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SUMMARY






Summary

Inflammasomes are cytosolic molecular platforms that alert the immune system
about the presence of the infection. As multiprotein complexes, they consist of NLRs
(NODIike receptors), daptor proteins ASC and caspélse The assembly of the
complexes requires the activation signal and depends on the homotypic interactions.
Our laboratory has found that zebrafish guanykaiading protein 4 (Gbp4), an IFN
inducible GTPase harboring a-te€@minal CARD domain, is required for the
inflammasomedependent clearance dalmonellaryphimurium (ST) by neutrophils
vivo. Although several key components of the inflammasome have already been
characterized, little 9 known aboutother 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 hangdwe reprt the identification of an evolutionarily conserved protein,
that we term Caiap (fron€ARD and ANKcontaininglnflammasomeAdaptor Protein),
which has an Merminal CARD domain and 1&e&minal ANK domains&nd is required
for the inflammasomedependen resistance toSalmonellalyphimurium 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 Casp the functional homolog of mammalian caspdsehrough
its ANK domain, while its CARD domain promotes itsofiglbmerization. Our results
therefore point to ANK domakontaining proteins as key inflammasome adaptors
required for the stabilization oéctive caspasé in functionally stable, high molecular

weight complexes.

On the other hand, & found that zebrafishwdr90 is highly induced by Gbp4
independently of inflammsome activation. This geracodes a large protein of
unknown functionsuntil date that contains severalWD40domains whichare involved
in coordinating multiprotein complex assembly. Its overexpression increased caspase
1 activity and the resistance of the larvae to ST infection, acting upsteé&@aspaand
Asc. In addition, ivas dle toalter the distribution of NLRG4ut not of NLRP8r AIM2,
when expressed in HEKZB8ells



Summary

Finally we have generatedVDR90 knockout immortalized bone marrow
derived macrophages and the CRISPR tools to generate Kl cell lines to tag endogenous
WDR® with the FLAG epitope to facilitate its detection. In addition, we have produced
alpacas antibodieagainst zebrafish Asc and human WDR90, which will help to shed light

into inflammasome assembly, activation and biological functions.
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Introduction

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 thetaadapnmune

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 skerediffcell 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 lodgsting than the innate immune response. This adaptive
immunity is activated after a first contact with infection and it is more effective after
eachsuccessiveontact with the same pathogen. The adaptive immunity includes the
complement system, lymphocytes and theecreted antibodies. Lymphocytes appear
exclusively in vertebrates and are the key for a stronger immune response as well as
immunological memoryfAbbas, A. K., Lichtman, A. H., 20I8)ese cells are derived
from hematopoietic stem cells in the bone marrow (Janeway and Medzhitov, 2002) and
are capable of specifically reaugeindividual pathogens. Moreover, lymphocytes are
divided into two main categories of cells: T lymphocytes (T cells) and B lymphdgytes (
cells) Figurel). During the adaptiveesponse, extracellular pathogens are recogdiz
by presenting cellthat mediate the response by B cells, which are the cells responsible
of antibody (Ab) secretion.

T cells arecharacterized bythe presence of a-Cell Receptor (TCR) in their

surface. They mediate a large number of activities aartbe divided in thregyroups:

- 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 phagocytdsefbre.
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-T Cytotoxic lymphocytes (CTL) that recognize and destroyiniected cells (or
cells infected with other pathogens), damaged or dysfunctional and tumour cells (Harty
et al.,, 2000).

-Regulatory T cell§Treg) that mediates the tolance to sef-antigens and

prevent autoimmune diseaséBettelli et al., 2006)

Innate immunity Adaptive immunity
]
RSN | Blymphocytes ~ Plasma cells Antibodies
quuue-.ﬂiﬂo Epithalial | - _
R Tht gy bamiers p Sy 4 i e 2
AR a gt _ Lim e
@ - ) ) — £
I '\\.\_\_\___'_'__/ \\""-u_\___,_,-o-" % J
@ @ |
I
Phagocytes  Dendritic cells | AP T lymphﬂcyles Effector T cells
I
I

Complement NK cells . hl . r .?%

Figurel. Scheme of the main components of innate and adaptive immuniitymate immunity
(left) include natural barriers and phagocytes, dendritic cells, NK cells and the complement system,

adaptive immunity (right) include B and T cellstigenPresenting Cells (APCs) and Plasma cells.

1.1.The innate immune system in fish

In the immune systenthe 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-stellctured and differentiated
immune system, being simil&o 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 freeliving 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 facbrs (complement and other acute phase proteins), whereas adaptive

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

systemic respose (Uribe et al., 2011).

The organs and tissues of the immune system in teleosts have been classified, as
in mammals, in primary and secondamgans (See table beloiNeely & 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 partgantegior
or cephalic (head kidney, HK), with mainly hematopoietic function, and posterior,
basically with excretory function. Regarding to secondary lymphoid organs, the spleen
is the nost important but presents fewyimphocytes although may increase in mber
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 invaivexd i
capture of antigen. A similar developmental pattern has been described for other teleost
spleen, such as that of the Atlantic salmon, grouper and cdffisk Santos, Romano, de
Sousa, Ellis, & Rombout, 2000; Iwama & Nakanishi, 1996)

Function Mammals Teleost References
fish
Primary Bone Head (Brinkworth
organ marrow/Thymus kidney/Thymus & Thorn, 2013)
Secondary SpleenLymph Spleen (Boehm,
organ nodes Hess, & Swanr
2012)

Tablel. Comparative primary and secondary organs in mammals and tdishst

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,

compement proteins, antibacterial peptides and immunoglobulin M (Igitd IgT

0. 2aKNIXYZ [AX 9 {dzy@SNE HnancT tIFINNFX Y2NRBGt n

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 eliminateses;u
bacteria and parasites because their function is less influenced by the temperature
(Rowleyet al., 1988; Secombes and Fletcher, 1992; Blazer, 1991; Septilate2002;
Lange and Magnadottir, 2003; Magnadotéit al., 2005). Moreover, they can béed
initiator of activation and regulation of the specific immune response (€leah, 1985;
Clemet al,, 1991; Vallejet al., 1992). The process of phagocytosis in fish is almost the
same as described for mammalian leukocytes, ending with two mechanespsnsible
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 mitadnial
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; Skaahatg 1995). In
addition, neutrophils possess myeloperoxidase in their cytoplasmic granules, which in
the presence of halide and hydrogen peroxide Kkills bacteria by halogenation of the
bacterial cell wall. Moreover, these cells use lysozymes and other hydraigyeres of
lysosomes for pathogen elimination (Fischatral., 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 functionallgrs{Ewvans
and Jasd-riedmann, 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 (Hasegavea al.,, 1998). Differently than the naturiller 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 (Sheret al., 2002).

Beside cellular effectors described above, thare 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: tifarrin, antiproteases and ceruloplasmin;

viral replication inhibitors such as interferon; inhibita&bacterial toxins; lysines such
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as lysozyme and chitinase; agglutinins and precipitins such as lectins-radti@e
protein, and finally complement ooponents. In teleosts, as wehls 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, whighindependent 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/marbiading lectin in
bacterial cells (Sakai, 1992). The complemeydtesn 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, 198RaiS1984b), the bactericidal activity
(Sakai, 1983), and cytotoxicdyd 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 cellslymphocyes. The main, predominant immunoglobulin in
teleosts is the IgM class. It is a tetramer and contains eight antigenic combining sites
(Actonet al., 1971).In vitro studies, using conjugated monoclonal antibodies (mADbs)
against specific antigenic determimiz on the surface ofymphocytesand 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 onetbe lymphocytepopulation (Lobb and
Clem, 1982; DelLucat al., 1983; Secombest al., 1983; Navarraet al., 1993), which
suggest that the surface of Igs may be a marker for Bikeltells and allow the isolation
of the two cell populations of lymphoass of teleost: Ig+ e igFurther, due to the
functional studies, it has been shown that these two populations in fish (Ig+ and Ig
lymphocyte$ have the functional characteristics of the B andlymphocytes of
mammals, respectively (DeLuetal., 1983; &emoreet al., 1984; Milleret al., 1986;
Marsdenet al., 1995). Moreover, IgD as a second immunoglobulin isotype (Edablm
al., 2011) and IgT as a third one (Danileval., 2005; Hanseet al., 2005; Uribeet al.,
2011)have been also identified irsfi. Although the functional relevance of IgD remains

to be determined, as in mammals, the teleagtecific 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 (Zhaegal,, 2010; Xet 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., 2010bile (Jenkinst al., 1994) and systemically in the plasma,
but also in the skiiiZ. Xu et al., 201&)nd gill mucugZ. Xu et al., 2016)

Likemammds, adaptive immune system of teleost presents memory (Arkoosh
and Kaattari, 1991; Whittingtoet al., 1994; Van Muiswinkel, 1995). After a first contact
with the antigen, primary response develops with the production of a specific titer of
antibodiesin 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 macrophageswhich functions consist of degrading and presenting
antigens together with MHC proteins tgmphocytesso that they can recognize the
determine antigen (Clerat al., 1985; Vallejet al.,1992). However, the recent studies
in zebrafish shown the existence af population of dendritic cells with antigen

presenting properties (Lugdillarinoet al., 2010).

2. Immune system and inflammasomes

As describe@bove the innate immune system is the first line of defence against
pathogens. Microbial detection is achievetthrough germlineencoded pattern
recognition receptors (PRRSs) that survey both the extracellular and intracellular spaces
for pathogenassociated molecular patterns (PAMPS), and {uestved danger signals
like damageassociated molecular patterns (DAM@s)pz & Monack, 2013PAMPs are
exogenous signals, usually essential for microbe survival and therefore commonly
preserved. PAMPs moleculaaclude bacterial and viral nucleic acids, structural
components such us cellall components, the bacterial protein flagellin, components
of the peptidoglycan bacterial cell wall, and lipopolysaccharide (LPS) from-Gram
negative bacteria. Different PAMPs are specifically recognizeéddynain families of

PRRsthe Toll-like recepbrs (TLRsYnd theNODlIike 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 cytddtdwton & 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 iméypathogen 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 chronicsgstemic inflammatory diseasé&hn 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 membranbound receptors located at the cell surface or on endocytic
compartments. Activated TLRs can transduce the signalling to initiate innate and
adaptive immune responsef&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 ge(RIG)-like receptors (RLRs)t¢pe
lectins (CTLs), and absemt-melanoma (AlMJike 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 describedibove activation of PRRs leads to an immune and inflammatory
response. The main innate response to PAMPs and DAdVHRaried by TLRs and NLRs
and concludes in the formation of a pmflammatory complex called inflammasome.
Inflammasome assembly allows auto cleavage of-gaspasel to active caspate
whichleadsto an inflammatory response due to the release of inflaatory 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

Toltike receptors were first described as transmembrane receptors involved in
immune pathways using ®rosophia melanogastermodel (Hashimoto, Hudson, &
Anderson, 1988) Successive findings have describe@sthreceptors as a highly
conserved family. TLRs are composed by three main structural domains:-{éjraihal
extracellular leucineich repeat (LRR) domain required for ligand binding and microbial
sensing through PAMPs; (2) a single transmembrane helix and (3jeaniGal
cytoplasmic TollL-1R homology (TIR) domain involved in intracellular sigigaligonist
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 ligan@®ryant, Symmons, & Gay, 2015; Gao, Xiong, Li, &
Yang, 2017b)Signalling through TLRs induces theavation of nuclear factof . -0 b C
.03 Ol A-D(ARLEadd tydslRIRNS Moyeover, 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 fmflammatory
cytokines IE1 and IE18, but do not directly contribute to the activation of inflamnoay

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 prentimole 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 describedY. Li, Li, Cao, J&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 nuclebinding and
oligomerization (NACHT) domain; (2) #e@ninal leucinerich repets (LRRsS) domain
which is the sensing motif able to recognize different ligamdsin TLRs; and (3) a N
terminal effector domain (caspase recruitment (CARD) or pyrin (PYD) donTdiissN

terminal domain determines the classification of the NLR famtily four subfamilies;
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the acidic transactivation domain (NLRA), the baculoviral inhibitory rejjeatiomain
(NLRB)the caspase activation and recruitment domain (CARD; NLRC), and the pyrin
domain (NLRPJ{gure2) (Y. K. Kim, Shin, & Nahm, 2016a)

NLRA CIITA

[ NOD1(NLRC1)
NLRC4

NLRC | NOD2 (NLRC2)

NLRC3
NLRC5

NLRP1

NLRP2-9

NLRP | NiRp-14 . IENACHTIR(TD

NLRP10

NLRX NLRX1

. CARD 0 ATD FIIND Q PYD
. BIR . LRR @ Unknown [} X or MT

Figure2. Schematic representation of individual NLR domai@®RD; cagse 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; {8ckimepeats, MT;
targets NLRX1 to the mitochondtit no sequence homology with traditional mitochondrial targeting

sequence has been reportedapted fromSaxena & Yeretssian, 2014

NODIike receptors can also be divided into four broad functional categories:
inflammasome assembly, signalling transduction, transcription activation, and
autophagy. Acting through the inflammasome, these receptoesthe principaPRRs

responsible for intracellalr defence, which mediate caspaserocessing and, thereby,
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the activation of preinflammatory cytokines, such as interleukini  -woi LO] FL§;R L[
and the induction of a special program of cell death called pyropfasiskanfi & 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
oligomerizdion into inflammasomegMartinon, Mayor, & Tschopp, 20097 he most
studied receptors associated to inflammasomes are NOD1, NOD2, NLRP1, NLRP3, NLRC4
(formerly IPAF) and AIM2.

NOD1 and NOD2 both recogniZdéB | { R26y LINRPRdzOG& -BF ol OGS
glutamykmesadiaminopimelic acid [HDAP], which is a peptidoglycan component
found only in Grarmegative bacteria and MDP from both Grgoositive and Gram
negative bacteria, respectively). Upon ligand segpsiNOD1 and NOD2 oligomerize and
recruit RIP2 via CARTARD interactions which leads to activation of thekBsignalling
pathway, which plays an important role in regulating the host immune response
(Schroder & Tschopp, 201Mowever, a direct relation between these receptors and

inflammasome activation has not been reported.

On the contrary, other members of the NLR1fly such as NLRPs and NLRCs, are
involved in caspasg 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 descrildssl itdlammasome
activators(Y. K. Kim et al., 2016a)

The NLR proteins are normally localized in the cytoplasm in an inactive, auto
repressed form. The spoameous 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 mannelOnce it isbound, 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-@ARPYBcontaining

effector molecules, bringing them intdose proximity with each other and leading to
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their activation (Tschopp, Martinon, & Burns, 2003Jheseproteins are the ideal

molecular platform needed for the activation of inflammatory caspases.

3. Inflammasomes

The concept of inflammasome was described fo first time a decade ago by
Tschopp and colleagues. Inflammasome was reported as a taojecular platform
required for the oligomerization and activation of the girdlammatory protease,
caspasel, consisting of the NLR protein NLRP1, the adaptoepr&tSC (also known as
PYCARD), and the two members of the inflammatory caspase subfamily, cabjgasks
-5 (Martinon, Burns, & Tschopp, 20Q2A few years later other receptors of the
inflammasome were described and the implication of this complex in inflammatory
diseases, host defence and sepsis protecti@s showedAgostini et al., 2004; S. L. Fink
& Cookson, 2005; Mariathasan et al., 2004; Saleh et al., 2006)

Inflammasomes are broadly expressed in haematopoietic andi- no
haematopoietic cells and can trigger numerous downstream responses including
production of Ikm i 3-18,Le[cosanoids and pyroptotic cell deatBince this first
description, research within the inflammasome field has been one of the most studied
fields n immunology leading to huge advances. As it was descrigledve
inflammasomes are cytosolic multiprotein complexes usually composed of sensor
proteins, mainly from the NLR family, adaptor proteins such as ASC and an effector
cysteineprotease enzyme, usilly caspasd. Active caspasé cleaves and activates a
pore-forming protein called Gasdermin D (GSDN&Yi et al., 2015xhereby inducing

cytokine release and a lytieghly pyrogenic programmed cell deddgrmed pyroptosis.

