resistance to ST 

infection (Figure 18D, Figure 20A and 7A) and caspase-1 activity (Figure 18C, Figure 20B 

and 7B), forced expression of caiap in macrophages, using the macrophage-specific 

promoter mpeg1 (Ellett et al., 2011), resulted in increased resistance to ST infection 

(Figure 18G).  
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Figure 18. Zebrafish Caiap is required for the inflammasome-dependent resistance to S. 

Typhimurium. (A) Scheme showing the experimental procedure used for the caspase-1 activity assays. 

Zebrafish one-cell embryos were injected with MOs and/or mRNAs, dechorionated and infected at 2 dpf 

via the yolk sac with ST with a MOI of 50, and collected and pooled (25ς35 larvae) at 24 hpi to measure 

caspase-1 activity. (B) Scheme showing the experimental procedure used for the survival assays. Zebrafish 

one-cell embryos were injected with MOs and/or mRNAs, dechorionated and infected at 2 dpf via the yolk 

sac with ST at a MOI of 10, and the number of surviving larvae counted daily during the next 5 days. At 

least three independent experiments were performed with a total number of 300 specimens/ treatment. 

(CςF) Zebrafish one-cell embryos were injected with standard control (Std) (CςF) or Caiap MOs (CςF), or 

with antisense (As) (CςF), Caiap (CΣ5ύ ƻǊ /ŀƛŀǇɲ/!w5 όE,F) mRNAs, infected at 2 dpf with wild-type ST and 

the caspase-1 activity (C,E) and survival (D,E,G) were determined as described in Figures 5a,c, respectively. 

The sample size for each treatment is 30 for (c,e), and 300 for (D,F,G). S.I., ST infection. **p < 0.01; ***p < 

0.001. 
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Figure 19. Caiap crispant larvae show high ST susceptibility and impaired caspase-1 activation. 

(A) Diagram showing the Caiap gRNA target at the 623 bp amplicon obtained with primers F and R, and 

the resulting digestion fragments. (B) Electrophoresis agarose gel stained with RedSafe showing the 

original amplicon in the sample incubated with Cas9 alone (C-) and the original amplicon and the expected 

515 bp digestion fragment in the sample incubated with Caiap gRNA and recombinant Cas9. (C, D) 

Zebrafish one-cell embryos were injected with control or Caiap gRNA and recombinant Cas9. At 2 dpf, 

embryos were infected with ST and survival (C) and caspase-1 activity (D) were determined as described in 

Figures 5B and 5A, respectively. S.I., ST infection; **p<0.01; ***p<0.001. 

Notably, Caiap levels did not affect fish susceptibility (Figure 20A,C) or caspase-

1 activity (Figure 20B,D) in response to a syngenic double ST mutant for SPI-1 and SPI-2, 

which contains a large number of genes encoding a type 3 secretion system that is 

required for virulence in mouse (Shea, Beuzon, Gleeson, Mundy, & Holden, 1999) and 

zebrafish (Tyrkalska et al., 2016), comparing with the controls. Moreover, the impact of 

Caiap on ST infection seemed to depend on flagellin, since the virulence of the flagellin 

mutant strain (FliC/FljB) of ST (Edward A Miao et al., 2006) was not affected by Caiap 

(Figure 20E,F), while the increased larval resistance and caspase-1 activity to ST which 

overexpresses flagellin (FliCON) (E. A. Miao et al., 2010) were found to be Caiap-

dependent (Figure 20E,F). These results suggest that Caiap functions downstream of 

flagellin, although other PAMPs may also regulate Caiap activation. 
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Figure 20. The type 3 secretion system and flagellin of S. Typhimurium act upstream Caiap. (Aς

F) Zebrafish one-cell embryos were injected with standard control (Std) or Caiap MOs, or with antisense 

(As) or Caiap mRNAs, infected at 2 dpf with wild-type (WT) (A-F), the double mutant SPI 1ς2 (AςD), FliCON 

or FliC FljB ST (A,F) and the survival (A,C,E) and caspase-1 activity (B,D,F) were determined as described in 

Figures 18 A,B, respectively. The sample size for each treatment is 300 for (A,C,E), and 30 for (B,D,F). S.I., 

ST infection; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 

 

1.4. Zebrafish Caiap requires Asc to mediate the Inflammasome-

dependent resistance to ST  

Most inflammasomes require the adaptor protein ASC for their assembly, 

activation, and function. However, some NLRs that contain a CARD domain can bind 

directly to caspase-1. To this group belongs NLRC4, which has been shown to take part 

in host defences against bacterial infection(Case, 2011; Case & Roy, 2011). However, it 

has recently been found that ASC can strengthen the signal of the NLRC4 inflammasome 
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(Latz et al., 2013) or being required for some specific responses (Broz, von Moltke, Jones, 

Vance, & Monack, 2010). The presence of a CARD domain in Caiap suggests that it may 

directly recruit and activate Caspase-1 without the need for ASC, at least in most 

evolutionarily advanced species where true orthologs of mammalian caspase-1 with 

CARD domain exist. To check this, we ablated Asc using a previously validated 

translation-blocking MO (Tyrkalska et al., 2016). Genetic depletion of Asc in zebrafish 

drastically increased the susceptibility to ST of both WT and Caiap-deficient larvae 

(Figure 21A). In addition, Asc deficiency inhibited basal and Caiap-induced caspase-1 

activity in non-infected and infected larvae (Figure 21B). Conversely, forced expression 

of Asc strongly increased larval resistance to the infection and caspase-1 activity, both 

effects being largely independent of Caiap (Figure 21C andD).  

