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Inflammation is an important biological response of body tissues to harmful stimuli. 

It is essential for the host to clear invading pathogens, cell debris and to initiate tissue 

regeneration. However, when deregulated, it can be deleterious to the host. Tissue 

damage-induced neutrophil infiltration, in the absence of bacterial infection, is 

documented to adversely affect the resolution of numerous diseases including 

ischemia, asthma, gout, cancer and others. It is of great clinical interest to interrogate 

the mechanism and the potential selective advantages, if any, of such deleterious 

response. Zebrafish has many advantages in studying inflammatory responses such as 

its conserved innate immune system compared to mammals, availability of large 

batches of embryos, and the transparency of zebrafish larvae which is ideal for 

intravital imaging. In this study, we show that selective inhibition of tissue damage-

induced inflammation upon Pseudomonas aeruginosa (PA) infection abrogates 

neutrophil chemotaxis and reduces survival of infected zebrafish. Such result is 

achieved, at least in part, through the suppression of cytosolic phospholipase A2 

(cPla2), which mechanochemically integrates tissue damage- and microbe-derived 

cues. Thus, tissue damage-, but not microbe-, derived signals are sufficient for 

triggering neutrophil responses, and are essential for protecting zebrafish against 

infection. 
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Chapter 1: Introduction 

 

Section 1: Innate immune system 

 

1.1 Overview of inflammatory responses 

Inflammation is the immediate response of the host to tissue or cell damage caused by 

noxious instigators. Such instigators can come from microbial infection or tissue 

injury (Medzhitov, 2008). The pattern-recognition receptors (PRRs) presented on the 

outside of or within tissue resident leukocytes (such as macrophages and mast cells) 

and other cell types can recognize those instigators, which leads to the production of 

proinflammatory mediators such as chemokines, cytokines, and histamine (Areschoug 

and Gordon, 2008). Those mediators dilate the endothelium of the local vessels and 

cause neutrophil extravasation (Newton and Dixit, 2012). Once arriving at infected or 

damaged tissue, neutrophils are activated either directly via contact with the pathogen 

or indirectly by secreted cytokines from tissue-resident immune cells. Upon 

activation, neutrophils will eliminate the microbial or host targets through either 

phagocytosis or the secretion of toxic content, such as reactive oxygen species (ROS) 

and elastase, from their granules (Nathan, 2002, 2006). 

 

Once the danger is eliminated, the inflammatory response will enter the resolution 

phase. Macrophages will switch lipid mediator production from pro-inflammatory to 

anti-inflammatory products, such as lipoxins, resolvins and protectins. Those anti-
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inflammatory mediators inhibit recruitment of neutrophils and initiate tissue repair by 

attracting monocytes (Serhan, 2007; Serhan and Savill, 2005).    

 

1.2 Triggers of inflammatory responses  

Inflammation can be triggered by numerous tissue damage- or microbe-derived 

insults. Such instigators can be either exogenous or endogenous.  

One classic exogenous stimulus is microbial infection. Upon infection, pathogen-

associated molecular patterns (PAMPs), which represent a group of conserved 

microbe-specific molecules including lipopolysaccharide (LPS), flagellin, etc., will be 

released into the host. PAMPs can be recognized directly by PRRs of the host cells. 

For example, LPS, a common endotoxin of Gram-negative bacteria, can be 

recognized by Toll-like receptor 4 (TLR4) (Akira and Takeda, 2004; Chow et al., 

1999; Park and Lee, 2013). Other type of PAMPs, such as microbial virulence factors, 

can be recognized indirectly through their damaging activity. For example, the 

NACHT-, leucine-rich repeat- and pyrin-domain-containing protein (NALP3) 

inflammasome detects the bacterial pore-forming exotoxins, such as nigericin, by 

monitoring K+ efflux as indication for a damaged plasma membrane (Mariathasan et 

al., 2006).   

 

Exogenous stimuli can also be non-microbial. Those sterile particles include crystals, 

minerals and protein aggregates (Rock et al., 2010). For example, patients with too 

much uric acid in their blood (hyperuricemia) crystallize monosodium urate (MSU) in 

their joint, which can trigger acute inflammatory responses. The recurrence of such 
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inflammatory response can cause joint damage and eventually lead to gout (Chen et 

al., 2006; Martinon et al., 2006).    

 

Endogenous stimuli are produced by stressed or damaged tissues. They comprise the 

cellular molecules which are usually sequestered within intact cells, such as nuclear 

and cytoplasmic proteins. Those damage-associated molecular patterns (DAMPs) can 

be recognized by specialized receptors including PRRs. For example, extracellular 

high-mobility group box 1 protein (HMGB1) can be sensed by the advanced 

glycation end-product-specific receptor (RAGE) and thus triggers the downstream 

inflammatory response (Kokkola et al., 2005).   

  

1.3 Sensors and pathways of inflammatory response 

PRRs are the major receptors which recognize and response to PAMPs and DAMPs. 