Inflammasome actation 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 imgance of understanding this process in

physiological and pathological contexts.
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3.1. Inflammasome receptors

Severaltypes of factors that can activate the inflammasome acting through
different receptors Figure3). Themajor studied receptorso date are NLRP1, NLRP3,
NLRC4 and AIM2.

In summary,NLRPs proteins recruit the adaptor protein ASC by-PYD
interactions, which serves as an adaptor protein recruiting casftageough CARD
CARD interactions, leading ts activation(Dick, Sborgi, Ruhl, Hiller, & Broz, 201®i)
the other hand, NLRC4 is able to interaatedtly with caspasd through its CARD
domain and, therefore, ASC is probably not required in this prodeds, Xiao, & Stutz,
2013) Exposureof CARD domains of ASC or NLRC4 serves as a platform for CARD
domains of caspase to interact, leading to its activatiomctive caspasel has been
shown to cleave several substrates, such as thefpnms of the cytokines Hlb and Ik
18. It has been dwmonstrated that there are variable requirements for caspase
cleavage depending on the pathogen and the responding ($iLiRy, Bodnar, Manié,
Tardivel, & Petrilli, 2014)
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3.1.1. NLRP1

The NLRP1 inflammasome was the first inflammasome descriedriown to
be activated by anthrax lethal toxin produced Bwcillus anthraxa bipartite toxin
composed of a protective antigen (PA) and a lethal factor (LF). PA generates pores on
the host cell membranewhich help LF to enter the cell and cleave NLBPan N
terminal site. This cleavage is required for the induction of inflammasome activation
(Frew, Joag, & Mogridge, 2012; Levinsohn et al., 20NIZRP1 activation also promotes
parasite clearance angrovides protection againstoxoplasma gondinfection in mice
(Gorfu et al., 2014)n response to a high dose of LF, the CARD of NLRP1b binds the CARD
of pro-caspasel. This complex is sufficient to drive pitem i | y-IR18 IpidicBssing
and pyroptoss independently of ASC or caspdsselfproteolysis. In response to a low
dose of LF, the CARD of NLRP1b recruits ASC to form a macromolecular cytoplasmic
speck, where caspaskundergoes proteolysis and contributes to gtem i I VIR LINR
18 processingMan & Kanneganti, 2015)

3.1.2. NLRP3

NLRP3 inflammasome is the most studiedthe inflammasore field. It is
expressed mainly by myeloid lineage celfsl 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 AlZhkii &
disease(H. Guo, Callaway, & Ting, 201bhe triggers that have been shown to induce
NLRP3 activation ihae pathogerderived ligands such as microbial cell wall
components, nucleic acids, and pdmming toxins; environmental crystalline
pollutants like silica, asbestos, and alum; and endogenous danger signals like ATP, serum
amyloid Aprotein, and uric ai crystals(Sharma & Kanneganti, 201an fact, the
diversty 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 actiator 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 postranslational levels. The first signaliflammasome activation
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involves the priming signal activated trough TINES . LI GKgl & GKIFaG £ &
upregulate the expression of NLRFBe second signal implies the PAMPs or DAMPs

ligands and initiates the assembly of the complex. Several molecularamischs have

been suggested for NLRP3 activation to induce caspasetivation and Hw i

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

3.1.3. AIM2

The PYHN family protein AIM2 is the only inflammasome sensor that does not
belong to the NLR family, nevertheless some structural features are shared. AIM2
O2y Gt Aya Fy bmadSN¥YAYLFE t,5 YR I [/ mTdSNYAY!I f
forms an intramoleculacomplex and are maintained in an autoinhibitory sta®ecent
work has even suggested that the role of PYD of AIM2 is not to maintain autoinhibition,
but to oligomerize and drive filament formatio(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
bacteriumFrancisella novicadand the dsDNA ligand poly(dA)dTytoplasmic sugar
phosphate backbone of dsDNA binds to AIM2 inducing its activditan, Karki, &
Kanneganti, 2016)To accomplish sufficient AIM2 inflammasome formation to allow
OF aLJ aSnm Of SI @3S 5b! and & Sideithat Fop i englR2 dzo f S 3
(Jin et al., 2012) Since AIM2 lacks a CARD, it essentially requires, similar to NLRPs, the
ONARIAYI LINRPGSAY .CARD ofiASC hiiBsOHeIARD offpbpask]: & Stm
1, forming a macromolecular complex known as the AIM2 inflammag@&auernfeind
& Hornung, 2013)

3.1.4. NLRC4

Specific Granmegative bacteria encodg type 3 or 4 secretion systems, such as
Salmonella entericaerovar Typhimurium (STBseudomonas aeruginosadLegionella
pneumophila trigger activation of the NLRC4 inflammasoméich isimportant in
innate immunity by its capacity to eliminate vées, 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 theslig is mediated by NAIP coreceptors,
also encoded within the NLR famflofoed & Vance, 2011; Zhao et al.12p In mice,
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NAIP5 and NAIP6 (NLR family, apoptosis inhibitory protein 5 andw&pbkan shown
to detect flagellin(Lightfield et al., 2011)NAIP5 engagement by flagellin promotes a
physical NAIRENLRC4 association, rendering full reconstitution of a flagetbponsive

NLRC4 inflamasome in normacrophage cells.

The related NAIP2 functioned analogously to NAIP5, serving as a specific
inflammasome receptor for T3SS rod proteins sucBamonellaPrgJ andurkholderia
BsaK. PrgNAIP2NLRC4 inflammasome is assembled into multi subdmsklike
structures through a unidirectional adenosine triphosphatase polymerization, primed
with a single Prgdctivated NAIP2 per disk. Analysis by ¢electron microscopy (cryo
EM) reconstruction showed that a single Pagfivated NAIP2 initiates INRC4
polymerization in a domindike reaction to promote the disk assemiW. Lu et al.,
2015)

In addition, the expression of Naipl, Naip2, Naip5, and Naip6 is dependent on
IRF8 in murine BMDMSs, 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, oly one NAIP orthologue has befaund in humans (known
as hNAIP) and this is necessary to sense a type lll secretion needle prageire4).
Unfortunately, it remains to be determined whether and how human NLRC4 senses

flagellin without anotler NAIP homologued.atz et al., 2013)

T3SS

needle rod

hNAIP/NAIP1 NAIP2 NAIP5/6 |co-assemble
into

inflammasome
NLFiC4 complex
CASP1 J

Figure4.Recognition of bacterial flagellin and T3SS components by NA/Bace, 2015)
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The liganebound NAIPs appear to drive confaational 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 theseNAIP sensors, recent studies showed the importance
phosphorylation of NLRC4 at serine 533 for activation of the NLRC4 inflammasome
following infection withS. Typhimurium ortransfection of flagellin purified from S
Typhimuriumwhich occurs previous to 6@NLRC4 activation by NAIR&atusiak et al.,

2015; Qu et al., 2012However, this postranslational modification is required for
optimal caspasd. activation, but it is not essential. NLRC4 mutant S533A, liketyyid
NLRC4, can bind to NLRP3 proteiattis induced after infection and then NLRP3
engages ASC to activate caspag®u et al., 2016a)

The NLRC4 oligomers nucleate the filament formation of the adapter protein ASC
and protease caspask providing an efficient response against infectioghsough the
removal of infected cells by pyroptosis and the propagation of inflammation through IL
M | | L8R Futthlermore, NLRC4 can interact directly with casfaseinduce cell
death and an eicosanoids storm that includes prostaglandins and leekegirelease
and rapidly initiate inflammation and vascular fluid I§ggen Moltke et al., 2012)This
pathway also leads to actin reorganizatiamich helps to arrest bacteria inside dying
macrophages for further elimination by neutrophiidan, Ekpenyong, et al., 2014nd
this process occurs independently ofML 218lprddyiction Figureb) (Selin et al.,
2014) Accordingly, NLRC4 activation in epithelial cells is specifically required to control
pathogen load during.Typhimurium infection. At the same time, neutrophils activate
the NLRC4 inflammasome themselves during a&uie/phimurium inéction and are a
major cell compartment for ni  LINB RdzOG A 2y RdzNR y Jinkiv@dzi S
Importantly, unlike macrophages, neutrophils do not undergo pyroptosis upon NLRC4

inflammasome activatioK. W. Chen et al., 2014)

Other studies indicate that NLRC4 activates an alternative cell death program
morphologically similar to apoptosis in caspdser GSDMD defia BMDMs. In this
case, caspas8 is recruited to the Naip5/NLRC4/A@@e et al., 2018; Mascarenhas et
al., 2017)
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Overall, all these studies highlight the importance of NLRCdmnflasome in
cellular responses beyond the conventional roles of cytokine release and pyroptosis.
Moreover, human genetic studies expose that gafffunction mutations in NLRC4 are
associated with autoinflammation and enterocolitis and that NLRC4 haseainol
inflammasome independent mechanisms such as cancer proteancan & Canna,

2018; Hafner. N} 61 2@3A 6% HAMTDOU

Hyperosmotic stress
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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 apopt@¢didasumoto et al., 1999t is
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composed of an Nerminal PYD dmain and a CARD domain, which allows the

interaction with other inflammasome components.

The interaction between major inflammasome components occurs through
homotypic PYBPYD or CARCARD interactionsThe PYD and CARD domains possess
nucleating abilitythat allows them to induce oligomerization, forming the structural
basis for assembly of inflammason(@&sck et al., 2016; A. Lu et al., 20IR¢cent studies
show that assembly of the ASC speck involves oligomerization eXB@to filaments
and crosdinking of these filaments by ASTARD. The CARD domain is essential to form
the ASC specksaASC mutants with a ndanctional CARD only assemble filaments and

moreover disrupt endogenous specks in primary macrophages.

Systematic sitaelirected mutagenesis of ASTYD is used to identify
oligomerizationdeficient ASC mutants (ASCE8IRASCY59/gnd demonstrate that
ASC speck formation is required for efficient processiht-mi >~ o6 dzi RAA&ALISY Al o
GSDMD cleavage and pyroptosis inductieigyre6) (Dick et al., 2016)
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3.3. Effector proteins

3.3.1. Caspasd

Caspases are a family of cystein proteases that cleave after aspartate residues
(Asp)(E. A. Miao et al., 2010Although caspasmediated processing can result in
substrateinactivation it may also generate active signalling that participates in ordered
processes (Mcllwaiat al., 2013) and develop key roles in the apoptosis and proteolytic
activation of cytokine (Nicholson, 1999; Boatright and Salvesen, 2003; Neidal.,

2006). In humans, the caspase family includes 13 members, whose functions seem to
correlate with their phylogenetic relationship (Lamkamdi al, 2002). Cell death
caspases are initiatorsgspase?, -8, -9, and-10) andexecutionergcaspases, -6, and-

7) of apoptosis (Nadist al., 2006). Initiator caspases sense death sgjreahd activate

more downstreameffectors caspases, which cleave cellular substrates, mediating the
changes assodied with apoptosis. Human inflammatory qases include caspade -
4,-5and-12. In mice, caspasg is absent but they have an additional inflammatory
caspase, caspasel, which has probably arisen by tandem gene duplication of caspase

4 (Nadiriet al., 2006). The arrangement of the examtron 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 acommon conserved structure composed of a prodomain and a catalytic region

(Lamkanfiet al., 2002; Nadiret al., 2006; Miacet al., 2011).

Caspas4d is one of the best characterized inflammatory caspases. Originally,
caspasel was found in an attempt toyify the enzyme responsible for-1Lprocessing
(Thornberryet al., 1992), although later it was also shown to be able to activafe3IL
(Gracieet al., 2003; Martinon and Tschopp, 2004; Dinarello, 2005). While Cadpaas
once thought to also procesk-33, this is no longer believed to be the case (Cagtol
al., 2009; Luthet al.,, 2009; TalabeAyeret al., 2009; Alet al., 2010). Caspask like
other pro-inflammatory caspases, contains artéMminal caspaseecruitment domain
(CARD), and a catalytregion composed of both a large (p20) and a small (p10) subunits
with a conserved GhAlaCysX-Gly active site sequence (where X is Arg, Gln or Gly)

found in the large subunit. There amher structural proteins that haveéhis CARD
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domain, like the adptor protein ASC that binds to gmasel, producing the
oligomerization of precaspasel within the inflammasome, facilitating the caspase
auto-cleavage into the p20 and pl10 subunits (Stehtilal,, 2003; Mariathasamt al.,,

2004). These pl10 and p20 sutits, once released, form an active heterotetramer that
acts as a very efficient-l-converting enzyme (Guest al., 2014) However, this dogma

has recently been challenged by an elegant st{@tyucher et al., 2018Yhusjn the cell,

the dominant species of active caspakeéimers elicited by inflammasomes are in fact
full-length p46 and a transient species,3)310. In addition,p33/p10 autoprocessing
occurs with kinetics specified by inflammasome size and cell type, and this releases
p20/p10 from the inflammasome, vith becomes unstable and protease activity is

terminated.

Although procaspasel is constitutiely expressed in resting cells, it remains
inactive in the cytoplasm until inflammatory cells, like monocytes or macrophages,
receive the appropriate stimulus (Martinagt al., 2002). In addition, caspadd (also
known as caspasé) is critical for caspasl activation and Hl production in
macrophages infected witlEscherichia cqliCitrobacter rodentiunor Vibrio cholerae
(Kayagaket al., 2011). IrmacrophagesK+ release induces a rapid and strong activation
of caspasel, triggering the processing amdlease of the mature L (Gudipatyet al.,
2003).Although the channel involved in this mechanism has remain elusive for decades,
a recent study has identified thievo-pore domain K+ channel (K2P) TWIK2 as the K+
efflux channel triggering NLRP3 inflansome activationin mouse macrophagg®i et
al., 2018)

Interestingly, functions for caspadedifferent for those known to date have
recently been identified. Thus, it has beshown that caspasg can stimulate the
biogenesis of the membrane to repair the damage produced by the-faoreing toxins,
promoting cell survival as a mean of resisting infection by pathogenic bacteria (Gurcel
et al., 2006). It has also been shown tliaispasel takes part inthe NFkB activatiornvia
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 caspadein inflammation, tle 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 highlyseored caspase
domain were discovered. The first subgroup is formed by &asd Casp with highly
conserved catalytic domain, and with ar&minal pyrin domain (PYD) rather than the
typical CARD of inflammatory caspases (Lamketnél., 2002; Huisinget al., 2004).
Nevertheless, recent studies have demonstrated thafaspa is the functional
homologue of mammalian CASP1 in zebrafish and mediates inflammasome effector
functions in both neutrophils and macrophaggauri et al., 2017; Tyrkalska et al., 2016;
Vincent, Freisinger, Lam, Huttenlocher, & Sauer, 20C@yiously, le first caspaséd
homologue of fik showing the Nerminal CARD domains has been identified in gilthed
seabream (LOpe€astejonet al., 2008) but this caspask is unable to process-IL

(Angosto et al., 2012).
3.3.2. IL1

IL-1 is the common name for a diverse family of proteins (11 cytokinés)hizh
IL-m b =wm i L3l rdcdptor antagonist (YLra) and 1118 are the most representative and
studied, although several newly discovered molecules show a clear homology to this
group (Dinarello, 1997; Dinarello, 1999; Busfieldl., 2000; Smitlet al., 2000; Debets
et al,, 2001, Liret al.,, 2001; Paret al.,, 2001). Members of that family induce a complex
network of prainflammatory cytokines and via expression of integrins on the surface of
leukocytes and endothelial cells, regulate and initiate mftaatory responses
(Dinarello, 2011).