 

 

Figure 21. Asc is required for the Caiap-mediated resistance to S. Typhimurium. Zebrafish one-

cell embryos were injected with standard control (Std), Asc (A,B) or Caiap (C,D) MOs or in combination with 

antisense (As), Caiap (A,B) or Asc (C,D) mRNAs, infected at 2 dpf and survival (A,C) and caspase-1 activity 

(B,D) determined as described in Figure 18A,B, respectively. S.I., ST infection. The sample size for each 

treatment is 300 for (A,C), 30 for (B,D), ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Unexpectedly, however, reconstitution of Caiap and Asc complexes in HEK293T 

ŎŜƭƭǎΣ ǿƘƛŎƘ ƭŀŎƪ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ŎƻƳǇƻƴŜƴǘǎΣ ǎƘƻǿŜŘ ǘƘŀǘ /ŀƛŀǇ ŀƴŘ /ŀƛŀǇɲ/!w5 ŦǳǎŜŘ 

to mCherry were both diffusely distributed in the cytosol in the absence of Asc but 

formed a ring around the speck in the presence of Asc (Figure 22A, B). In addition, co-

immunopreciptation assays confirmed that Caiap was unable to physically interact with 

Asc (Figure 22C).  
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Figure 22. Asc does not interact directly with Caiap. HEK293T cells were transfected with 

zebrafish Caiap-Ƴ/ƘŜǊǊȅ ƻǊ /ŀƛŀǇɲ/!w5-mCherry in the presence or absence of zebrafish Asc-Myc, fixed 

at 48 h post-transfection, immunostained and imaged using a laser confocal microscope (A,B) or lysed, 

immunoprecipitated with antiI-Myc Affinity Gel, and probed with antibodies to Myc and mCherry (C). 

Representative views of maximum-intensity projection images of HEK293T cells are shown in (A), 

quantitation of the percentage of Caiap specks in relation to the total number of Caiap transfected cells is 

shown in (B) and representative blots are shown in (C). The sample size is 50 (B). Scale bar, р ˃ƳΤ ƴǎΣ ƴƻǘ 

significant; *p < 0.05; **p < 0.01; ***p < 0.001. 

1.5. Zebrafish Caiap is required for Caspa activation  

Caspase a (Caspa, also known as Caspy) is considered the functional homolog of 

mammalian caspase-1, since it preferentially cleaves AcYVAD-AMC, a caspase-1 

substrate, and interacts and co-localizes at the speck with zebrafish Asc in HEK293T cells 

(Junya Masumoto et al., 2003). In addition, recent studies have demonstrated in vivo 

that Caspa is the effector enzyme of the zebrafish inflammasome in both macrophages 

(Vincent et al., 2016) and neutrophils (Tyrkalska et al., 2016). Therefore, we next 

analyzed whether the forced expression of Caspa was able to rescue the high ST 

susceptibility of Caiap-deficient larvae. The results showed that Caspa was indeed able 

to rescue the infection susceptibility (Figure 23A) but only partially caspase-1 activity 

(Figure 23B) of Caiap-deficient larvae. In addition, forced expression of Caspa alone 

increased the resistance of larvae to ST infection (Figure 23A), confirming previous 

results (Tyrkalska et al., 2016).  
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Figure 23. Caspa is required for the Caiap-mediated resistance to S. Typhimurium. (A,B) 

Zebrafish one-cell embryos were injected with standard control (Std) or Caspa mRNAs. At 2 dpf, embryos 

were infected with ST and survival (A) and caspase-1 activity (B) were determined as described in Figures 

7A,B, respectively. S.I., ST infection. The sample size for each treatment is 300 for (A), 30 for (B), ns; not 

significant; *p < 0.05; **p < 0.01; ***p < 0.001. 

The above results show that Caiap acts through Asc and Caspa to promote ST 

resistance, although this does not clarify the mechanism by which Caiap plays this 

function. We therefore reconstituted Caiap and Caspa complexes in HEK293T cells and, 

surprisingly, WT Caiap and CaiapɝCARD were both able to form specks in the presence 

of wild type but not of catalytic inactive mutant Caspa (Figure 24C and D). These results 

were further confirmed by pull down assays, in which WT Caiap and CaiapɝCARD were 

able to physically interact with WT Caspa but not with catalytic inactive Caspa (Figure 

24E). In addition, while WT Caiap overexpressed in HEK293T cells self-oligomerized, 

assayed under nonreducing conditions, CaiapɝCARD required active Caspa to fully 

oligomerize (Figure 24F). Taken together, these results show that Caiap interacts with 

catalytic active Caspa (P20/P10) through its ANK domain and self-oligomerizes via its 

CARD domain. 
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Figure 24. Asc is required for the Caiap-mediated resistance to S. Typhimurium. (A-D) HEK293T 

cells were transfected with zebrafish Caiap-mCherry or /ŀƛŀǇɲ/!w5-mCherry in the presence or absence 

of zebrafish wild-type FLAG-Caspa or catalytic inactive FLAG-Caspa (C230A), fixed at 48 h post-transfection 

and imaged using a laser confocal microscope (A,B), or lysed and immunoprecipitated with ANTI-FLAG M2 