PRRs include several receptor families, including Toll-like receptors (TLRs), NOD-

like receptors (NLRs), C-type lectin receptors (CLRs), Scavenger receptors (SRs) and 

β2-integrins. Based on their functions, PRRs can be divided into two categories: some 

PRRs, including TLRs and NLRs, are involved in signaling which leads to 

downstream inflammatory response and cellular activation; while other PRRs, such as 

scavenger receptors, mediate direct phagocytic uptake of microbial products 

(Areschoug and Gordon, 2008).  

 

Here I mainly focus on inflammatory signaling related PRRs. 
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1.3.1 Toll like receptors (TLRs) 

TLRs are type I membrane proteins containing the leucine-rich repeat (LRR), which 

is responsible for PAMP and DAMP recognition, and cytoplasmic Toll/interleukin(IL) 

1 receptor (TIR) domain, which serves as docking site for downstream TIR-

containing adaptor proteins (Newton and Dixit, 2012). 

 

To date, 10 human TLRs have been identified. They are expressed in antigen-

presenting cells (APCs) as well as other cell types such as epithelial cells (Mogensen, 

2009). Based on cellular localization, TLRs can be divided into two groups: TLR1, 

TLR2, TLR4, TLR5, TLR6 and TLR10 are localized at cell surface, while TLR3, 

TLR7, TLR8, and TLR9 are localized in intracellular space (Kawasaki and Kawai, 

2014). Each TLR has different specificity for a subset of molecules. For example, 

TLR3 recognizes double-stranded RNA (dsRNA) of virus (Alexopoulou et al., 2001), 

TLR4 recognize lipopolysaccharide (LPS) of Gram-negative bacteria (Chow et al., 

1999), TLR5 recognizes bacteria flagellin (Hayashi et al., 2001), and TLR7 

recognizes single-stranded RNA (ssRNA) from viruses (Mancuso et al., 2009).  

 

Upon PAMP- and DAMP-detection, TLRs recruit TIR-containing adaptor proteins. 

MyD88 (myeloid differentiation primary-response gene 88) is the universal adaptor 

protein for all TLR signaling except TLR3 (Kawai and Akira, 2007). The engagement 

between TLR and MyD88 induces the autophosphorylation of IL-1R-associated 

kinases (IRAK), especially IRAK1 and IRAK4 (Kollewe et al., 2004). IRAK1 then 

interacts with TRAF6 (tumor necrosis factors (TNF) receptor-associated factor 6), an 
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E3 ligase. Together with UBC13 (ubiquitin-conjugating enzyme E2 N) and UEV1A 

(ubiquitin-conjugating enzyme E2 variant 1A), the ubiquitin-conjugating enzymes, 

TRAF6 forms a complex which promotes the synthesis of K63 polyubiquitin chains 

(Chen, 2012). Transforming growth factor β-activated kinase 1 (TAK1) is then 

activated and triggers the two downstream pathways: NF-ĸB (nuclear factor kappa-

light-chain-enhancer of activated B cells) and MAPK (mitogen-activated protein 

kinases). NF-ĸB regulates the transcription of various proinflammatory genes, while 

MAP kinases phosphorylate and activate AP-1 (activator protein 1) transcription 

factors (Ajibade et al., 2013; Kawasaki and Kawai, 2014) (Figure 1.1).  

 

TLRs can also trigger TRIF (TIR-domain-containing adaptor protein inducing 

interferon-β)-dependent pathway. TRAF3 and TRAF6 are the main downstream 

proteins of TRIF. TRAF3 is known to activate IKK (inhibitor of kappa B kinase)-

related kinase, TBK1 (TANK (TRAF family member-associated NF-ĸB activator)-

binding kinase 1) and IKKi, which leads to the phosphorylation of IRF3 (interferon 

regulatory transcription factor 3). IRF3 then induces the production of IFNβ (Sharma 

et al., 2003). TRAF6, on the other hand, interacts with RIP1 (receptor-interacting 

serine/threonine-protein kinase 1) kinase, which recruits TAK1 and eventually leads 

to the activation of NF-ĸB and MAPK pathways as mentioned above (Sato et al., 

2003) (Figure 1.1).  
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Figure 1.1 TLR and NLR signaling pathways. 

 

1.3.2 NOD-like receptors (NLRs) 

 NLRs are intracellular proteins that share a central nucleotide-binding domain 

(NACHT domain) and a LRR domain. In human, NLR family contains 23 cytosolic 

proteins (Franchi et al., 2008). 