BothIkmh | iR L NX LINPRdzOSR o6& Ylyé BAFTFSNBY
al., 1986), including neutrophils, natural killer celldyBiphocytes, fymphocytes and
cells of the central nervous system. Howevdlre main producing cells are blood
monocytes and tissuenacrophagegLepeZuniga and Gery, 1984; Dinaredtoal., 1986;
Dinarello, 1988; Areneét al., 1989), which are an important source because of their
strategic locations, ability to synthesize large amounts df #8nd to process the 4L

preaursor more effectively than other cells.

The alignment of vertebrates-llLamino acid sequences showsheg homology

in regions containing the secondary structure of theviL Y 2  Thelldxf fadnity

45



Introduction

signature is conserved inthedi & S1j dzSy 0Sa 2F YIYYlIfas o6ANRA

only partially conserved in fish.

ILmh 4R BRYR (2 ptdrikh8ecdld; whish idcBIEISIRI. There
Is a third ligand of this receptay the Interleukin 1 receptor antagonist {llRa), which
does not activate downstream signalling, so it acts as an inhibitor-afPIlL | yaR L [
signalling by competing with themor binding sites of the receptor (Webet al., 2010;
Dinarello, 2011)Activation of the signéing pathways lead to activation of many
transcription factors, such as NF. 2-1, &£Jun Nterminal kinase (JNK) and p38 MAPK
(Simiet al., 2007; Webeket al., 2010).

The role of IL1 in the immune response has been partly elucidated by expression
studies. In mammals,i A& LINPRdzOSR Ay NBalLlRyasS (42 YLy
LPS, numerous microbial products, cytokines (TNF; IEN -C5& and 12), F
cell/antigenpresenting cell interactions and immune complexes (Stylianou and
Saklatvala, 1998). Similar studies have revealed that bird, amphibian and Tisdv
a similar expression pattern to its mammalian counterpart. In chickem,ilL A & |j dzA O f
induced in blood monocyteerived macrophagesreaching optimal levels within 1 h
after LPS treatment (Weinireg al.,, 1998). Th&enopusl-mi (NI yAONR G o1 & A
vivofollowing injection with LPS (Zau al., 2000a). In fish, 1L expression studs have
usually been performed by RFACR or Northern blot and it has been shown tnativo
andin vitro treatment with LPS is able to inducellmRNA in all the species tested,
including carp, trout, seabass and catshark (Zbal., 1999a; Zoet al, 1999b; Zoet
al., 2000b; Scapigliagit al., 2001; Engelsmet al., 2001; Birckt al., 2002a). In trout many
expression studies have been developed. Thus, it is known that stimulation with 5 g/ml
LPS induces the expression ol IL h after stimulationfeaching maximum levels after
4 h. In addition, culture temperature has a marked effect ot @xpression, because a
temperature increase acts as a positive regulator # Bynthesis (Zoet al., 2000b).
Moreover, IL1expression levels of the trout monaclear phagocyte cell line RIS are
up-regulated after LPS treatment (Brubachetr al, 2000). In seabream,-IL mMRNA
accumulation is induced in leukocytes after bacterial challenge (ClrRoaset al.,
2004) orin vitro stimulation with different PAMP&epulcreet 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 (Pelegrial., 2004).Furthermore,

seabream is not processed by Caspl and thewtikmown to activate the NLRP3 and

NLRC4 inflammasomes fail to promoteMli LINR OS&aaAy3 |yR NBfSI a
macrophagegAngosto et al., 2012)n European seabass and zebrafish, however,

vitro studies reported that Caspl and Caspa, respectively, processedReis, 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, @/elopment, 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, essdat in the innate immune response to prevent
the spread of the intracellular infection. It is characterized by cellular lysis, release of
intracellularcomponents, and an inflammatory response. Pyroptosis is induced by the
activation of preinflammatory capases within inflammasomég8ergsbaken, Fink, &
Cookson, 2009; Boucher, Chen, & Schroder, 2016)

t eNRBLIG2aAa 6l a RSAONAROGSR FT2N GKS TFANAG
laboratory observed that murine macrophages infected with the Greagative
bacterium,Shigellaflexneri were undergoing a form of cell death which was similar to
apoptosis (Zychlinsky, Prevost, & Sansonetti, 1992) few years later similar
observations were seen in cells infected with a closely related patho&en,
Typhimurium, reporting the presence of DNA degradation, changes in nuclear
morphology and finally vaiole formation(Monack, Raupach, Hromockyj, & Falkow,
1996) In addition to these apoptosigke features, Cookson and emorkers reported
that cell death by such infected cells also presented features similar to other death type:
necrosis(Brennan & Cookson, 200yroptosis involves the formation of tb 2-nm
pores on the cell membran@e Vasconcelos, Van @gnbosch, Van Gorp, Parthoens, &
Lamkanfi, 2018; S. L. Fink & Cookson, 2005)rther proceeds through cytoplasmic
swelling, osmotic lysis, and release of intracellular contents. Similar to apoptosis are the
features of nuclear condensation and DNA a@a®a(S. L. Fink & Cookson, 2006t

differing from apoptosis the nucleus remaingaat and karyorrhexis does not occur.
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Furthermore, cells dying by necrosis or pyroptosis secreterffammatory cytokines
and release their cytoplasmic content, into the extracellular sp@ceS. Guo, Liu, &
Bartlett, 2014) whereas in classic apoptosis, the retention of plasmembrane
integrity and the formation of apoptotic bodies render it an immunologically silent death

mode Figure?).
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Figure7. Three key modes of cell deathmn classic apoptosis, thretention of plasma membrane
integrity and the formation of apoptotic bodies render it an immunologically silent death mode. Whereas,
cells dying by necrosis or pyroptosis secreteipftammatory cytokines and release their cytoplasmic

content, into the &tracellular 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 fcehtby different
researcher as the main pore formation mediator during pyroptgkiayagaki et al.,

2015; Shi et al., 2015SDMD acted downstreacaspasel and caspasél and i was

shown that GSDMI» a substrate of caspadeandits cleavage at the predicted site
during inflammasome activation was required for pytagis and imi & S QWIBlei A 2 v
et al., 2015)Once is cleaved GSDMBdxminal domain assemblaaembrane pores to
induce cytolysis, whereas its-t€minal domain inhibits cell death through

intramolecular association with the N domgia. Liu et al., 2018)

Pyoptosis  occurs mainly  in innate immune  cells, such
asmonocytesandmacrophagegEdgeworth, Spencer, Phalipon, Griffin, & Sansonetti,
2002; S. L. Fink, Bergsbaken, & Cookson, 2@®@pptosis of infected cells is appearing
as an important mechanism of microbial clearaifEe A. Miao et al., 2010 addition
to host defence mechanisms coordinated by inflammasome dependemti (K. W

Chen et al., 2014and 1L:18 (Franchi et al., 2012Macrophage pyroptosis releas&s
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Typhimurium from its intracdlular replicative niche, and therefore increases its
susceptibility to neutrophil mediated extracellular destruction. Recent studies show
that, in contrast to its activation in macrophageSSDMD cleavage and activation in
neutrophils was caspase indepesrtt and mediated by a neutrophspecific serine
protease, neutrophil elastase (ELANE), released from cytoplasmic granules into the
cytosol in aging neutrophils. ELANEdiated GSDMD cleavage was upstream of the
caspase cleavage site and produced a fudtwa ELANEerived NT fragment (GSDMD
eNT) that induced lytic cell deafKambara 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, preventingS Typhimurium and probalyy other pathogens, from

traversing the epithelial barrier to invade the hoffnodler et al., 2014)

4. Zebrafish

4.1. Description, distribution, taxonomy, ecology and

reproduction

Taxonomically, the zebrafisibénio rerig is a derived member of the genus
Daniq of the family Cyprinidae, order Cypriniformes. Zebrashis a small shoaling
cyprinid fish, which size reaches maximurm@® (Figure8). Their natural range is close
to the Ganges and Brahmaputra river basins in nedistern India, Bangladesh, and
Nepal. They arenost commonly encountered in shallow ponds and standing water
bodies with visibility to a depth of approximately 30 cm, often connected to rice

cultivation (Spencet al., 2008).

Figure8. Adult zebrafish. Adapted from www.zebfishfilm.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, rgaleadal
pheromones are required by the female for ovulation to occur. There is limited evidence
for malemale competition and female mate preference (Speeteal., 2006). When a
breeding pair reaches the spawning site, the male aligns his genital pdnetve
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 andyenattivity
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 (Engeseerl., 2004; Engeszeat al., 2007a;
Engeszeet 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, rand have also been

reported from gut content analyses (Spereteal., 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 modelsesyeday more popular between

researchers. Main features of the model are:

1 Small size. Low maintenance cost and small space needed.
1 Robust fish. High resistance to pathogens.
1 High fecundity and large production of embryos (around 200
eggs/female/week).
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1 Short generation time (for a vertebrate). Typically 3 to 4 months, making it
suitable for selection experiments.

1 Zebrafish eggs are large relative to other fish (0.7 mm in diameter at fertilization
time), optically transparent and externally developedldualing fertilization,
making them easily accessible to embryonic manipulation and imaging.

1 Transparency of zebrafish embryos, together with the large availability of
transgenic lines, leéh vivotracking of cells.

1 Rapid development, which is very similay 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).

1 Type-based forward genetics doable.

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

1 The zebrafish genome has now been completely sequenced, making it an even
more valuable research organism.

1 As a vertebrate, zebrafish shares consideragj#aetic sequence similarity with
humans.

1 It is relatively easy to knockdown specific genes by using morpholinos and
overexpressing proteins by mRNA or plasmids.

i 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 (Chakrabatyal., 2009) and is often more tractable
for genetic and embryological maniptitzn and cost effective than other vertebrate

models such as mice (Tredeal., 2004).

Use of reverse genetics approaches using zinc finger nucleases (ZFNsg{(Meng
al.,, 2008) and a transposon strategy (Kawakami, 2004) for generating transgenic
zebrafid, which help in analysing new roles of additional genes in larval and adult
zebrafish. Furthermore, recent advances demonstrate that the CRIGBRsystem

functionsin vivoto induce targeted genetic modifications in zebrafish embryos with
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efficiencies snilar to those obtained using zinc finger nucleases and transcription
activatorclike effector nuclease@Hwang efal., 2013)which have radically reduced the

efforts to introduce targeted genome engineeri@d Liu et al.,@.7)

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 infammasome have already been characterized in mammals, little is known about
the proteins that form part of the inflammasome in other vertebrate gro(fssgosto &
Mulero, 2014) At present, the function of NLRs in lower vertebrates and invertebrates
is less well understood than that in mammals. Three distinct NLR subfamiliefowede
when mining genome databases of various smammalian vertebrates; the first
subfamily (NLFA) resembles mammalian NODs, the second {BILResembles
mammalian NLRPs, and the third (NLRappears to be unique to rdipned fish (class
Actinopterygi) (Laing, Purcell, Winton, & Hansen, 2Q@&)ntaining 405 NLR genes that
are unique to teleost fisi(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 importamof NODBlike receptors for innate antibacterial

immunity in teleost fisHY. 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 emlogenous ASC dynami¢Kuri et al., 2017)However, orthologs of
caspasel seem to be restricted to the superorders Protacanthopterygii (trout and
salmon) and Acanthopterygii (seabream, seabassg] amedaka) of rayinned fish
(Angosto et al., 2012; Lop€zastejon et al., 2008while most printive Ostariophysi
(catfishes and zebrafish) do not have caspasarthologs. Fortunately, a functional
homolog of mammalian caspadehas been reported in the zebrafish, caspase a (Caspa),
which harbors Nerminal PYD and-@rminal CARD domair{dunya Masumoto et al.,
2003; Vincent et al., 2016)t has recently been shown that the activation of different
inflammasomes g finetuned by several proteins, including the interferorduced

guanylatebinding proteins(B-H. Kim et al., 2016; Tyrkalska adt, 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. Salmonellaentericaserovar Typhimurium (ST)

Infectious diseases, such as salmonellosis, are resporfsiblene-third of all
mortality worldwide and have become a significant public health threat in both
developed and developing countrieSalmonellas a global fooeborne pathogen that
infects and replicates within macrophages of both humans and animalanse 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 gnetic reassortment inSalmonellaleads to increased virulence and the
emergence of resistance to multiple drugs, is of significant public health concern
(Branchu, Bawn, & Kingsley, 2018NH.Chen, Wang, Su, & Chiu, 2Q13)

Salmonellas a grarmegative, norsporeforming, rodshaped bactga, which
belong to theEnterobacteriaceatamily. These microorganisms can range from around
0.7tom®p >Y AY RAFYSOGSNIIFYR W (2 p >Y Ay fSy:z

show predominantly peritrichous motility.

Virulence oSalmonellapecies is mainly due to type Il secretion systems (T3SSs)
are multiprotein structures which transport prates across the two membranes of the
bacterial cell and a third membrane of the target host ¢€lbrnelis & 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.

STencodes two different T3SSs, which are responsible for the performance of a
range of virulence functions duringé infection. Th&salmonellaPathogenicity Island 1

(SPM1) 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 entrpf bacteria into the host cell (Galan, 2001), where they
remain in a membrand®ound compartment known as th&almonellacontaining
vacuole (SCV). The second T3SS, also encoded by a pathogenicity isk)digSPI
activated already in intracellular bactar probably in response to low [Ca2+] and [Fe2+],
acidic pH and low osmolarity (Le¢ al., 2000; Zaharilet al., 2002; Garmendiat al.,
2003) in the SCV. SPQene expression begins at 1 h after uptake of bacteria by host
cells, and increases with thigne, over the next few hours (Ciril al., 1998; Uchiyat

al., 1999; Beuzoet al, 2000; Knodleet al., 2002; Kuhle and Hensel, 2002; Garmendia
et al,, 2003). The expression of @Rlenes and associated effectors is controlled by the
SsrASsrB, twaomponent of regulatory system, which are encoded withinZS@irillo

et al.,, 1998).

The SRR T3SS secretes three protemSseB, SseC and Sgdbat are required
for translocation of the effector proteins into and across the vacuolar membrane
(Nikokus et al., 2001), and therefore they are considered to be components of a
translocon. The translocated effectors are encoded both within and outsid&, 3#R0d
enable intracellular replication of bacteria in macrophages, epithelial cells and
fibroblasts Henselet al., 1995; Ochmaret al.,, 1996; Cirilleet al., 1998; Hensett al.,
1998; Beuzort al.,, 2000; Beuzoet al., 2002). Usually, SCVs foBalmonellanduced
filaments (SIF). This process can control the integrity of the SCV membrane and its
expanson, 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 Hraauole destruction or
autophagy. In other caseSalmonelladamages the SCV membrane triggering vacuole
destructon, allowing bacteria to escape into the cytosol, where they can be destroyed,
particularly in activated macrophages, or multiply extensively especially in epithelial
cells (Wiedemaneet al., 2014).
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6. Zebrafish-ST infection model in inflammasome research

Adivation of the innate immune response in zebrafish embryos occurs after ST
infection. This infection model was weltablished previously by Stockhamnagd ce
workers(2009). There are different routes of the infection depending on what is the
purposeof the study. The most common are: duct of cuvier, yolk sac circulation valley,
caudal vein and blood islands for used to study phagocytosis (Behaid 2012). The
hindbrain ventricle (Phennicigt al., 2010) and tail muscle injection (lahal.,, 2009 are
used for macrophage migration. The otic vesicle (Le Guystddr, 2008) is usually used
for neutrophil migration and notochord is used fbtycobacteriummarinum mutants
injection being permissive compartment for its growth that are strongly attéeda
when injected in other tissues (Benagdal., 2012). Finally, yolk sac injection is used for

systemic infection (van der Saral., 2003; Benaret al., 2012) Figure9).