Affinity Gel and probed with antibodies to FLAG and mCherry (C) or lysed and resolved under non-reducing 

and reducing conditions (D). Representative views of maximum-intensity projection images of HEK293T 

cells are shown in (A), quantitation of the percentage of Caiap specks in relation to the total number of 

Caiap transfected cells is shown in (B) and representative blots are shown in (C,D). The sample size for is 

50 for (BύΦ {ŎŀƭŜ ōŀǊΣ р ˃ƳΤ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘΤ ϝǇ ғ лΦлрΤ ϝϝǇ ғ лΦлмΤ ϝϝϝǇ ғ лΦлл1. 
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2. WDR90 

2.1. Identification and characterization of WDR90 

A previous RNA-Seq analysis performed in our laboratory from zebrafish larvae 

infected and uninfected with ST showed a direct correlation between the expression of 

gbp4, which encodes a new component of inflammasome described by our group in 

2016 (Tyrkalska et al., 2016), and wdr90, which encodes an uncharacterized protein. The 

zebrafish sequence for Wdr90 (F1RA29_DANRE) had a 49% identity with the human 

WDR90 (Q96KV7_HUMAN), which was 72% identical to the mouse sequence (Q6ZPG2 

_MOUSE). Alignment of the 3 species sequence is shown in Figure 25.  

While the zebrafish annotation of Wdr90 is still unreviewed, their mammalian 

counterparts are already established. The human WDR90 had 5 isoforms produced by 

Figure 25. WDR90 sequence alignment for human, mouse and zebrafish species. The accession 

numbers are Q96KV7_HUMAN (human), Q6ZPG2 _MOUSE (mouse) and F1RA29_DANRE (zebrafish). (* ) 

Identity in one position; (:) conservative substitutions in one position; (-) semiconservative substitutions in 

one position. 
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alternative splicing. The canonical isoform had a molecular weight of 188kDa and is 

composed mainly by WD40 domains (Figure 26).  

 

Figure 26. Molecular characteristics of WDR90. Diagrams showing the domain organization 

generated of human (Q96KV7_HUMAN), mouse (Q6ZPG2 _MOUSE) and zebrafish (F1RA29_DANRE) 

WDR90. The WD40 domains (SMART accession number SMS000320) are shown as green boxes and low 

complexity regions are shown as pink boxes. The amino acid sequence for the 3 species were analysed 

using the SMART database (http://smart.embl-heidelberg.de). 

2.2. gbp4 induces wdr90 expression independently of 

inflammasome activation 

In order to confirm the transcriptomic data previously mentioned, the 

expression of wdr90 in zebrafish was checked by RT-qPCR analysis after the forced 

expression of Gbp4 mRNA in zebrafish embryos. As Gbp4 is a protein with a GTPase 

activity needed for regulating inflammasome activation, larvae were also injected with 

a mutant form of Gbp4, Gbp4 KS/AA, which lacks GTPase activity. wdr90 mRNA levels 

increased in larvae forced to express wild type Gbp4, whereas GTPase-deficient Gbp4 

failed to do so (Figure 27), pointing the importance of the GTPase domain in the 

regulation of wdr90 expression.  

We examined whether pharmacological inhibition of caspase-1 with the 

irreversible caspase-1 inhibitor Ac-YVAD-CMK, which was shown to inhibit Caspa 

(Tyrkalska et al., 2016). The results showed that the increased mRNA levels of wdr90 

mediated by Gbp4 were unaffected by Caspa inhibition, indicating that Gpb4 regulates 

wdr90 gene expression independently of the inflammasome (Figure 28A). This result 

was further confirmed by the inability of forced expression of Asc to induce wdr90 mRNA 

levels (Figure 28B). However, ST infection induced wdr90 expression, as well as those of 

il1b, which was used as a positive control (Figure 28C and 28D). Collectively, these 

http://smart.embl-heidelberg.de/
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results suggest that Gbp4 regulates wdr90 mRNA levels independently of the 

inflammasome and that Wdr90 may be involved in infection since their transcript levels 

were induced by ST. 

 

Figure 27. Gbp4 regulates wdr90 expression in zebrafish. Wdr90 mRNA levels were measured by RT-qPCR 

in 72 hpf larvae forced to express antisense (As, control), Gbp4 or the mutant Gbp4 KS/AA. ***p<0.001. 

 

Figure 28. The induction of wdr90 expression by Gbp4 is independent of the inflammasome.  (A, 

B) wdr90 expression in 72 hpf larvae forced to express antisense (As, control), gbp4 (A), asc (B) mRNAs 

after being treated by immersion with the vehicle alone (DMSO) or 100 µM of the caspase-1 inhibitor Ac-

YVAD-CMK for 24 h. (C, D) wdr90 (C) and il1b (D) expression in 72 hpf larvae left uninfected (-) or 24 h after  

ST infection (+).*p<0.05; ***p<0.001. ns, not significant. 
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2.3. Wdr90 is involved in Caspa activation and larval resistance 

to ST infection 

The above results prompted us to examine whether Wdr90 is involved in 

inflammasome activation and ST clearance in zebrafish. Forced expression of wdr90 

mRNA led to higher resistance to ST infection (Figure 29A) and increased caspase-1 

activity (Figure 29B). These results pointed out Wdr90 as a novel inflammasome 

component involved in ST clearance in zebrafish.  