Figure9. Locations in zebrafish explored as sites for infecti¢Hs Hindbrain, O\¢ Otic Vesicle,
DOCcDuct of Cuvier, i§ Notochord, TM; Tain Muscle, YS&Wolk Sac Circulation Valley,¥®lk Sac,
Bl¢ Blood Islands, C¥/Caudal Vein).

Nowadays, several stigs support theusefulnessof this infection model in
multiple inflammation and infection research (Howlade et al., 2016; Torraca &
Mostowy, 2018) including inflammasome resear¢8ofia de Oliveira et al., 2015; Kuri
et al.,2017; Tyrkalska et al., 201&ur grouphas recently reported using this model
that the IFNyinducible GTPas&bp4 is involved in inflammasome activation and ST
clearance (Tyrkalska et al., 2016), which occurs in two steps:nistrophils are
recruited to the infection site through the inflammasonmedependentproduction of
CXCL8 and LTB#d then ST is cleardtirough the Gbp4 inflammasorgependent
biosynthesis of prostaglandin DRIotably, the CARD domain of Gbp4 is required, but
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dispensable, for lte assembly into the inflammasome, while &TPase activity is
indispensable for inflammasome assembly, casghsactivation and STclearance

(FigurelQ).

Step 1 Step 2
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Figurel0. Proposed model foBT infection resolution in zebrafistStage 1, stepl: infected cells
release Cxcl8 and LTB4 in an inflammasordependent manner. Stage 1, step 2: neutrophils are
recruited to the infection sites via Cxcl8 and LTB4 gradients and phagocytose ST. S&qfe 3T taken
up by neutrophils localized to the Salmonekmtaining 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, probaijLRP3 and NLRC4, which consequently induce the assembly of a Gbp4 and Asc
through CARD domains allowing the subsequent recruitment e€pepa. Stage 2, step2: the hydrolysis
of GTP to GDP or GMP by Gbhp4 results in a conformational change in the inftamerasnplex 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 cyclooxygefiggdslska eal., 2016)
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7. New inflammasome components

At it has been described aboveptnonly 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 unknovdue to its implicationn
host defence, inflammation and a wide number of diseases, a complete knowledge of
the function of this complex is needebh order to define it, researchers keep looking
for new insights in the inflammasome fieldor examplethe reported Gbp4 GSDMD or
LRRKZW. Liu et al., 2017; Ramdsnior & Morandini, 2017; Tyrkalska et al., 2016)

Moreover, nost NLRs have the ability to recruit the adaptor protein A3&hy
proteins contain repeating amino acid sequences, which act as the building blocks that
form the underlying architecture of specific proteinding interface. Amino acid
sequene repeats containing proteins are therefore potential putative inflammasome
components. Within these domains ankyrin repeats (ANK) domainsrgptbpharn
aspartic acidWD) domains in Wikepeats (WDR) proteins are importantiargeprotein

complexes inteaction.

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, &ige 2004) are one of the most frequently observed.
ANK was first discovered in the yeast cell cycle regulator Swi6/Cdc10 abDdabaphila
signalling protein Notch(Breeden & Nasmyth, 1987hand owes its name to the
cytoskeletal protein ankyrinwhich contains 24 copies of this repeftux, John, &
Bennett, 1990) Although most proteins with ANK present 6 tbese repeats, that
number can vary from 2 to 34. Domains containing ANK span a wide range of functions
including proteirgprotein interactions, such as the recruitment of a substrate to the
catalytic domain of an enzyme or the assembly of stable multgnottomplexes

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

ResearchingCARD/ANK containing protejngn this Thesiswe report the

identification of an evolutionarily conserved-tdrminal CARD and-t€rminal ANK
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domairs, termed Caiap fromCARD and ANKcontaining Inflammasome Adaptor

Protein, which ischaracterizedn this Thesis.

7.2. WDR proteins

WDrepeat proteins belong to a large and fastpanding conservative protein
family. WDR proteins are defined by the presenc&/@40 domains. These domains are
called WD40 domains due to theonserved WD dipeptide and the length of
approximately 40 amino acid residues in a single repeat. More precisely the WD40
domain is defined as a 480 residue sequence unit that typically cairts the GH
dipeptide 1X24 residues from its &erminus and the WD40 dipeptide at thet€minus
(Neer, Schmidt, Nambudripad, & Smith, 199%hey are found in all eukaryotes, but
rarely in prokaryotes, andre ae of the most abundant protein interaich domains in
the human proteome(C. Xu & Min, 2011)existing more than 340 WD40 domain
containing proteins according to a SMART datal§astunic, Doerks, & Bork, 2009he
WD41 NBLISHGa Ay | -ptapeleiiaschitgctu® 2hat Ran soyftéire4 td 8 |
WD40 repeats but arg¢ypically severbladed with an overall doughnut shapEigure
11). Importantly, the central pore of the WDR domain frequemtigdiates interactions

with peptide regions of key interaction partners.

Figurell WDA40 structureWDR proteins usually form a circular Zpropeller blades. Adapted
from Schapira et al., 2017

The common function of these WD4lbmain proteins is to serve as a rigid
scaffold for proteinprotein 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 @@ of cellular processes, including G
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protein-coupled receptor signihg, DNA damage sensing and repair, the ubigqitin
proteasome system, cell growth and division, epigenetic regulation of gene expression
and chromatin organization, and the immune systebonsequently, they have critical
roles in many essential biological functiomainging from signal transduction,
transcription regulation, to apoptosis, and are also associated with several human
diseaseqSchapira, Tyers, Torrent, & Arrowsmith, 201 2dpreover, WD40 proteins
function as an interchangeable substrate receptor to target different substrates

selectively.

All of these featres make WDR proteins as potential participators of
multiprotein complexes, and some of them has been already described such a$ Apaf
in apoptosomegChai& Shi, 2014)and the recently described LRRK2the NLRC4
inflammasomdgW. Liu et al., 2017)n thisThesisusing the zebrafis® T infection model
we have discovered another WDR protein, WDR9@s&kxpression depersion Gbp4
and that participates irthe NLRC4 inflamasome in response to ST infectj@s it will

be discussed in the results section.
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Aims

The specific objectives of the present work are:

. Molecular, functional and phylogenetiharacterization of @ap. Role in the
regultion of inflammasome assembly and activation.
. Molecular and functionatharacterization ofWdr90. Role in the regulation of

inflammasome assembly and activation.

. Generation ohew tools for inflammasome research.
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Material & Methods

1. Animals
Wild-type zebrafish Danio rerioH. 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 transgert lines Tg(mpx:eGFP)ill4with green fluorescent neutrophils
(Renshavet al., 2006), were provided by Prof. Stephen A. Renshaw. The transgenic line
Togmpegl:eGF@gI22, with green fluorescent macrophages (Ellett al., 2011), was
provided by Prof. Grahar. Lieschke., and thEg(lyz:DsRED2)nz88all et al., 2007)

with red fluorescent neutrophilby 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.riEvgues and
procedures were performed as approved by the Bioethical Committees of the University
of Murcia (approval number875/2014, #216/2014 and 395/20)1@nd the Bioethical
Committee of the Universidad Austral de Chile number #293/2017)

Alpacas Yiaugna pacodH. Artiodactyla, Camelidae) were provided by Criadero
Machali and by Llamas del Sur (Temuco, Chrile handled and maintained as described
in the llama and alpaca care handbo@ebra, Anderson, Tibary, Van Saun, & Johnson,

2014).

2. DNA constructs

The gems encoding zebrafish Wdr9@jld type Gbp4, the GTPasead mutant
DoLINY{M !X Do6LIN/!w5> (KS R2 dmifpS CxigflARy i D6 Ldn
(deletion from 112 to Y97), wiltype (WT) Flagcaspa catalytic inactive FlaGaspa
mutant (C230A) and WT AsGFP were synthesized by GenSc@orporation. The
cmv sp6:caiapmCherry cmvsp6:caiapCAREMCherry and uas:caiapmCherry;
cmic2:eGFRonstructs were generated by MultiSite Gateway assemblies using LR
Clonase Il Plus (Life Technologies) according to standard protocols and using Tol2ki
vectors described previoush\KWanet al, 200%. The zebrafisitCaspa and Addyc
construct in the pcDNA3 backbone was previously described (Masumoto et al., 2003).

The MY@agged hNLRC4 construct was a gift from Barbara Kazmierczak.
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The inducible lentiiral construct FgH1tUTG was a gift from Marco Herold
(Addgene plasmid #70183) and lentiG&$8st 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 celland HelLaCas9 cells (CREL1268; American Type Culture
Collection gift from Prof. ASaurin University of Dundee, Scotland, respectiyagre
ANRB oY Ay 5dzZ 6S002 Qa (DMEWR)sippleéninte@ith 0% Si@a Y SRA dz
bovine £rum (FBS)2 mM Glutamax and 1% penicilstreptomycin (Life Technologies
HEK293T cells were split before to reach 80% confluence twice per leabkrtalized
BMDM cellga gift from ProfP. Broz University of Laussan8witzerland werecultured

in DMEMsupplemented with 10% FBand 10%.929supernatant

4. sgRNA design

To design theKnockout sgRNAs ite WTSI Genome Editing CRISPR design
software (Hodgkins et al., 2015)as used (http://www.sanger.ac.uk/htgt/wge/). To
clone individual sgRNAs, -b# oligonucleotides containing the sgRNA sequences were
syntheszed (Sigma). They included ab@g overhang for the forward (TCCC) and
complementary reverse (AAAC) oligos to enable cloning into the Bssie of the

lentiviral construct.

To design th&knockin sgRNAs we used thghang LaliCRISPR design software
(http://crispr.mit.edu/). Guides were synthesized (Invitrogen) with an overhang forward
(GGAAAGKGand reverseGTCCGCCGTY A allow cloning into the pU6 vector using
Dpnl (Thermo Fisher ScientifisyRNA sequences agigown inTable2.
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Guide Sequence Exon Use
mWDR96g1 TCCCGTACCTTGTCGGTATGGCC! 10 KO
mWDR96g2 TCCCACGTCCTTCAGTTCGCGATC 8 KO
mWDR96g3 TCCCGAACCACGACCTCACCGCC 13 KO
mWDR96g4 TCCCTAACAGACAACTTTGCACGC 5 KO
hwDR96e1L ACGAAACACCBGGTTTACACC 42 Ki

hwDR9e2 GCAGGTTTACACCGTCCGCCAGG 42 Kl

Table2. sgRNA guides used in this study.

5. Morpholinos and RNA/DNA/Protein Injection

Specific morpholinos were resuspended in nuclefase water to 1 mM, 2 mM
or 3 mM ({Table3). In vitrotranscribed RNA was obtained following manufaciig@
instructions (INMESSAGE 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 oreellstage 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 B(RTand Western
blot.

In some expriments, Tg(mpegl:GAL#3® one-cell stage embryos were injected
with a solution containing 100pgas:caiapmCherry; cmlc2:eGR#®nstruct and 50pg
Tol2 RNA in microinjection buffer (0.5x Tango buffer and 0.05% phenol red solution).
Embryos were sorted aR dpf according to the presence or absence of green

fluorescence in their heart before being infected (see below).

For crispant experiments, sgRNAs obtainedrbyitro transcription using the
MAXIscript T7 Kit (Ambion) were first checkedvitrousing 100ng of an amplicon
containing the target sequence, 30 nM sgRNA and 30 nM Ers® NLS from
Streptococcus pyogendblew England Biolabs). Injection mixes were then prepared
GAUK pnn y3kxft [ adp-CEMAMTAGCATATARTAC®cai@Ny U NP f
0 .GGGCCACACCGCTGTTBCTG a3Iwb! Ay onn Ya Y/ f 0dzFFSN
37°C and used directly without furthetorage
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ENA or Concentration

Gene Target SljdzSy OS Reference
Ensembl ID g { ) y (mM)
b4  ENSDARGO00000I _, .. GCTGTTTGTGTGTC Tyrkalskaet
gbp 8857 AACCTGTT : al., 2016
caia ENSDARGO00000' | {i 3 k | CTGGTTGAGCCCAT . Tyrkalskaet
P o758 R CCAGTGCTT : al., 2017
?sccar g ENSDARGO0000O. | ( 3 k | GCTGCTCCTTGAAA Tyrkalskaet
Py 0076 R TTCCGCCAT : al., 2016

TabIeS.MorphoIinos used in this Study. The gene symbdls followed the Zebrafish Nomenclature
Guidelines (http://zfin.org/zf_infnomen.html). ENA, European Nucleotide Archive
(http://www.ebi.ac.uk/ena/).

6. Generation of stable cell lines

For Knockout generation,HEK293Tvere transfected withipofectamine 2000
Ftt206Ay3 GKS YI ydBrdiW i gzNS NN E ALPE F EQed YA ¥ BT P
noén >3 LJAt! - v YR mM®dp >3 2CHSI araedtbr@odt@ning NJ 2 ¥ A
sgRNA)After 24h the media was replaced and cells were further incubated for 2 days.

Viral particles were obtained frofiitered supernatantss A 0 K | n demdusedt ¥ F A€ { ¢
to transduce 5.0 x FABMDMsO S f f & = mibpoliibkeneyThestrahgduction mix was

centrifuged at 1,000 xg forhlat 30°C. Pelleted cells were then resuspended in fresh
completemediaand plated in a 12 wkplatefor2 weeks. Stable cell lines were selected

with Blasticidin (18g/ml) for 10 days or sorting of the top 5% eGFP expressing
population for cells transduced with lentiCas9 aRgH1tUTGrectors, respectively.

Treatment withdoxycycline hyclate (Sigmtat RNA OK T 5 mplyfotpMdayswad m > I«
used to induce the expression of gRNBsls werethen maintained as per usualfter

the treatment.

For Knockin generation, HelLa cells were transfected withofectamine 2000
F2ft26Ay 3 GKS Ycliofisdeih 1097 ofzEhNI@AsSNid ASyakldl délbiines
were selected with Puromycin (4pg/ml) for 2 days then induced with doxycycline

(1pg/ml for 2 days) and sorted by GFP positive.
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7. Chemical treatments
In some experiments, 2 dpf embryos were manually decimaied and treated
by bath immersiorwith caspasel inhibitor AeYVAR aY omnn >a3 t SLIWIy2C¢
diluted in egg water supplemented with 1% DMSO.

8. Infection assay
Infection experiments were performed usitg) Typhimurium 12023 (wild type)
or S Typhimurium 12023 expressing DsRedT3 (de Olietiral., 2015).Overnight
cultures in LurieBertani 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 onecell embryos were injected with MOand/or mRNAs. Larvae of 2
dpf were dechorionated manually, anesthetized in embryo medium with 0.16 mg/ml
tricaine and 1660 bacteria (Yolk sac) or 100 bacteria (Otic vesicle) per larvae were
microinjected. Larvae were allowed to recover in egg water8a22 C, and monitored
for clinical signs of disease or mortality over 5 days. All the survival assays have been
performed three times, using 4000 larvae per treatment in each independent
experiment. Each graph shows the mean result of the three expatsndaving an

accumulated sample size of 12300 larvae per treatment.

Cells were stimulated withpg/uL of LPSor 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

Talil fin amputation was performed at 3 dpf as previously descriBede Oliveira

et al., 2013)n casper larvae.

10. Whole-Mount In Situ Hybridization (WISH)

Transparent Casper embryos were used for W{Bisse, Thisse, Schilling, &
Postlethwait, 1993)caiap sense and mtisense 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.Al stereomicroscope equipped with a digital camera (AxioCam ICc

3, Zeiss).

11. Caspasel activity assay

Zebrdish onecell embryos were injected with MOs and/or mRNAs. 2 dpf larvae
were dechorionated and infected with different strains &fTyphimurium into the yolk
sac (MOI=50). 3 dpf larvae were collected and used to measure the cakpaseity as
describedbefore (Tyrkalska et al., 2017). The casphsetivity was determined with
the fluorometric substrate XVADRAFC (caspask substrate VI, Calbiochem) as
described previously (Lop€zastejonet al., 2008). In brief, larvae were lysed in
hypotonic cell lys buffer [25 mM 4(2-hydroxyethyl) piperazind-ethanesulfonic acid
(HEPES)5 mM ethylene glycebis(2aminoethylether)b ¥ b % ketraadetic acid
(EGTA), 5 mM dithiothreitol (DTT), 1:20 protease inhibitor cocktail (Siddneh), pH
7.5] on ice for 10 min. For each reacti®, > 3 2 FweisldM@ubated fgr 80 min at
25°C WA 0 K p /Z-YVAR C/ YR pn >f¢ 2F NBB-OlAz2Y
cholamidopropyl)dimethylammoniel-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 ZYVADRAFC substrat was measured with a FLUOstar spectofluorometer
(BGM, LabTechnologies) at an excitation wavelength of 405 nm and an emission
wavelength of 492 nm. All the caspakeactivity assays have been performed three
times, using 2810 larvae per treatment in eacindependent experiment.Three

independent experiments were performed and one is shown epeesentative result.

12. Cell sorting
Approximately 306500 noninfected and infected larvae from the lines
Tg(mpx:eGFP)illdnd Tg(mpegl:eGFP)gl2&ere anesthetizedn 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-ard@ell strainer. Cell

sorting was performed on a SH800Z (Sony).
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13. Analysis of gene expressn

Total RNA was extracted from whole embryos/larvae, larvae heads or sorted cell
suspensions with TRIzol reagent (Invitrogen) following the manufacuestructions
YR GNBFGISR 6AGK 5blasS LI FYLXAFAOIIGAZY 3N
RNase H Reverse Transcriptase (Invitrogen) was used to synthesiz&rdingt cDNA
GAGK 2t A320R¢C0 LINAYSNI FTNRY ™ #HrBe PERwad 20+ f w
performed with an ABI PRISM 7500 instrument (Applied Biosystems) using SYBR Green
PCRCore 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 S11rpsll)content in each samplby Pfaffl method (Pfaffl, 2001).
The primers used are shown Trable4. In all cases, each PCR was performed with

triplicate samples and repeated at least with two independent sasiple

Gene ENAID Name { S1j dzZSy OS o6 p QI Use
F1 GGCGTCAACGTGTCAGAGTA
rpsll  NM_213377
R1 GCCTCTTCTCAAAACGGTTG
ATTTTGAGGGCGATCAAGTG
asc NM_131495
GCATCCTCAAGGTCATCCAT

ACTGGGAGATGTGGAAAAGGC
CCATAGCCTTGTTGTCGATTA(

gbp4 NM_001082945

F5 GGCTGTGTGTTTGGGAATCT RFIPCR
iilb  NM_212844

R5 TGATAAACCAACCGGGACA

F4 CTGCATGATGCTGTTCTC

wdr90 XM_003201346
R4 ATGTCACTTCTGCCTGTCCG

F2 AGCGCAGATATTGTTGCATAA(

caiap NM_001025492
R2 GCCCCCACACGCAGTAGCAG

NM 001025492 F AGGCCATTGTAETTTCTGCT
caiap N Validation of gRN/
R AAGCTCATTGCAGCTATTGAC!

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/enal).

73


http://www.ebi.ac.uk/ena/

Material & Methods

14. Transfection

HEK293T were transfected with Lipofectamine 2000 following the
YIydzFl OGdzZNENR& AyadNHzOdAzyad /Stfa ¢SNB
cm diameter plate and transfected when 8@#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 showrmable 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)
10cm 5ny 9ni 4.8 ml
6 wells 1y 1.5ul 800
12 wells 0.5ny 0.75n1 400m
24 wells 0.25ny 0.45m 200m

Table5.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 ngful to 0,59 ngful in a ntrocellulose membraneMembranes were blocked
with 1% casein in PBST for 1h RT acdbated for 30 minwith G KS | £ LJ- OF 4 Q
postimmune serum at different concentrations (1:500, 1:1000 and 1:5000), then
washed with PBE 3 times and incubated with secondary antibddifamaconjugated
with HRP(1:5000) 30 min RTRfter repeated washes, the signal was detected with the

enhanced chemiluminescence reagent and ChemiDoc XRS Biorad.

16. Western Blot

A x> 4 oA x

¢CNl yaFSOGSR OSftfta oSNBE gl aKSR (lysia OS
buffer (50 MM TrisHC| pH 7,5, 1% IGEPAL50 mM NaChand a 1:20 dilution of the
protease inhibitor cocktail P8340 from SigmaAldrich). Samples were centrifLg€dQ
x g, 10 min)andresolved on 18% SD®AGEnNdtransferred to nitrocellulose membrase
Membranes were block 1h at Rfidincubated overnight at 4Cas indicated iMable 6For

detection, corresponding horseradish peroxidase conjugated secondary antibodies (1:5000
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dilution; Amersham) were usedfter repeated washes, the signal was detgtwith the

enhanced chemiluminescence reagent and ChemiDoc XRS Biorad.

Primary antibody/  Secondary antibody

Epitope Blocking and incubation buffe

concentration (HRP)
a-FLAGHRP
FLAG (SigmaAldrich)) - 5% nonfat milkn TBS
1:5000
MYC a-MYC @ivitrogen)/ 1 use (1:10000) 5% nonfat milin TBS
1:5000
i 5% nonfat milk
GEP aGFRHRP
(1:10000) PBST
a-WDR90 (Sigma), bbit (1:10000)
) a-rabbit (1:
(1:1000) 206 BSA
WDRS0 a-WDR90 .
. in PBST
(Thiswork) 4 jlama (1:5000)
(1:1000)
a-Asc 2% BSA
Asc (This work)/ a-llama (1:5000) _
(1:1000) in PBST

Table6. Antibodies used in this study

17. Immunoprecipitation assays
/] Sttt tearasS om Y30 gl a AyOdzol G§SR FT2NJ H Fk

of slurry of ANFFLAG® M2 or Myc Affinity Gels (Sighidrich). The immune
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% SBAGE and transferred to nitrocellusnembranes
(BioRad) for 50 min at0® mA. Blots were probed with specific antibodies to FLAG
(SigmaAldrich), Myc (ThermoFisher), and mCherry (TermoFisher), and then developed
with enhanced chemiluminescence reagents (GE Healthcare) according to the
manut OU dzZNBENR&a LINRG202f @

18. Confocal Microscopy
Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS,
incubated 20 min at room temperature with 20 mM glygipermeabilized with 0.5%
NP40 and blocked for 1 h with 2% BSA. Cells were therdlddbwith anti-FLAG
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monoclonal (15000) or antiMyc polyclonal (2000) (Sigm&ldrich), followed by Alexa
488-conjugated secondary antibody (Thermofishemd DAPI (Life Technologies)
Samples were mounted using a mounting medium from Dako and examined wittaa Le
laser scanning confocal microscope AOBS and software (Leica Microsystems). The
images were acquired in a 1,024 x 1,024 pixel format in sequential scan mode between
frames to avoid crostlk. The objective used was HCX PL APO CS x 63 and the pinhole
vak dzS 41 a4 mMX O2NNBalLRyRAy3I (2 mmndrto >YO

19. Recombinant protein purification

The synthesized sequender hWDR90 recombinant proteiwas cloned into
vector pET30a with His tag for protein expressiorEincoli E. colistrain BL21 was
transformed with recombiant plasmidand asingle colony was inoculated intoB
mediumwith antibioticandincubated in 37C at150 rpmO/N. The culture was diluted
1/10 into LB medium and incubated in at 150rpm until the Qdg»=0.6 was reached.
Culture medium was changed ¥2T medium prewarmed at 42°C and bacteria were
incubated for 30 minutes. Culture was cooled down to@,60[gy was adjusted to 0.6
and protein expression was induced with 0.001 mM IPTG at I6r 40h Cells were
harvested by centrifugatioand the pelles were resuspended with lysis buffer followed
by 3 pulses of 20 seconds sénication.The cell lysate was G SNA f AT SR & nDHH
and the protein was purified usingminoLink Plus Coupling Regifhermo Fisher

Scientific). Purified protein was staten aliquots of 250ug until immunization.

20. Antibody generation
Alpacas were immunized every 15 days 4 times with 250ug of the protein of
interest with adjuvantGerbu Fampa From each individual 150ml of blood was extracted
40 days forward to the first imunization.Peripheral Blood Lymphocyt€BBL) were
separated using a Ficoll gradient and the total RNA was isolatedQMt@émp RNA Blood
Mini kit (Qiagen Inc, Valencia, GAR f f 2 6 Ay 3 GKS YI ydzFl Ol dzZNB N a

To purify the antibodies contained it KS | £ LJ OF aQ & SNHzY> {(K:
covalently linked toNHSactivated agarose beads (Thermo Scientific) following the
YIydzFlF OGdzNEND&a AyadaNdHzOdAzyad . NASFiez bl {
incubated with the antigen in a carbonate buffer pH BB for 3h. Beads were washed
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and inactivated with 0.5 M NaCl and 0.5B¢hanolamire. Columns were stored at @
with PBS, 0.5 M NaCl and 0.1% sodium azide.

P

£ LI OFaQ aSNMzy ¢l a RACf dzius Riterfayd added{to | y
the column prewaséd with coupling buffer. Column was washed with a 10 mM Tris/HCI,
0.5 M NacCl buffer (pH 7.5), and the antibodies were eluted with acid glycine (0.1M; pH
2.25), then the eluent was neutralized with Tris/HCI (1M, pH 8). The eluted antibodies

were stored at 4C with 10% glycerol and 0.1% sodium azide.

21. Sequence analysis o€aiap in different species
Zebrafish Caiap was identified by searching the CARD protein family (PF00619)

in the PFAM database. Zebrafish 4elhgth 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 Laborary (EMBL) websitéLetunic et al., 2009)Finally, threedimensional
structure predictions were performed using The IntFOLD Integrated Protein Structure
and Function Prediction Serv@icGuffin, Atkins, Salehe, Shuid, & Roche, 28i%)
visualized with The PyMOL Molecular Graphics System, Version 1.8 Schrddinger, LLC.
The ModFOLD Quality Assessment Server (Versipmdused to check the accuracy

of the modelgMcGuffin, 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 betgerips. The

RAFTFSNBYOSE 0683688y (62 &I YitsSAlogsadkast | yI £ &l

with the Bonferroni correction for multiple comparisons was used to calculate the
statistical differences in the survival of the different experimentalugp A chisquare
test was used to determine differences in the number of specks formed by Caiap in

HEK293T cellsAll the experiments were performed at least three times, unless
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otherwise indicated. The sample size for each treatment is indicated inrtiEh@r in

the figure legend or in corresponding sectiohthe Materials and MethodsStatistical

significance was defined as p < 0.05.
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1. CAIAP

1.1. ldentification and characterization of Caiap, a Protein
Containing a CARD domain and ANK repeats, which is highly
conserved from cartilaginousfish to marsupials

A PFAM search to identify proteirtsarbouring CARD domains revealed the
presence of Caiap (CARDIK Inflammasome Adaptor Protein) in the zebrafish. The
caiapgene contains two exanand a single opereading frame encoding a putative
polypeptide of 744 amino acids (predicted molecular mass of 80.9(KRpjrel?2) with
an Nterminal CARD domain and 16&minal ANK repeaté~igurel3A).

A MO SgRNA

5 Exon 1 2,114 bp Exon 2 3’
1,383 bp 852 bp

B

Tasmanian devil K GQS { DSDGLIQRLVDYGIFTAEQKLSLSY YRINPEKVIRVLIML I SOGEHACRMFFY PCLROLEPDLYHVIRKY|
< ta 2 S| v Q

Burton’ s mouthbrooder

NTEDLLDLLVANGVLLFE:
NTDHLLDWLVDNAILTEDI
DPDTLLQSLIDNGIMLSDI
INNPDHLLDCLIEYGIFTPEKKL'
NPDHLLDRLIEKGA
NPDHLLDCLIERSTLSPEKKMVLSY YRTRMA

DILVSQGERACRLFFYP!
DILVSQGERACRLFFY P!
NPDPILNWMIDNGIFTPEKKIVMSYYRTRIA RVLDILVSOGERACRLFFYPX

VOGINDPEQLLHWLVENGIFTPEKKLVLSFYRTRTAKNSRVLDILMSOGERACRLFFY X
g TEVLRTRREELTEGINDPDHLLSCLTDNGIFAPEKRMVMSF YRTRTEKNARVLDTLISQGERACRLFFY P!
2 PEKRMVMSEYRTRTE! DILISOGERACRLFFYP!
GITHPDHLLNWLIDNGVF TPEKKMVMSEYRTRTE] DLLMSHGERACRLFFY P!
DPDRLLNWLIDNGIFTPEKKMVMSFYRTRTQ DILI SDGEBm,RL FFYP!
wl DPDHLLNWLIDNGIFIPEKKMVMSEYRTRTE!
Spotted gar LFTNPYH GISKTEHLLNLLIDREVL PPEKRLLVLSCRSREE
Asian bonytongue HSA - 3 LIDEGVF PPEKKALMSY DRTREE]

Figure12. Sequence alignment of Caiap gene in different spec{@g. Diagram showing the
exons/introns organization of zebrafish caiap gene, indicating the position where the Caiap \RN#d
binds to the 5 untranslated region in prenRNA. (B) Multiplalignment 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 onesiion; (:) 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 caglatatimeria 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 foengrseaturtle (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 fnbowl (Tyto alba), XP_005482422 for wkleoated

sparrow (Zonotrichia albicollis), XP_002931656 for western clawed frog (Xenopus tropicalis),
XP_003767351 for Tasmanian devil (Sarcophilus harrisii), and XP_007480566 for gragilstiort

opossum (Monoelphis domestica).

Strikingly, uncharacterized orthologs of zebrafish Caiap were found in many
organisms, including phylogenetically distant-fayned fish species, cartilaginous fish
(elephant shark), lobénned fish (coelacanth), amphibian, reptilegjrds, 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 cdrtfiehe
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 Figurel3B).