 

Figure 29. Forced expression of wdr90 increases larval resistance to ST infection (S.I.) and 

caspase-1 activity. Survival (A) and caspase-1 activity (B) determined as indicated in Figures 18A and 18B, 

respectively, of zebrafish larvae forced to express antisense (As) or wdr90 mRNAs and left uninfected (-) or 

infected at 2 dpf with ST (+). * p<0.05; ** p<0.01, *** p<0.001. 

To further characterize the role of Wdr90, we depleted Wdr90 expression by 

using a specific morpholino at different concentrations but, unfortunately, the doses 

needed to block its expression were lethal for the larvae, probably suggesting other 

essential functions of Wdr90 in larval development. This is not unexpected, since a very 

recent publication showed a role of Wdr90 in ciliogenesis in Chlamydomonas (Hamel et 

al., 2017).  

2.4. Wdr90 acts upstream Asc and caspase-1 to promote ST 

resistance 

As we were not able to deplete Wdr90 expression in zebrafish larvae, we further 

characterize the role played by Wdr90 in inflammasome by using forced expression 

conditions in combination with specific MO to Asc and Gbp4, which had been shown to 

reduce larvae resistance and caspase-1 activity after ST infection (Tyrkalska et al., 2016). 
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While ASC is not always required in mammals for inflammasome activation, zebrafish 

Asc is essential for its function (Bezbradica & Schroder, 2017). To determine if high 

expression levels of Wdr90 were able reverse the effects caused by the lack of Asc, we 

used an Asc morpholino. Our results showed that genetic depletion of Asc increased 

larval susceptibility to ST infection independently of Wdr90 expression levels (Figure 

30A). Moreover, the ablation of Asc also fully reduced basal and Wdr90-induced 

caspase-1 activity under both infection and non-infection conditions (Figure 30B). 

Similarly, Gbp4 depletion reduced larvae resistance to the infection and caspase-1 

activity, and forced expression of Wdr90 failed to reverse the higher susceptibility to ST 

of Gbp4-deficient larvae (Figure 30C), whereas caspase-1 activity was slightly recovered 

(Figure 30D).  

To confirm that Wdr90 was promoting increased larval resistance to ST by 

activating the inflammasome, larvae were exposed to the specific caspase-1 inhibitor 

Ac-YVAD-CMK in combination with Wdr90 overexpression. The result confirmed a role 

of Wdr90 in inflammasome-dependent resistance to ST infection of zebrafish larvae, 

since increased levels of Wdr90 failed to reverse the high larval susceptibility to ST 

(Figure 30E) and reduced caspase-1 activity (Figure 30F) promoted by inhibition of 

Caspa. Collectively, these results indicate that Wdr90 is acting upstream Asc and Caspa, 

and probably Gbp4, to promote ST resistance in zebrafish larvae.  
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Figure 30. Zebrafish Wdr90 acts upstream Caspa, Asc and Gbp4 in ST resistance. Zebrafish one-

cell embryos were injected with standard control (Std) (AςD), Asc (A-B) or Gbp4 MOs (CςD) alone or 

combined with antisense (As) or Wdr90 mRNAs ( A-F). Larvae were treated at 1 dpf with DMSO or 100 µM 

of Ac-YVAD-CMK (E, F), then infected at 2 dpf with wild-type ST and the caspase-1 activity (B,D,F) and 

survival (A,C,E) were determined as described in Figures 18A,B, respectively. The sample size for each 

treatment is 20 for (E,F), 30 for (B,D), and 300 for (A,C). S.I., ST infection. **p < 0.01; ***p < 0.001. 
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2.5. Human WDR90 interacts with NL RC4  

Inflammasome complex has an enormous importance in human health 

(Lamkanfi, Walle, & Kanneganti, 2011). Thus, one of the main aims of research in the 

inflammasome field is to reach a deeper understanding of the function of the complex 

and its different components, as well as to identify other proteins that participate in its 

functions. The data obtained in the zebrafish model led us to check if human WDR90 is 

able to interact with other inflammasome components upstream of ASC and CASP1. In 

order to do, we ectopically expressed human WDR90 tagged with a FLAG epitope on its 

C-terminal (huWDR90-FLAG) with different inflammasome receptors in HEK293T cells, 

which lack all these components. We found that the expression of WDR90 was very low, 

so we decided to optimize the transfection conditions in order to get an optimal 

expression of WDR90 in this cell type. HEK293T were transfected with WDR90-FLAG and 

its expression was checked by immunofluorescence (IF) at 24, 48 and 72 hours post-

transfection. Our results showed a low expression of WDR90 24h post-transfection, 

which increased at 48h and it was maintained at 72h (Figure 31A). Notably, WDR90 was 

found in the cytosol but not in the nucleus. We next decided to carry out the western 

blot (WB) of WDR90 FLAG at 48h post-transfection, including a pcdna3-FLAG as a 

negative control and huCASP1-FLAG as a positive control of expression. However, 

although the expression of WDR90 was well detected in by IF, it was hardly detected by 

WB (Figure 31B).  
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Figure 31. Optimization of WDR90 expression conditions. HEK293T cells were transfected with 

huWDR90-FLAG (A,B) and huCASP1-FLAG (B) as a positive control. Cells were fixed at 24,48 and 72h post-

transfection and imaged using a laser confocal microscope (A), or lysed with a 1% SDS-containing buffer 

48h post-transfection and then probed with an anti-FLAG-HRP antibody.  