A
zebratisn -{Ee)—f{HERE-EEEEEERRAR wing cobra -{oso}— BIEIEIE - HEEREEEEEE
Biind cave fish {easo}-— | ] B} 51 ] ] 1 T 1 ] Commen e (e} R BB BB Al
simicrorvg 62} BEREE BRERRRREED  _ |acmcman 6] GEERE HORERRERRN
N spoted gar (e} IR KRR ERRRRE Hestem petiree - HEERE-HRERRMRERE
FISH | Asian bonytongue {essa}-—— ] -] ] ] 1 K Green sea-wurte {cana)-—— 1 - £ T 1 K
oo poaker ) MR- E RN Chinese atigator (o) F{F|KEIE- HEEEHEEEHE
wie ipin -(o8)— BEEERE BERRERRREE udgericar (oo} KIKIEIE K- 1K REEEIRALE
moutnorocder (<)~ HEEEE-EERERRNEEE chicken {oma)— B K- HRERREEHEE -
LOBEFINNED o . . Turkey {caso) E}F}F]F]F] §}F}§]ﬂﬂﬂ¥]ﬂﬂ§}
st &) ERREE RRRRERERRE owos = e
AT 5| Etephantsharkc e}~ E1K- E BRI KL sam ot 58— FEREE-RRRRARRRE
AMPHIBIANS ‘ Westermclates -&5)——RERNE-ERRREAARER M o =) R R R R R
CARD Ankyrin Low complexity Tosmanian devil ‘an H ﬂﬂﬂﬂﬂﬂﬂﬂﬂ
ﬁ@ domain E] repeats - regions } S G'ayg’hg:‘;:’si:fn(: (eano) %] E};}?]F]F}F}E]E]Emﬂ

82



Results: CAIAP

B 100 Zebrafish
994 Blind cave fish
99.9 Atlantic herring
98.3 I: Spotted gar
=1 Asian bonytongue

Large yellow croaker
100~ Nile tilapia
Burton’s mouthbrooder

100 — King cobra
_‘”0|:|: Common garter snake
American chameleon

Budgerigar
91.2 . 97 5 100 = Chicken
100 Turkey
160 100 Golden eagle
Barn owl

892 399 White-throated sparrow
100 — Western painted turtle
921 100 Green sea-turtle
Chinese alligator

100

88.5

85.3 Western clawed frog
African coel th

Elephant shark

—397: Tasmanian devil
Gray short-tailed opossum — 01

Figurel3. Molecular characteristics and phylogenetic relationships of zebrafish Caiap g@&je.
Diagrams showing the domain organization of different fish, amphibians, reptiles, birds, and mammals
Caiap. The CARD domains (SMA&Ession number SM00114) are shown as pink boxes and the ANK
repeats (SMART accession number SM00248) are shown as green boxes. (B) Phytoerenstic
vertebrate Caiap polypeptides. The tree was generated by the clakerithm using amino acid
sequerces. 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 seeto 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 rafjnned fish speciesT@ble 1. In addition, a similar
degree of conservatiowas 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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Species Identity/similarity (%)
Ray-finned fish

Blind cave fish 66.0/79.4
Atlantic heming 60.2/74.3
Spotted gar 55.3/73.5
Asian bonytongue 52.9/70.4
Large yellow croaker 50.0/66.4
Nile tilapia 48.4/64.8
Burton's mouthbrooder A7.7/84.1
Lobe-finned fish

African coslacanth 49.8/69.1
Cartilaginous fish

Elephant shark 48.2/65.2
Reptiles

American chameleon 50.1/70.4
Commaon garter snake H0.0/69.2
Chinese alligator 49.8/70.5
Western painted turile 49.7/70.1
King cobra 49 8/68.5
Green sea-turtle 48.2/68.9
Birds

Turkey 49.6/67 .4
Chicken 49 5/67 .8
Budgerigar 49.3/67 .8
Golden eagle 48.9/67.3
Barn owl 48.2/67.0
White-throated spamow 48.0/85.0
Amphibians

Western clawed frog 47 5/68.5
Mammals

Tasmanian devil 35.7/57.2
Gray short-tailled opossum 35.3/55.4

Table7. Amino acid identity and similarity between zebrafish Caiap and other vateeQaiap

seqguences.

Multiple alignment of all Caiap identified revealed that the CARD domain and
ANK repeats were the best conserved regions of the protdore interestingly, three
dimensional structural prediction revealed an identical tertiary stroetaf Caiap in all
vertebrate groups (Figure 14A, B). In fact, all the structures perfectly fitted when

superimposedKigurel4C).
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A Zebrafish

p-value = 0.003637

B Blind cave fish African coelacanth

p-value = 0.00214 p-value = 0.001152 p-value = 0.001642

Chinese alligator Chicken Tasmanian devil

p-value = 0.001793 p-value = 0.002817 p-value = 0.005614

Figure 14. Tidimensional models of Caiap structures in different specigs.B) 3D models

showing Caiap proteins from zebrafish (Danio rerid), @nd blind cave fish (Astyanax fasciatus

mexicanus), western clawed frog (Xenopus tropicalis), African coelacanth (liatim@&umnae), Chinese

alligator (Alligator sinensis), chicken (Gallus gallus), and Tasmanian devil (Sarcophilus harisii) (B) with

corresponding accuracieX)(The 3D Caiap models from all species showA, iB)(were superimposed.
The CARD domains ateosvn in white.
1.2.Zebrafish Caiap is induced upon infection

The expression profile of zebrafish Caiap was examined usig§ &R and WISH.
It was found that the mRNA levelsa#iaptranscripts were maternally transferred, since

they peaked at fertilizgon time and then rapidly declined~igurel15A). In adult fish,
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caiaptranscripts were detected ikidney, the hematopoietic orgaof adult fish, heart,
and skin, but not in muscle, ovary, gills, eye, or braigyrel5B). In addition, the mRNA
levels ofcaiapwere seen to be weakly higher 24 h pastection (hpi) in the infection
site of zebrafish larvae infected with Higure150). As expected, the gene encoding

pro-inflammatory IE1 robustly increased in infected larvagigurel50).
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Figurel5. Zebrafishcaiap is induced in macrophages upon ST infectibhecaiap AcE)and il1lb
(O mRNA levels were measured byd®RTR in wiltlype @7 dpf whole larvaeX), in head kidney, muscle,
heart, skin, ovary, gills, eye, and brain ofrbh@nth-old wildtype adult fish (B), and whole larva€)(
neutrophils (D), and macrophagds {rom 3 dpf larvae which were previously otéd 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 RGPCR results, WISH was performed in infected and
wounded larvae. Although no positive cells were observed ininfatted larvae, a few
small roundcaiappositive cells were found at the infection site (the otic vesicle), the
number of positivecaiapcells increasing from 4 to 24 hptigurel6A). Similarly, a few
caiapcells vere also observed in the wound 24 h after transection of the tail fin tip
(Figurel6B).
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Figurel6. Zebrafish caiap is induced in discrete cells at the infection siebrafish 2 dpf larae
were infected with ST in the otic vesichg 6r 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 areagvgh 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.l., ST infection. Scale bar: 0.5 mm.

As expected, no positive cells were observed wheingithecaiapsense probe
(Figurel?). This result suggested that both infection and wounding are able to induce
the expression o€aiapin immune cells recruited to the infection and wounding sites,
namely, macrphageqGray et al., 2011; Zakrzewska et al., 2@I@) neutrophils(S. de
Oliveira et al., 2013Sofia de Oliveira et al., 2015; Tyrkalska et al., 20Ml&¢refore,
macrophages and neutrophils were sorted frompegl:eGFFRenshaw et al., 200@nd
mpx:eGFREllett, Pase, Hayman, Andrianopoulos, & Lieschke, 2€dri3genic larvae,
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respectively, upon infection with ST and the transcript levelsaibpwere analyzed by
RTFgPCR in both cells types. The results showed that whilgptranscripts drastically
increased in macrophages upon ST infectfbigure 15D), they remain unaltered in

neutrophils upon infectionKigurel5E).

Figurel7. Control of WISH results shown kigurel16. Zebraish 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 dferent colors irFigurel6. 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 inflammasomedependent resistance
to ST in zebrafish

To further characterize zehfish Caiap we used a morpholino (M@g¢diated
gene knockdown strategy whereby the MO was able to bind the translation start of the
caiap mRNA and, therefore, to inhibit its translatidfigure12). The efficiencyf the
MO was validated by using a caspdsactivity assay with a fluorogenic substrate, Z
YVABRAFQFigurel8A,C), which has previously been shown to be processed by gilthead
seabream caspask(Compan et al., 2012; Lép€astejon et al., 2008; Talska et al.,
2016) and zebrafish Casp@unya Masumoto et al., 2003yaiap morphant animals
injected with 1 pg/egg MOs showed reduced casphsactivity but they developed
normally and were viableF{gure18C andD). However, Caiageficient larvae showed
increased susceptibilitto WT ST compared with their control siblings (Figure 5D) and

iImpaired caspasé activity in response to the infectiorFigure 18C). Additionally,
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infection susceptibility and decreased caspdsactivity were bdt fully reversed by
injection of nontargetable caiap mMRNA, confirming the specificity of the IAQUrel8C
and50® Ly O2yi{iN}adsz F2NOSR SELINBaarzy 27
susceptibility and impai caspasel activation of Caiapleficient larvae Figure18E

and F), suggesting that the CARD domain is indispensable for Caiap function.
Furthermore, Caiap crispant larvae also showed higher susceptibility tde8fian and
reduced caspasé activity upon infection than their WT siblingsdurel9). Although

forced ubiquitous expression of caiap MRNA alone barely increased the resistance to ST
infection Figurel8D, Figure20A and 7A) and caspadeactivity Figurel8C,Figure20B

and 7B), forced expressiaof caiap in macrophages, using the macrophapgecific
promoter mpegl(Ellett et al., 2011)resulted in increased resistance to ST infection

(Figurel8G).
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Figure 18. Zebrafish Caiap is required for the inflammasordependent resistance to S.
Typhimurium.(A) Scheme showing the experimental procedure used for the cadpastvity assays.
Zebrafish on&ell embryos were injected with MOs and/or mRNAs, dechorionated and infected at 2 dpf
via the yolk sac with ST withMOI of 50, and collected and pooled €35 larvae) at 24 hpi to measure
caspasel activity. (B) Scheme showing the experimental procedure used for the survival assays. Zebrafish
one-cell embryos were injected with MOs and/or mRNAs, dechorionated anceitfaic? 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.
(GcF) Zebrafish oneell enbryos were injected with standard control (St@&K) or Caiap MO<XF), or
with antisense (AsJXF), Caiap@ 5 0 2 NJ / [ER) mR}§AS, infeched at 2 dpf with wijghe ST and
the caspasel activity CE) and survival ([E,G) were determined as described in Figures 5a,c, respectively.
The sample size for each treatment is 30 for (c,e), and 300 foB(LBE, ST infection. **p < 0.01; ***p <
0.001.
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Figurel9. Caiap crispant larvae show high ST susceptibility and impaired casfassivation.
(A) Diagram showing the Caiap gRNA target at the 623 bp amplicon obtained with priared<R; and
the resulting digestion fragments. (B) Electrophoresis agarose gel stained with RedSafe showing the
original amplicon in the sample incubated with Cas9 aloReaftel the original amplicon and the expected
515 bp digestion fragment in the sarmepincubated with Caiap gRNA and recombinant Cas9. (C, D)
Zebrafish oneell embryos were injected with control or Caiap gRNA and recombinant Cas9. At 2 dpf,
embryos were infected with ST and survival (C) and cadpastvity (D) were determined as debeid in
Figures 5B and 5A, respectively. S.1., ST infection; **p<0.01; ***p<0.001.

Notably, Caiap levels did not affect fish susceptibifigre20A,Q or caspase
1 activity Figure20B,D in response to a syngenic double ST mutant forlS#id SP2,
which contains a large number of genes encoding a type 3 secretion system that is
required for virulence in mousgshea, Beuzon, Gleeson, Mundy, & Holder®9)@nd
zebrafish(Tyrkalska et al., 201,63omparing with the controls. Moreover, the impact of
Caiap on ST infection seemed to depend on flagellin, since the virulence of the flagellin
mutant stran (FIliC/FIjB) of S(Edward A Miao et al., 2008)as not affected by Caiap
(Figure20E,H, while the increased larval resistance and casphsetivity to ST hich
overexpresses flagellin (FIICO{). A. Miao et al., 201Qyere found to be Caiap
dependent Figure20E,R. These results suggest that Caiap ftions downstream of

flagellin, although other PAMPs may also regulate Caiap activation.
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Figure20. The type 3 secretion system and flagellin of S. Typhimurium act upstream Gaap.
F) Zebrafish oneell embryos were injected Wistandard control (Std) or Caiap MOs, or with antisense
(As) or Caiap mRNAs, infected at 2 dpf withyifte (WT) (A5), the double mutant SP¢A (A¢D), FIICON
or FIiC FIjB SA,F) and the survivah(CE) and caspas4 activity (B,D,F) were determinad described in
Figuresl8 AB, respectively. The sample size for each treatment is 308,&E)( and 30 for (B,D,F). S.1.,
ST infection; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

1.4. Zebrafish Caiap requires Asc tomediate thelnflammasome
dependent resistance t&T

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 caspasé. To this group belongs NLRC4, which has beewrslo take part
in hostdefencesagainst bacterial infectiqi€ase, 2011; Case & Roy, 20HgQwever, it
has recently been found that ASC can strengthen the signal of the NLRC4 inflammasome
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(Latz et al., 2013)r being required for some specific responéBsoz, von Moltke, Jones,
Vance, & Monack, 2010The presence of a CARD domain in Caiap suggests that it may
directly recruit and activate Caspasewithout the need for ASC, at least in most
evolutionarily advanced species where troghologs of mammalian caspadewith

CARD domain exist. To check this, we ablated Asc using a previously validated
translationblocking MO(Tyrkalska et al., 2016§5enetic depletion of Asc in zelfish
drastically increased the susceptibility to SThoth WT and Caiageficient larvae
(Figure21A). In addition, Asc deficiency inhibited basal and Caidpced caspasé
activity in noninfected and infectedarvae Figure21B). Conversely, forced expression

of Asc strongly increased larval resistance to the infection and cadpassvity, both

effects being largely independent of Caifgluire21C and).
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Figure2l. Asc is required for the Caiapediated resistance to S. Typhimuriurdebrafish one
cell embryos were injected with standard control (Std), A®) or CaiapdD) MOs or in combinatiowith
antisense (As), Caiap,B) or AscD) mRNAs, infected at 2 dpf and survival) and caspasé activity
(B,D) determined as described in Figli8A,B, respectively. S.1., ST infectibhe sample size for each

treatment is 300 for4,Q, 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
OStftasx gKAOK fI 01 SIOK 2F G4KSasS 02YLRySyla:s
to mCherry were both diffuseldistributed in the cytosol in the absence of Asc but
formed a ring around the speck in the presenceAst Figure22A, B. In addition, ce
immunopreciptation assays confirmed that Caiap was unable to physicatadh with
Asc Figure220).