WDR90 protein has a large molecular weight with a repetitive number of WD40 

domains. In order to optimize and get the best condition to detect WDR90 by WB, we 

decided to try different lysis buffers to increase the solubility of the protein. However, 

we had to avoid strong detergents-containing buffers as our final aim was to perform an 

immunprecipitation (IP) to verify its interaction with other inflammasome components. 

To do that we used NP40 and Triton X-100 as detergents in the lysis buffer (Figure 32A), 
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but under these lysis conditions we were unable to clearly detect WDR90 by WB. Finally, 

we determined that the solubilization improved when the sample was not prewarmed 

at 95°C (Figure 32B). 

 

Figure 32. Optimization of WB conditions for WDR90. HEK293T cells were transfected with 

huWDR90-FLAG (A,B) and lysed 48h (A,B) or 24, 48 and 72 h (C) post-transfection with NP40- (A,B) or 

Triton X-100-containing (A) buffers. Samples were prewarmed at 95̄C (A, B) or at room temperature (B) 

during 5 min.*  WDR90 insoluble aggregates.  

Once we had determined the optimal conditions to detect WDR90 by WB, we 

aimed to determine if WDR90 was able to interact with inflammasome receptors. The 

main mammalian receptor described to be activated after ST infection is NLRC4, 

although NLRP3 also acts in its recognition (Qu et al., 2016a) and it is the widest studied. 

Our hypothesis was that if WDR90 interacts with an NLR, it would be at least with one 

related to ST detection. To confirm if WDR90 was interacting with the canonical 

inflammasome receptor for ST, NLCR4 (Reyes Ruiz et al., 2017), we co-transfected 

huWDR90-FLAG with a human NLRC4-MYC and checked the proteins distribution by IF 

(Figure 33A). WDR90 was able to form small aggregates through the cytosol when a high 
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expression was achieved. In the same manner, NLRC4 appear in the cytoplasm but did 

not form aggregates when it is overexpressed, as previously reported (Man, Hopkins, et 

al., 2014). In contrast, co-transfection of both proteins resulted in their colocalization in 

the WDR90 aggregates (Figure 33A), suggesting that WDR90 could interact NLRC4. 

In order to verify this result, we performed an IP of lysates from HEK293T co-

transfected with huWDR90-FLAG and huNLRC4-Myc. As it was hard to detect WDR90 by 

WB, high amount of salts wash used during the washing procedure to avoid non-specific 

interactions. Efficient immunoprecipitation of WDR90 was observed when it was 

transfected alone (Figure 33B). However, after co-transfection, WB detection and IP of 

WDR90 was reduced. Unfortunately, under these circumstances we were not able to 

detect NLRC4 immunoprecipitated together with WDR90, being not able to confirm 

direct interaction between these proteins. The decrease of the detection of WDR90 in 

WB subsequent to NLRC4 co-transfection led us to wonder if aggregates formed 

between these proteins resulted in an insoluble complex that impaired the detection.  

Thereby, with the purpose of corroborating the interaction between WDR90 and NLRC4, 

we plan to develop a proximity ligation assay (PLA) (Gomez, Shankman, Nguyen, & 

Owens, 2013).  
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Figure 33. NLRC4 cellular redistribution in the presence of WDR90. HEK293T cells were 

transfected with human WDR90-FLAG and/or NLRC4-MYC, fixed at 48 h post-transfection, immunostained 

and imaged using a laser confocal microscope (A) or lysed, immunoprecipitated with anti-FLAG M2 Affinity 

Gel, and probed with antibodies to MYC and FLAG (B).  
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These led us to wonder if WDR90 specifically altered the cellular distribution of 

NLRC4 or other inflammasome receptors too. First, we developed the same co-

transfection with the human NLRP3 receptor, as it also takes part in the inflammasome 

macromolecular complex in mouse macrophages infected with ST (Man, Hopkins, et al., 

2014; Qu et al., 2016b). However, in contrast to NLRC4, NLRP3 did not change it 

distribution in the presence of WDR90 (Figure 34A). Similar results was obtained with 

AIM2 receptor which also presented its typical cytoplasmic distribution (Huang et al., 

2017) without exhibiting any changes under the presence of WDR90 (Figure 34B). 

Nevertheless, the difficulties associated to the detection of WDR90 by WB and IP 

impaired to use these approaches to further confirm these results.  

In conclusion, all these results show for the first time a role for WDR90 in 

inflammasome assembly and activation probably through the interactions with NLRC4. 

However, to confirm the importance of WDR90 in inflammasome, we decided to 

develop knockout (KO) and knockin (KI) models of this protein in human and mouse 

macrophages as well as nanobodies. 
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Figure 34. WDR90 does not alterNLRP3 and AIM2 cellular distribution. HEK293T cells were 

transfected with human WDR90-FLAG (A, B) together with NLRP3 (A) or AIM2-MYC (B), fixed at 48 h post-

transfection, immunostained with antibodies to Flag, NLRP3 and Myc, and imaged using a laser confocal 

microscope.
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3. New tools to study the inflammasome 

3.1. Generation of WDR90 KO mouse macrophages 

In order to study if the role of WDR90 in zebrafish is conserved in mammalian 

cells, we decided to generate a KO of Wdr90 in immortalized mouse bone marrow-

derived macrophages (iBMDMs) expressing ASC-Cherry (a gift from Dr. P. Broz). To do 

that, we designed different sgRNA (see Table 2) that were cloned into inducible 

FgH1tUTG-GFP and non-inducible LentiCRISPRv2 vectors. Sequencing of the vectors 

showed correct insertion of the guides (Figure 35), so we proceeded to transduce the 

cells by viral particles using 3rd generation system. The inducible system was used taking 

into account the lethality of Wdr90-deficient zebrafish larvae. 