Red channel Green channel Merge

Caiap-mCherry

CaiapACARD-
mCherry

Asc-GFP

Caiap-mCherry
Asc-GFP

CaiapACARD-
mCherry

Asc-GFP
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Figure 22. Asc does not interact directly with CaiagdEK293T cells were transfected with
zebrafish Caiafy / K S NNE 2 NImCherkylinLtlie preserse or absence of zebrafisiViyse fixed
at 48 h posttransfection, immunostained and imaged using a laser confocal microséoBeo¢ lysed,
immunoprecipitatel with antil-Myc Affinity Gel, and probed with antibodies to Myc and mChe&xy (
Representative views of maximdntensity projection images of HEK293T cells are showmd)in (
guantitation of the percentage of Caiap specks in relation to the total nuwib@aiap transfected cells is
shown in B) and representative blots are shown @).(The sample size50 B). Scalebap >YT yasz y2i
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 caspasg, since it preferentially cleaves AcCYYAMC, a caspask
substrate, and interacts and docalizes at the speck with zebrafish Asc in HEK293T cells
(Junya Masumoto et al., 2003n addition, recent studies have demonstratiedvivo
that Caspa is the effector enzyme of the zebrafish inflammasome in both macrophages
(Vincent et al., 2016and neutrophils(Tyrkalska et al., 2016)lherefore, we next
analyzed whether the forced expression of Caspa was able to rescue the high ST
susceptibility of Caiadeficient larvae. The results showed that Caspa was indeed able
to rescue the infection ssceptibility Figure 3A) but only partially caspask activity
(Figure 3B) of Caiapdeficient larvae. In addition, forced expression of Caspa alone
increased the resistance of larvae to ST infectibigyre 3A), confirming previous

results(Tyrkalska et al., 2016)
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Figure 23. Caspa is required for the Caiapediated resistance to S. Typhimuriun{A,B)

Zebrafish oneell embryos were injected with standard contratf®r Caspa mRNAs. At 2 dpf, embryos

were infected with ST and survival (A) and casglasetivity (B) were determined as described in Figures

7A,B, respectively. S.l1., ST infectiime sample size for each treatment is 300 for (A), 30 jon&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 andspa complexes in HEK293T cells and,

surprisingly, WT Caiap a@hiapCARD were both able to form specks in the presence

of wild type but not of catalytimactive mutant Caspdigure24C andD). These results

were further confirmed by pull down assays, in which WT Caiap and32dd&gD were

able to physically interact with WT Caspa but not with catalytic inactive G&spare
24E) In addition, while WT Caiap overexpressed in HEK293T celtdigetherized,

assayed under nonreducing conditions, Cai@pRD required active Caspa ftdly

oligomerize Figure 24F. Taken together, these results show that Caiap interacts with

catalytic active Caspa (P20/P10) through its ANK domain andliggliinerizesvia its

CARD domain.
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Figure24. Asc is required for th€aiapmediated resistance to S. TyphimuriufA-D) HEK293T
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of zebrafish wiledtype FLAGCaspa or catalytic inactive FLA&@spa (C230A), fixed at 48 h ptyansfection

and imaged using a laser confocal microsc@n8( or lysed and immunoprecipitated with ANFLIAG M2

Affinity Gel and probed with antibodies to FLAG and mCh@royr (ysed and resolved under nm@ducing

and reducing conditiondj. Representative views of maximtintensity projection images of HEK293T

cells are shown iMdj, quantitation of the percetge of Caiap specks in relation to the total number of

Caiap transfected cells is shown B) &énd representative blots are shown @0). The sample size fi&

50for@ ® { OFtS o6 NE

p >YT y2i

98

AAIAYIAFAOLYGT

F LI f

noenpT



Results: Wdr90

2. WDR90

2.1.ldentification and characterization of WDR90

A previous RNAeq analysiperformed in our laboratoryrom zebrafish larvae
infected and uninfected with SShoweda direct correlation between the expression of
gbp4, which encodesa new component of inflammasome described by our group in
2016(Tyrkalska et al., 201,8ndwdr90, whichencodesan uncharacterized proteinThe
zebrafishsequence foWwdr90 (F1IRA29_DANRd a 49% identity with the human
WDR90 (Q96KV7_HUMAN), whigls 72% identical to the mouse sequence (Q6ZPG2
_MOUSE)Alignment of the 3 species sequence is showhigure25.
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Figure25. WDR90 sequence alignment for human, mouse and zebrafish speldesaccessio
numbers areQ96KV7_HUMAKhuman),Q6ZPG2 MOUSE (mouse) arRiRAZQ_DANF(Eebrafish).l)
Identity in ore position; J) conservative substitutions in one positiof);semiconservative substitutions
one position.

While the zebrafish annotation of Wdr96 still unreviewed, the mammalian

counterpartsare alreadyestablished.The human WDR99ad 5 isoformsproduced by
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alternative splicing The canonical isoforrhad a molecular weight of 188kDa and is

composed mainly by WD40 domaiffsgure26).

L « = i = = & S e = S
o = R S = % S S ¥
= = S o S ¥ =

[ } WD40 domain . Low complexity region

Figure 26. Molecular characteristics 0 WDR90.Diagrams showing the domain organization
generated of human (Q96KV7_HUMAN mouse (Q6ZPG2 MOUSExnd zebrafish(FIRA29 DANRE
WDR90. The WD40 doina (SMAR&ccession number SMS000320) are shown as green boxes and low
complexity regions are shown as pink boxdse aminoacid sequence for the 3 species were analysed
using the SMART databagstp://smart.embtheidelberg.de

2.2. gbp4 induces wdr90 expression indepedently of
inflammasome activation

In order to confirm the transcriptomic datapreviously mentioned, the
expression ofwdr90 in zebrafish was checked by -BFCR analysisfter the forced
expressio of Gbp4 mRNA inebrafish embryasAs Gbp4 is a protein with a GTPase
activity needed foregulatinginflammasomeactivation larvae werealsoinjected with
a mutant form of Gbp4, Gbp4 KS/AA, which lacks GTéasaty. wdr90 mRNA levels
increased in levae forced to express wild typ8bp4 whereas GTPas#eficient Gbp4
failed to do so (Figure 27) pointing the importance of the GTPase domain i th

regulation ofwdr90expression.

We examined whetherpharmacological inhibition of caspagewith the
irreversible caspasé inhibitor AeYVABCMK which was shown to inhibitCasm
(Tyrkalska et al., 2016Jheresuts showedthat the increasel mRNA levels oivdro0
mediated by Gbp4vere unaffected by Cas inhibition, indicaing that Gpb4 regulates
wdr90 gene expressionindependenty of the inflammasome(Figure28A). This result
was furtherconfirmed by the inability oforced expression of Asc to induaelr90OmRNA
levels Figure28B). However, ST infection inducedr90 expression, as well as those of
iI1b, which wasused as a positive control (Figu28C and 28D). Collectively, these
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results suggest that Gbp4egulates wdr90 mRNA levelsindependently of the

inflammasomeandthat Wdr90 maybe involved ininfectionsincetheir transcript levels

were induced b\5T.
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Figure27. Gbp4regulates wdr90expression in zebrafissWdr9OmRNA levels were measured bydPICR
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2.3. Wdr90 is involved in Caspa activation and larvd resistance
to ST infection

The above results prompted us to examine whethW&dr90 is involvedin
inflammasomeactivationand ST clearance in zebrafigforced expressionf wdro0
MRNA led to higher redance to STnfection (Figure29A) and increased aspae-1
activity (Figure 29B). Theseresults pointed out Wdr90 as a novel inflammasome

componentinvolved in ST cleararin zebrafish

—
100 *k *
mRNA: 3 % {
—_ o o
2 8 = As c s- —
= s =  Wdr9o 55
= 60 ] *k g c 2
2 ST 35
E 404 3;
= - As Sl g.s 14
n 20 = Wdrgo <
o (&]
1 2 3 s
Days post infection mRNA: [ As ] [ wdreo ]
S.L: + +

Figure 29. Forced expression oivdr90 increases larval resistance to ST infection (S.l.) and
caspasel activity. Survival (A) and caspadeactivity (BYetermined as indicated in Figuré8A and18B,
respectivéy, of zebrafish larvaéorced to expresantisense (As) avdr90 mRNAand leftuninfected {) or
infected at 2 dpfwith ST(+). * p<0.05; ** p<0.01, *** p<0.001.

To further characterize the role &v/dr90, we depleted Wdr90 expression by
using a specifienorpholino at different concentrationdut, unfortunately, the doses
needed to block its expression were lethal for the larvae, probabbygestingother
essentiafunctions of Wdr90n larvd development This is not unexpected, sinesvery
recent publiation showed a role of Wdr90 in ciliogenesis ChlamydomonagHamel et

al., 2017)

2.4. Wdr90 acts upstream Asc and caspasé to promote ST
resistance

As we were not able to deplete Wdr90 expression in zeéshdarvae, we further
characterizethe role played bywdr90 in inflammasomeby usingforced expression
conditionsin combination withspecificMO to Asc and Gbp4, which had besimown to
reduce larvae resistance and caspdsactivity after ST infectiofT'yrkalska et al., 2016)
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While ASCis notalwaysrequired in mammalgor inflammasomeactivation, zebrafish
Asc is essential for its functigiBezbradta & Schroder, 2017)To determineif high
expression levels of Wdr9@ere ablereverse the effects caused by the lack of Asc, we
used anAsc morpholinoOur resultsshowedthat genetic depletion of Asincreased
larvd susceptibility to ST infection ingendently of Wdr90 expressionvels EFigure
30A). Moreover, the ablation ofAsc alsofully reduced basal and Wdr3induced
caspasel activity underboth infection and nornfection conditions Eigure 30B).
Similarly, ®p4 depletion reduced larvae resistance to the infection and casfase
activity,andforced expression oiVdr90failed toreverse thehigher susceptibility to ST
of Gbp4deficient larvagFigure30C),whereascaspasel activity was slightly recovered
(Figure30D).

To confirm that Wdr90 was promoting increased larval resistance to ST by
activating theinflammasome larvaewere exposedto the specific caspase inhibitor
Ac-YVA-CMKIin combination withWwdr90 overexpressiarThe result confirmed a role
of Wdr90 in inflammasomeependent resistance to ST infection of zebrafish lajvae
sinceincreased levels of Wdr9failed to reverse the high larvalsusceptibilityto ST
(Figure 30E) and reducedcaspasel activity Eigure 30F) promoted by inhibition of
CaspaCollectively, hese resultsindicatethat Wdr90is acting upstreamAsc andCaspa

and probably Gbp4p promote STresistance in zebrafish larvae
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Figure30. Zebrafish Wdr90 acts upstream CaspAsc and Gbp4 in S&sistance Zebrafish one
cell embryos were injected witstandard control (Std)A¢D), Asc(A-B) or Gbp4aviOs (G;D) alone or
combinedwith antisense (Asor WdroaOmRNAg A-F) Larvae were treated at 1 dpf with DMSQLOO UM
of AcYVABRCMK(E, F), therinfected at 2 dpf with wildype ST and the caspaseactivity (B,D,§ and
survival A,C,lE were determined as described in Figut®8,B, respectively. The sample size for each

treatment is20 for (E,F)30 for 8,D, and 300 for4,Q. S.I., ST infection. **p < 0.01; ***p < 0.001.
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2.5. Human WDR90 interacts with NL RC4

Inflammasome complexhas an enormous importancen human health
(Lamkanfi, Walle, & Kanneganti, 201Thus,one of the main aims of research in the
inflammasome field is to reach a dempunderstandng of the function of thecomplex
and its different componets, as well as tadentify other proteins that participate ints
functions. The data obtainei the zebrafish model ledsto check ithumanWDR90 is
able tointeractwith other inflammasome acmponentsupstream of ASC andASP1In
order to dg we ectopically expressdduman WDR90 tagged with a FL&giopeon its
Gterminal (huWDR9®LAG) with differeninflammasomereceptorsin HEK293Tells
which lack all these componentd/e found that theexpression ofVDR90vas very low,
so we decided to optimize thdransfection conditionsin order to get an optimal
expression of WDR4Y0 this cell typeHEK293Were trangected withWDR96FLAG and
its expression was checked bymunofluorescencelf) at 24, 48 and 72 hours post
transfection. Our resultsshoweda low expression oWDR90 24tpost-transfection
whichincrease at 48h andt wasmaintained at 72l{Figure31A). Notably, WDR90 was
foundin the cytosolbut not in the nucleusWe nextdecided to carry out the western
blot (WB) of WDR90 FLAGt 48h posttransfection, includinga pcdna3FLAGas a
negative control anchuCASRPELAG as a positive control of expressiblowever,
althoughthe expression of WDR%Gas well detected irby IF it was hardly detected by
WB (Figure31B).
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Figure31. Optimization of WDRO0 expression conditionddEK293T cells were transfected with
huWDR9EFLAG (A,B) and huCASRAG (B) as a positive controlleerefixed at2448and 74 post

transfection and imaged using a laser confocal microscépeof lysedwith a 1%SDScontaining buffer

48h posttransfectionandthen probedwith an anti-FLAGHRPantibody.

WDR90 proteirhasa largemolecular weight wth a repetitive number of WD40

domains In order to optimizeand get the best conditioto detect WDR90 bWB,we

decided to try differentysisbuffers toincreasethe solubility of theprotein. However,

we had to avoid strong detergentontaining buffes as our final aim was to perform an

immunprecipitation [P) to verify its interaction with other inflammasome components.

To do that we used NP40 and Tritos100as detergents in the lysis buff@igure32A),
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but under these lysis conditions weere unable taclearly cetect WDR90 by WHAnally,
we determined that he solubilizationmproved when the sample was not prewarmed

at 95°C(Figure32B).

A NP40 Triton X-100
huWDR90-FLAG - + - +
Mock + - + -
kDa
188 — IB: a-Flag
24h 48h 72h
huWDR90-FLAG - + - + - +
Mock + . + . + -
kDa
5 S SEE: * Prewarmed
188— 95°C
—— — —— —
IB: a-Flag
188— P -
25°C

Figure 32. Optimization of WB conditions for WDRO®EK293T cells were transfected with
huWDRO9EFLAG (M) andlysed48h (AB) or 24, 48 and 72 h (C) pdsansfectionwith NP40 (AB) or
Triton X100-containing(A) buffers. Samples were prewarmed at @ (AB)or at room temperature(B)

during 5min.* WDR90 insoluble aggregates.

Once we had determined the optimal conditiottsdetect WDR9®y WB we
aimed todetermineif WDR90was able tanteract with inflammasome recepta The
main mammalian recepr described to be activated after ST infection is NLRCA4,
although NLRP3 also acts in its recognifi@uo et al., 2016&nd it is the widst studied.

Our hypothesis was that WDR90 interactwith an NLR, it would be at leasith one
related to ST detectionTo confirm if WDR90 was interacting with the canonical
inflammasome receptor for ST, NLC@REeyes Ruiz et al., 201Aye cotransfected
huWDR9OGFLAG with a human NLRM¥ Cand checkedhe proteins distributionby IF
(Figure33A). WDR9(@vas able to form small aggregates through the cytedutn a high
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expression waachieved In the same manner, NLRC4 appear in the cytoplasm but did
not form aggregates when s overexpressegdas previously reporte(Man, Hopkins, et
al., 2014)In contrast co-transfecion ofboth proteinsresulted intheir colocalization in

the WDR9(aggregategFigure33A), suggesing that WDR9@ouldinteract NLRC4

In order to verify tlis result, we performed anlP of lysates from HEK293T-co
transfected withhuWDR9GFLAG andduNLRC4Myc. Asit was hard to detect WDR90 by
WB,high amount of satwash used durinthe washing procdureto avoidnon-specific
interactions Efficient immunoprecipitation oMWDR90was observedwhen it was
transfected alongFigure33B). However, after o-transfection WBdetection andIP of
WDR90was reducedUnfortunately, under these circumstances we were not able to
detect NLRC4 immunoprecipitated together with WDRB@Ing not able toconfirm
direct interaction between these protein§hedecrease othe detection of WDR90 in
WB subsequent to NLRCA4-ttansfection led us to wonder f aggregates formed
between these proteins resulted in an insoluldemplexthat impairedthe detection.
Thereby with the purpose of corroborating the interaction betwe&iDR90 and NLRC4,
we plan to develop a proximity ligation assay (P{@Jdmez, Shankman, Nguyen, &

Owens, 2013)
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Figure 33. NLRC4 cellular redistribution ithe presence of WDROOHEK293T cells were
transfected witthuman WDR9®LAGand/or NLRGMY Cfixed at 48 h postransfection, immunostained
and imaged using a laser confocal microsca®f lysed, immunoprecipitated witmti-FLAG2 Affinity
Gel, and probed with antibodies toYWand ALAG(B).
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Theseled usto wonder if WDR9@pecifically altered the cellular distribution of
NLRC4 omwther inflammasomereceptors too. First, we developed the same -co
transfection with the human NLRP3 receptor, as it also takes part in the inflammasome
macromolecular compleix mouse macrophages infected with @man, Hopkins, et al.,
2014; Qu et al., 2@b). However,in contrastto NLRC4, NLRP3 did not change it
distribution in the presence o¥WDR9(Q(Figure34A). Smilar results was obtainedith
AIM2 receptor which also presented its typical cytoplasmic distisiou(Huang et al.,
2017) without exhibiting any changes under thegsence of WDR9OF(gure 34B).
Nevertheless, the difficulties associated to the detection of WDRO9WByand IP

iImpairedto usetheseapproaches to further confirrthese results

In conclusion, althese resultsshow for the first timea role for WDR90 in
inflammasomeassembly and activation probabdyrough theinteractions withNLRCA4.
However, toconfirm the importance of WDR90 in inflammasomee decided to
developknockout (KO) andniockin (K) modelks of this proteinin human and mouse

macrophagess well as nanobads
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Figure 34. WDR90 does noalterNLRP3and AIM2 celllar distribution. HEK293T cells were
transfected witthuman WDR9®LAG (AB) together with NLRR3) or AIM2MYC(B),fixed at 48 h post

transfection, immunostainedavith antibodies to Flag, NLRP3 and Myad imaged using a laser confocal

microscope
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3. New tools to study the inflammasom

3.1.Generation of WDR90 KO mouse macrophages

In order to study if the role of WDR90 zebrdish is consered in mammalian
cells, we decided to generate KO ofWdr90 in immortalized mousebone marrow
derived macrophage§BMDMs)expressingASGCherry(a gift from Dr. P. BrozYo do
that, we designed differentsgRNA (see Table 2) that were cloned into inducibl
FgH1tUT&FPand noninducible LentiCRISPRwectors. Sequencingf the vectors
showedcorrect insertion of the guide@~igure35), so we proceeded to transduce the
cells byiral particles using 3rd generatiopstem.The inducible system was used taking

into account the lethality ofWdr90-deficientzebrafisharvae

A A
N A a A \ "«
A A Wy M/Y-M Wi

Vector sequence analysis  |cACCGGTACCTTGTCGGTATGGCCAGTTTTA

mWDR90-g1 |-———- GTACCTTGTCOGGTATGGCCA ===

Figure35. Correct integration of m\Wiir90 sgRNAs into the lentiviral vectoAlignment of the
sgRNAs with the sequencedrotd lentiviral vector show a positive integration of the guides into the

vector.