 

Figure 35. Correct integration of mWdr90 sgRNAs into the lentiviral vector. Alignment of the 

sgRNAs with the sequenced cloned lentiviral vector show a positive integration of the guides into the 

vector.   

We tried to screen the clones using a commercially available antibody. However, 

it was found that his antibody only detected overexpressed WDR90 but not endogenous 

WDR90 in HeLa cells (Figure 364A and B), which is the cell line with the highest RNA 

expression of WDR90 according to The Protein Atlas database (Figure 37). Although the 

expression of Cas9 was confirmed by WB iBMDM (Figure 364C), endogenous WDR90 

was not detected in WT or KO clones (Figure 364D). The absence of commercial 

antibodies to validate the mutation of KO forced us to develop different strategies: 

screening by PCR (in progress) and generation of KI (see below).  
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Figure 36. Commercial antibodies fails to detect endogenous WDR90. HeLa cells (A-B,D) were 

transfected with huWDR90-FLAG or pcDNA3-FLAG, fixed at 48 h post-transfection, immunostained with 

antibodies to FLAG or WDR90, and imaged using a laser confocal microscope (A) or lysed , and probed with 

antibodies to FLAG and WDR90 (B,D). iBMDMs were transduced with the indicated lentiviral plasmids, 

selected, lysed and probed with antibodies to Cas9 (C) and WDR90 (D). A transfected huWDR90 was used 

as positive control (D) of different KO lines.  
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2.6. Generation of WDR90 KI human cells  

Due to the difficulties to detect WDR90 protein, including low transfection 

efficiency, lack of antibodies to detect the endogenous protein and poor resolution in 

WB, we decided to generate a KI lines. As mentioned above, The Protein Atlas database 

predicted HeLa cells to be the cell line with the highest RNA expression of WDR90 (Figure 

37). This cell line contains inflammasome components and is easy to be transfected, 

being a good cell line to develop the KI. We also tried to make the Knock-in in HEK293T 

but it was not possible to find a positive cell (data not shown).  

 

Figure 37. Predicted wdr90 expression levels in different cell types according to The Protein 

Atlas database. 

We designed two different sgRNAs in order to add a FLAG tag in the C-terminal 

of the WDR90 gene (Table 2 Material & Methods). Moreover, to allow easy selection by 

FACS the donor vector was designed with a C-terminal P2A between the FLAG tag and 

YFP. Furthermore, the sequence coding for the last exon was modified to encode the 

same amino acids but with a different sequence in a way that Cas9 would only cut the 

endogenous sequence but not the vector. Then, HeLa cells expressing inducible Cas9 

were transfected with one guide and the donor vector. After selection with puromycin, 

the cells were sorted for GFP positive (Figure 38). Although a few GFP+ cells were found, 

we did not expect high efficiency due to the low efficiency of the system and the low 

expression of WDR90 under normal conditions.  

Despite the low number of positive cells (0,001%), we decided to sort them and 

check the right insertion by WB but we were not able to detect WDR90-FLAG.  
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Figure 38. FACs analysis of WDR90-FLAG KI HeLa cells. HeLa were transfected only with the 

sgRNA (Control) and together with the donor vector (G+W-YFP), selected with puromycin and sorted for 

YFP.   

2.7. Production of antibodies to human WDR90 and zebrafish 

Asc 

One of the impediments to develop this study was the lack of commercially 

available antibodies. The commercial antibody for human WDR90 was not able to detect 

endogenous WDR90 in WB or in IF. In addition, using zebrafish as a model to study the 

inflammasome also has some limitations, for example, we were also limited by the lack 

of good antibodies against zebrafish inflammasome proteins. For these reasons, one of 

the aims of this thesis was to develop the tools needed to study deeply this complex. 

Alpacas are an excellent organism to generate antibodies, as they not only develop 

normal antibodies, but also nanobodies. We decided to generate both antibodies, one 

to recognize human WDR90 and the other to recognize zebrafish Asc. To do that, we 

had first to develop the recombinant protein, purify it and immunize the alpacas. The 

recombinant protein for zebrafish Asc was produced by our collaborator Prof. Álvaro 

Sánchez Ferrer. For human WDR90, a fragment encoding several WD40 domains of the 

protein was cloned into the pET30a vector and then transformed into E. coli BL21 (DE3). 

The recombinant protein was obtained after induction of its expression with IPTG using 

conventional conditions, i.e. 4h/24h, 0.1 mM IPTG and 37̄ C but a poor induction was 

obtained (Figure 39). 
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Figure 39. Optimization of recombinant human WDR90 purification. The induction of WDR90 

was undetectable in a Commasie staining before and after the IPTG stimulation at 37C̄ during 4 h and 24 

h (A) and the better concentration reached of the purified protein (WDR90-P) was lower than 1ug (B). red 

arrow (ă ) indicates WDR90-P. 

Ten different conditions were tried and the best induction and recovery was 

reached after inducing with 0.001 mM for 40 h at 16̄ C. We purified the recombinant 

WDR90 protein (WDR90-P) tagged with His using an affinity column and concentrated 

the obtained elution with ultrafiltration centrifugal concentrators (E1-E2) (Figure 40).  

The verification of the purification was checked by WB giving us a correct size using an 

anti-His antibody. Moreover, high exposure times showed high molecular weight 

polypeptides that could also correspond to WDR90-P oligomers, probably representing 

aggregates or post-transductional modified proteins (Figure 40). 

 

Figure 40. Purified recombinant WDR90 protein (WDR90-P). Coomassie blue staining (left panel) 

and WB with anti-His (middle and right panels) of the purified WDR90 present in two different elutions (E1 

and E2). High exposure time reveals some WDR90-P aggregates.  
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Once the human WDR90 and zebarfish Asc antigens were ready, we proceeded 

to immunize the alpacas. One month before the immunization, blood was collected from 

the alpacas to have a control for the immunoreactivity against the target proteins. After 

the 4th immunization, 120mL of blood were collected from each alpaca and the serum 

collected before and after the immunization was analyzed by dot blot (Figure 41) and 

WB (Figure 42). The dot blot revealed that the pre-immune serum (Pre-I) did not 

recognize the recombinant proteins, while the post-immune serum (Post-I) did up to a 

dilution of 1:5000.  

 

Figure 41. Positive immunoreactivity of the alpaca serum to zebrafish Asc and human WDR90. 

Immunoreactivity of the alpacaΩs serum against zebrafish Asc (A) and human WDR90 (B) was analysed 

before (Pre-immunization serum; Pre-I), and after (Post-immunization serum; Post-I) the 4th immunization 

by dot blot at 3 different concentrations of serum (1/500, 1/1000 and 1/5000). The best concentrations 

probed, 1/5000 (A) and 1/1000 (B), are shown. 



 Results: New TOOLs 

 

119 
 

 

Figure 42. WB detection of zebarfish Asc and human WDR90 by the alpacas serum. Purified 

recombinant zebrafish Asc (A) and human WDR90 (B) were probed with Pre-I and Post-I sera at 1:500, 

1:1000 (A) and 1:5000 (A,B) dilutions. Anti-llama HRP-conjugated (1:5000) was used as secondary 

antibody.  

These results were confirmed using WB where the anti-Asc serum was able to 

detect the recombinant proteins. However, the results for WDR90 were not very 

promising, probably to the low purity of the protein. To reduce the unspecific 

recognition of bacterial proteins from the process of purification, we preincubated the 

alpaca serum with a lysate of the bacteria. The clean serum (Post-I/PB) was used as a 

primary antibody but it still needed to be improved (Figure 43), as we were unable to 

see a perceptibly reduction of the unspecific staining.  

 

Figure 43. WDR90-P probed with alpaca serum pre-cleared with bacterial lysate. The unspecific 

recognition of thŜ ǇǊƻǘŜƛƴ ǿŀǎ ǊŜŘǳŎŜŘ ōȅ ǇǊŜƛƴŎǳōŀǘƛƴƎ ǘƘŜ ŀƭǇŀŎŀΩǎ ǎŜǊǳƳ ǿƛǘƘ ŀ .[нм ƭȅǎŀǘŜ ŦƻǊ нƘΦ tǊŜ-

I; Pre-immunization serum, Post-I; post-immunization serum, Post-I/PB; post-immunization serum post-

bacterial lysate incubation. Anti-llama HRP-conjugated (1:5000) was used as secondary antibody.  
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We next wanted to check if the immune response generated in the alpacas 

developed nanobodies against the target proteins. If so, that would give us the chance 

to develop bacterial display to produce in a future specific nanobodies, without the need 

of reimmunize the alpaca. As it was described in 1993 by Hamers-Casterman et al., it is 

possible to separate the IgG1, which has affinity for the G protein, from the IgG2 and 

IgG3 of the alpacas, which have affinity for the A protein. We developed this technique 

to know if the antibodies generated in the alpaca had a different affinity for the antigen 

inoculated. However, although we managed to separate the different IgG contained in 

the serum (Figure 44), we could not find a clear specificity of the IgG1s or IgG2/3s for 

the recombinant proteins (data not shown).  

 

Figure 44. Nanobody purification from alpacas serum. The initial serum (I1) of two alpacas that 

were immunize with zebrafish Asc (Nido) (A) and WDR90-P (José) (B) was incubated twice with protein G 

(I2-I3) and once with protein A (I4) for 30 min each incubation to separate alpacas IgG1 (G1-G2) from 

IgG2/3 (A1). Anti-llama HRP-conjugated (1:5000) was used as secondary antibody.  

 

Finally, we purified the antibodies by binding the recombinant proteins to NHS 

sepharose beads, although a lot of recombinant protein is required for this procedure. 

The purified antibodies were probed first with the recombinant proteins (Figure 45), 

resulting in a strong recognition of Asc but not detection of WDR90.  
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Figure 45. Purified antibody recognition of zebrafish Asc and human WDR90. Recombinant 

zebrafish Asc and human WDR90 were probed with monospecific anti-Asc and anti-WDR90. Anti-llama 

HRP-conjugated (1:5000) was used as secondary antibody. The asterisk denotes a nonspecific polypeptide. 

 

To further confirm the usefulness of the Asc antibody, we showed that it was 

able to detect transfected zebrafish Asc-GPF in HEK923T cells (Figure 46). 