We tried to screen the clones using@mmercialy availableantibody. However,
it was found that his antibody ontjetected overexpressed WDR %t not endogenous
WDR90in HeLacells (Figure364A andB), which is the cell line with the highest RNA
expression o'WDR9(according to The Protein Atlaatabase [Figure37). Although he
expressio of Cas9wvas confirmed by WEBMDM (Figure364C) endogenous VMRO0
was not detectedin WT or KO clones (Figure 364D). The absenceof commercial
antibodiesto validatethe mutation of KOforced us to develop different strategs:

screening by PCR (in progress) and generation of Kl (see below).
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Figure36. Commercial antibodiefails to detect endogenous WDR9®ieLa cell$¢A-B,D) were
transfected wih huWDR9&FLAGor pcDNAZFLAGfixed at 48 h postransfection, immunostainedith
antibodies to FLAG or WDR&d imaged using a laser confocal microsc@gel lysed , and probed with
antibodies toHLAGand WDR90(B,D). iBMDMs were transduced with thadicated lentiviral plasmids,
selected, lysed and probed with antibodies to Cas9 (C) and WDR®@réDsfected iWDR90 was used

as positive control (D) of different KO lines.
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2.6. Generation of WDR90 K| human cells

Due to the difficulties todetect WDROO protein includinglow transfection
efficiency lack of antibodies to detect the endogenous protaind poor resolution in
WB, we decided to generate d Knes As mentioned abovelhe Protein Atlas database
predicted HelLa cells to be the cell linetwibhe highestRNA expression 8¥DRO0 (Figure
37). This cell line contains inflammasome components and is gade transfeced,
being a good cell line to develdpe Kl We also tried to make thi€nockin in HEKQ3T

but it was not possible to find a positive cell (data not shown).

30 Brain
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= Myeloid
20 Lymphoid
15 MLung
10 Abdominal
Breast, female reproductive system
5 Renal, urinary, male reproductive system
................................ B T et
[ » & LD PES L SR L §\gz@)$gc SRS EL Fibroblast
SELEI LY Endothelial
CPERLG RS F Miscellaneous

Figure 37. Predicted wdr90 expression levels in different cell types according to The Protein

Atlas database.

We designed two differensgRNAgn order to adda FLAG tag in thet€rminal
of the WDR0gene Table 2 Material & MethogsMoreover, to allow easy selection by
FACS the donor vector was designed withtarminal P2Abetween the FLAG tag and
YFP. Furthermore, the sequence coding for the last exonmaafied to encodethe
same amino acids but with a different sequenc a way thatCas9 wuld only cut the
endogenous sequence but not the vectdihen,HelLa cells expressing inducible Cas9
were transfected with one guide and the donor vector. After sgta with puromycin
the cells were sorted for GF®sitive Figure38). Althougha few GFPcellswere found
we did notexpecthigh efficiencydue to the low efficiency of the system and the low

expression of WR90 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 WBIR98G.
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Figure 38. FACs analysis of WDR8QAGKI HeLa cellsHeLa were transfected only with the
SgRNA (Control) and together with the donor vector (64RR), selected with puromycin and sorted for
YFP.

2.7. Production of antibodies to human WDR90 and zebrafish
Asc

One of the impediments to develop thsudy was the lack of commercigl
availableantibodies.The commercial antibody for human WDR90 was not able to detect
endogenousVDR90 in WB or in I addition,using zebrafish as a model to study the
inflammasomealsohassomelimitations, for example, & were alsdimited by the lack
of good antibodies against zebrafistflammasomeproteins.For these reasons, one of
the aims of this thesisvasto develop the tools needed to study deeply this complex.
Alpacas are an excellent organism to generate ardibs, as they not only develop
normalantibodies, butalso nanobodiesWe 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 proteipurify it andimmunize the alpacashe
recombinant protein for zebrafish Asc wpsoducedby our collaboratorProf. Alvaro
Sanchez FerreFor humarWDR90 a fragmentncoding severalVD40 domains of the
protein wascloned intothe pET30avector and then transformeato E. colBL21 (DES3).
The ecombinant protein vasobtained after induction oits expressiorwith IPTQusing
conventionalconditions, i.e4h/24h, Q1 mM IPTGand 37 Cbut a poor inductionwas

obtained(Figure39).
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Figure 39. Optimization of recombinanthuman WDR90 purification.The induction of WDR90
was undetectablén aCommasie stainindpefore and after the IPTG stimulation at 87during 4 h and 24

h (A) andhe better concentratiomeached othe purified protein (WDR9B) was lower than 1ug (Bed
arrow (& ) indicates WDR9#&.

Ten different conditions were tried and thdest induction and recovery was
reached after inducing with.001 mMfor 40 hat 16 C We purified the recombiant
WDR90protein (WDR9€P)tagged with His using an affinity column and concenitate
the obtained elution with ultrafiltrationcentrifugalconcentrators (EXE2) Figure40).
The verification of the purification & checked by W@giving us a correct siaesingan
anti-His antibody. Moreover, high exposure times showeidh molecular weight
polypeptides thatouldalsocorrespond to WDR9B oligomers,probably representing
aggregates or podransductionaimodified proteins(Figure40).

WDR90-P E1 E2 E1 E2 E1 E2
kDa
75—
——-— IB: a-His
50—|
37—
T — -
25— | TN -
Coomassie Low exposure  High exposure

Figure40. Purified recombinantWDR90 protein (WDR9B).Coomassie blugtaining(left panel)
and WB with antHis (middle and right panelsj the purifed WDR9Qresentin two different elutions (E1
and E2). High exposure timevealssome WDR9® aggregates.
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Once thehuman WDR90 and zebarfish Asc antigens weagly, we proceeded
to immunize the alpaca®ne monthbeforethe immunizationbloodwas collectedrom
the alpacas to have a control for the immunoreactivity agatinsttarget proteinsAfter
the 4" immunization 120mL of bloodvere collectedfrom each alpacandthe serum
collectedbefore and afterthe immunizationwas analyzed ydot blot (Figure41) and
WB Figure42). The dot blot revealed thathe preimmune serum(Prel) did not
recognize the recombinant proteinghile the postimmune serum(Postl) did up toa

dilution of 1:5000.

A
Asc | Pre-l
C-
Asc
Post-|
C-
ng/ul 150 75 375 18 9 45 2,3 1,15 056 0,3
B
Pre-l
Post-I

ng/ul 150 75 375 18 9 45 23 1,15 06 0,3

Figure4l. Positive immunoreactivity of the alpacaerumto zebrafish Asc and human WDR90
Immunoreactivity of the alpad serum againstebrafishAsc (A) andumanWDR90 (B) was analysed
before (Prémmunizationserum; Prd), and after (Posimmunization serum; Pos} the 4" immunization
by dot blot at 3 different concentrations of seruff/500, 1/1000 and 1/5000). The best concentratian
probed, 1/5000 (A) and 1/1000 (Baye shown
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Figure42. WB detectionof zebarfish Asc and human WDR90 by the alpacas serfumified
recombinant zebrafish Asc (A) and human WDR9Wé@By probed with Pré and Post sea at 1:500,
1:1000 (A) and 1:5000 (A,Bjlutions AntHlama HRRonjugated (15000) was used as secondary
antibody.

These results were confirmed usiNgBwhere the anttAsc serum was able to
detect the recombinant proteins. Howeverhd results for WDR90 eve not very
promising probably to the low purty 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 sgRwstl/PB)was used as a
primary antibodybut it still needed to be improve@Figure43), as wewere unable to

see a peceptibly reduction othe unspecific staining

Pre-l Post-l Post-I/PB

IB: a-Llama
HRP

| «<—WDR90

WDR90-P

Figure43. WDR96P probed with alpaca serum preleared with bacterial lysateThe unspecific
recognitionof ttf LINR G SAY 61 & NBRIzOSR o6& LINBAYyOdzml GAy3a (KS
I; Preimmunization serum, Pogf postimmunization serumPostl/PB; postimmunization serum post

bacterial lysate incubatiorAnti-lama HRReonjugated (1:5000) wassed as secondary antibody.
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We next wanted to check if the immune response generated in the alpacas
developed nanobodies againste targetproteins. If sq that would give us the chance
to develop bacterial display to produce in a future specific nanidswithout the need
of reimmunize the alpaca. As it was described in 199BlamergCasterman 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 prat¥ie 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(Figure44), we could not find a clear specificity of the IgG1s or IgG2/3s for

the recombinant proteingdata not shown)

A

G2 Al

. IB: a-Llama
. HRP

Alpaca. Nido

In 1 13 14 Gl G2 Al

IB: a-Llama
‘ 8. - .. b HRP

Alpaca: José

Figure44. Nanobody purification from alpacas serurfihe initial serum (11) of two alpacas that
were immunize with ebrafishAsc (Nido) (A) and WDRBO(José) (B) was incubated twice with protein G
(12-13) andonce withprotein A (I4)for 30 min each incubatioto separate alpacas IgG1 (&) from
19G2/3 (Al)Anti-lama HRReonjugated (1:5000) was used &tendary 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 guvee
The purified antibodies were probeiitst with the recombinantproteins (Figure45),

resulting in astrongrecognition of Asc but not detection of WDR90.
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Asc WDR90-P

IB: a-Llama
HRP

IB: a-Asc | | IB: -WDR90

Figure 45. Purified antibody recognition okebrafish Asc and human WDR9Recombinant
zebrafish Asand human WDR9®%ere probed withmonospecifianti-Asc and antiWDR90. Antilama
HRPconjugated (1:5000) was used as secondary antibblag.asterisk denosa nonspecific polypeptide.

To further confirmthe usefulness of the Asc antibgdye showed tha it was

able todetect transfected zebrafish A€8PF in HEK923T céHsgure46).

zfAsc-GFP + - zfAsc-GFP + -
Control - - + Control - - +

kDa S kDa 1| 1B: a-GFP

55— v |+ Asc-GFP 55 = <«— Asc-GFP

Figure46. Asc antibody validationHEK293T were transfected witkbrafishAseGFP and an
empty plasnid (AB) and probed with the purified amdiscantibody(A)or anti-GFP (B) 1:3000.
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Discussion

Although many recent studies have demonstrated the crucial role of the
inflammasome as a molecular platform involved in the sensing of intracellular
pathogens, littles knownconcerning phylogenetic aspects of its composition, activation
and function Analysis of genome databases has revealed (i) the enormous
diversification of NLR in refinned fish (class Actinopterygii)aing et al., 2008Jii) the
existence of a single ortholog of the main inflammasome adaptor ASC in all non
mammalian species examined; (iii) that true orthologs of casfdases., harboring N
terminal CARD and-€rminal caspase (P20/P10) dams, are restricted to the
superorders Protacanthopterygii (trout and salmon) and Acanthopterygii (seabream,
seabass, and medaka) of rgned fish(Angosto et al., 2012; Lop€astejon et al.,
2008) while most primitive Ostariophysi (catfishes and zebrafish) have a functional
homolog of mammalian caspade called Caspa in zebrafish, which harbottemhinal
PYD and @rminal P20/P10 domain§lunya Masumoto et al., 2003; Tyida et al.,
2016; Vincent et al.,, 2016)iv) the absence of aaspasel cleavage site in nen
mammalian vertebrate lui & S |j @& \¥t@IS 2002)ard (v) the absence of-18
in some rayfinned fish species, such as the zebrafidhgosto et al., 2012Although
the functional relevance of this extended array of NLR genes in zebrafish still needs to
be investigated, recdrfunctional studies have shown that the mechanisms of activation
of the inflammasome are not fully conserved in Hfayhed fish and that Hw i Aa yz2i
processed in vivo by caspasen this animal groupAngosto et al., 2012; Compan et al.,
2012; LopeXastejon, Young, Meseguer, Surprenant, & Mulero, 2007; Tyrkalska et al.,
2016) However, these studies also demonstrated that the inflamomas is activatedin
vivoin zebrafish macrophages and neutrophils upon bacterial and viral infection, which
leads to differential outcomes: pyroptosis of macropha@)éarela et al., 2014; Vincent
et al., 2016pr PLAZdependent biosynthesis of eicosanoids irutrephils (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 prflammatory Ikm i I Rwas |pter

acquired in the tetrapod lineage.
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To make this story more intriguing, we have idaetifa 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 dmsfound in Caiap:
an Nterminal CARD domain and severde@ninal 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 kmfifidence, 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 irdacin immune cells
recruited to the infection and wounding sites. Although the expression profile of Caiap
requires further investigation, the induction afaiap in sorted macrophages from
infected animals, together with the WISH data and the increassdstance of larvae
forced to express Caiap in macrophages, suggests that Caiap expression is restricted to

a specific population of macrophag@dguyenChi 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 neutropfilgrkalska et al., 201L.6Another
important difference between Caiap and Gbp4 is that forced ubiquitously expression of
Gbp4 results in increasddrval resistance to the infectiofTyrkalska et al., 2016)hile
Caiap overexpression barely increases infection resistance. This difference may be
related to the different mechanism of action e&ch protein, since Gbp4 directly binds
Asc through homotypi€ ARD/CARD interactioiSyrkalska et al., 2016yvhile Caiap
does not directlyinteract with Asc but with enzymatically active Caspa (F2ID)

through its ANKepeats Figure4?).
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Figure47. Proposed model illustrating the stabilization of catalytic active Caspa tetramers by
Caiap 1. Macrophages are recruited to theenfion site where they are infected by S. Typhimurium (ST),
which is contained within the Salmonetiantained vesicle (SCV). 2. Flagellin is inadvertently injected into
the cytosol though the type 3 secretion system of ST where it is recognized by. & Mdrinflammasome
is assembled via formation of Asc specks. 4. Active Caspa interacts with Caiap via its ANK domains and
induces its selbligomerization through CARD/CARD allowing Caspa stabilization in high molecular weight

complexes upon its prodomaielease.
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