 

 

Figure 46. Asc antibody validation. HEK293T were transfected with zebrafish Asc-GFP and an 

empty plasmid (A-B) and probed with the purified anti-Asc antibody (A) or anti-GFP (B) 1:3000. 
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Although many recent studies have demonstrated the crucial role of the 

inflammasome as a molecular platform involved in the sensing of intracellular 

pathogens, little is known concerning phylogenetic aspects of its composition, activation 

and function. Analysis of genome databases has revealed (i) the enormous 

diversification of NLR in ray-finned fish (class Actinopterygii) (Laing et al., 2008); (ii) the 

existence of a single ortholog of the main inflammasome adaptor ASC in all non-

mammalian species examined; (iii) that true orthologs of caspase-1, i.e., harboring N-

terminal CARD and C-terminal caspase (P20/P10) domains, are restricted to the 

superorders Protacanthopterygii (trout and salmon) and Acanthopterygii (seabream, 

seabass, and medaka) of ray-finned fish (Angosto et al., 2012; López-Castejón et al., 

2008), while most primitive Ostariophysi (catfishes and zebrafish) have a functional 

homolog of mammalian caspase-1, called Caspa in zebrafish, which harbors N-terminal 

PYD and C-terminal P20/P10 domains (Junya Masumoto et al., 2003; Tyrkalska et al., 

2016; Vincent et al., 2016); (iv) the absence of a caspase-1 cleavage site in non-

mammalian vertebrate IL-мʲ ǎŜǉǳŜƴŎŜǎ (Bird et al., 2002); and (v) the absence of IL-18 

in some ray-finned fish species, such as the zebrafish (Angosto et al., 2012). Although 

the functional relevance of this extended array of NLR genes in zebrafish still needs to 

be investigated, recent functional studies have shown that the mechanisms of activation 

of the inflammasome are not fully conserved in ray-finned fish and that IL-мʲ ƛǎ ƴƻǘ 

processed in vivo by caspase-1 in this animal group (Angosto et al., 2012; Compan et al., 

2012; López-Castejón, Young, Meseguer, Surprenant, & Mulero, 2007; Tyrkalska et al., 

2016). However, these studies also demonstrated that the inflammasome is activated in 

vivo in zebrafish macrophages and neutrophils upon bacterial and viral infection, which 

leads to differential outcomes: pyroptosis of macrophages (Varela et al., 2014; Vincent 

et al., 2016) or PLA2-dependent biosynthesis of eicosanoids in neutrophils (Tyrkalska et 

al., 2016). Together, these results support the idea that the use of the inflammasome as 

a molecular platform for the induction of pyroptotic cells death and the regulation of 

eicosanoid biosynthesis predates the split of fish and tetrapods more than 450 million 

years ago, while its use for processing pro-inflammatory IL-мʲ ŀƴŘ L[-18 was later 

acquired in the tetrapod lineage. 
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To make this story more intriguing, we have identified a novel inflammasome 

component, Caiap, which is evolutionarily conserved from cartilaginous fish to 

marsupials, but unexpectedly absent in placental mammals. One of the most interesting 

observations of this study is the unprecedented combination of domains found in Caiap: 

an N-terminal CARD domain and several C-terminal ANK repeats. These domains are the 

regions of Caiap showing the highest degree of conservation at the primary structure 

level. In addition, 3D structure analysis predicts, with very high confidence, a strikingly 

similar tertiary structure of Caiap across all vertebrates, suggesting a conserved 

mechanism to regulate inflammasome activation. Caiap is expressed at very low levels 

in zebrafish, but its expression is modestly induced by infection in immune cells 

recruited to the infection and wounding sites. Although the expression profile of Caiap 

requires further investigation, the induction of caiap in sorted macrophages from 

infected animals, together with the WISH data and the increased resistance of larvae 

forced to express Caiap in macrophages, suggests that Caiap expression is restricted to 

a specific population of macrophages (Nguyen-Chi et al., 2015).  

Genetic experiments demonstrate that Caiap acts downstream flagellin and 

mediates its antibacterial activity through Asc and Caspa, as we have recently found for 

Gbp4 which, in contrast, is expressed in neutrophils (Tyrkalska et al., 2016). Another 

important difference between Caiap and Gbp4 is that forced ubiquitously expression of 

Gbp4 results in increased larval resistance to the infection (Tyrkalska et al., 2016), while 

Caiap overexpression barely increases infection resistance. This difference may be 

related to the different mechanism of action of each protein, since Gbp4 directly binds 

Asc through homotypic CARD/CARD interactions (Tyrkalska et al., 2016), while Caiap 

does not directly interact with Asc but with enzymatically active Caspa (P20/  P10) 

through its ANK repeats (Figure 47).  
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Figure 47. Proposed model illustrating the stabilization of catalytic active Caspa tetramers by 

Caiap. 1. Macrophages are recruited to the infection site where they are infected by S. Typhimurium (ST), 

which is contained within the Salmonella-contained vesicle (SCV). 2. Flagellin is inadvertently injected into 

the cytosol though the type 3 secretion system of ST where it is recognized by a Nlr. 3. The inflammasome 

is assembled via formation of Asc specks. 4. Active Caspa interacts with Caiap via its ANK domains and 

induces its self-oligomerization through CARD/CARD allowing Caspa stabilization in high molecular weight 

complexes upon its prodomain release. 






































