 

Upon sensing different bacterial peptidoglycan components, NOD1 and NOD2 

interact with caspase-recruiting domain (CARD)-containing kinase RIP-2 to activate 

MAPK and NF-ĸB signaling pathways (Park et al., 2007).  
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PAMPs and DAMPs can also trigger other NLRs, including NLRP1, NLRP3 and 

NLRC4, to form the inflammasome by recruiting the CARD- and PYRIN-domain 

containing adaptor ASC. ASC will then bind the CARD domain and facilitate the 

autocatalytic activation of aspartate-specific cysteine protease caspase-1, which 

cleaves pro-IL1β and pro-IL18 to their mature forms (Mariathasan et al., 2004) 

(Figure 1.1).   

 

1.3.3 PAMPs and DAMPs share the same PRRs 

Although DAMPs and MAMPs originate from different sources and are recognized 

by distinct receptors (Geddes et al., 2009; Mogensen, 2009; Newton and Dixit, 2012; 

Piccinini and Midwood, 2010), emerging evidence suggests they share many of PRRs, 

including TLRs and NLRs (Table 1.1).  

 

Table 1.1 Shared TLRs or NLRs between different DAMPs and PAMPs. 

Receptor DAMPs  PAMPs 

TLR1 β-defensin-3 (Funderburg et al., 

2007) 

Triacyl lipopeptides (Takeuchi et 

al., 2002) 

TLR2 β-defensin-3 (Funderburg et al., 

2007) 

HMGB1 (Park et al., 2004, 2006) 

Antiphospholipid antibodies (Satta 

et al., 2007) 

HSP70 (Asea et al., 2002)  

Lipoprotein/lipopeptides 

(Aliprantis et al., 1999) 

Peptidoglycan/Lipoteichoic acid 

(Schwandner et al., 1999) 
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Table 1.1 (Continued). 

 Serum amyloid A (Cheng et al., 

2008; He et al., 2009) 

Biglycan (Schaefer et al., 2005) 

Atypical lipopolysaccharide 

(Hirschfeld et al., 2001; Werts et 

al., 2001) 

Zymosan (Underhill et al., 1999) 

Porins (Massari et al., 2002) 

TLR4 HMGB1 (Park et al., 2004, 2006) 

HSP22, 60, 70, 72 (Asea et al., 

2002; Ohashi et al., 2000; Roelofs et 

al., 2006; Wheeler et al., 2009)  

Biglycan (Schaefer et al., 2005) 

S100A8, S100A9 (Foell et al., 2007; 

Vogl et al., 2007) 

Neutrophil elastase (Devaney et al., 

2003) 

Antiphospholipid antibodies (Mulla 

et al., 2009) 

Lactoferrin (Curran et al., 2006) 

Serum amyloid A (Hiratsuka et al., 

2008; Sandri et al., 2008) 

Saturated fatty acid (Schaeffler et 

al., 2009; Shi et al., 2006) 

Biglycan (Schaefer et al., 2005) 

Lipopolysaccharide (Chow et al., 

1999; Poltorak et al., 1998) 

Fusion protein (Kurt-Jones et al., 

2000) 

Envelope protein (Rassa et al., 

2002) 

HSP60 (Bulut et al., 2002) 
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Table 1.1 (Continued). 

TLR7/8 Antiphospholipid antibodies (Hurst 

et al., 2009) 

ssRNA (Vollmer et al., 2005) 

ssRNA (Heil et al., 2004) 

TLR9 IgG-chromatin complexes 

(Leadbetter et al., 2002) 

CpG-containing DNA (Hemmi et 

al., 2000) 

NLRP3 ATP (Mariathasan et al., 2006) 

Uric acid crystals (Martinon et al., 

2006) 

Low potassium concentration 

(Pétrilli et al., 2007) 

Muramyl dipeptide (Martinon et 

al., 2004) 

Viral RNA (Kanneganti et al., 

2006) 

Bacterial DNA (Muruve et al., 

2008) 

 

 

1.3.4 Eicosanoid pathways 

Eicosanoids are signaling lipid metabolites derived from arachidonic acid or other 

polyunsaturated fatty acids (PUFAs). Eicosanoids have diverse functions in different 

pathological processes such as inflammation (Dennis and Norris, 2015).  

 

Phospholipase A2 (PLA2) severs as main enzyme which frees arachidonic acid (AA) 

from its esterified form in phospholipids. There are three members of PLA2 that 

contribute the most to AA production including: cytosolic calcium-dependent PLA2 

(cPLA2), cytosolic calcium-independent PLA2 (iPLA2) and secreted PLA2 (sPLA2). 

iPLA2 is mainly involved in maintaining homeostatic cellular functions by producing 
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low levels of AA constitutively (Dennis and Norris, 2015). However, when 

homeostasis is disrupted by tissue injury of infection, the increased level of calcium 

induces the translocation and activation of cPLA2, which leads to elevation of AA and 

downstream pro-inflammatory eicosanoids (Dennis et al., 2011). As the receptor 

activation prolongs, sPLA2 is induced and secreted to activate eicosanoids production 

of the neighboring cells (Fitzpatrick and Soberman, 2001).   

 

AA can be processed into both pro-inflammatory and anti-inflammatory eicosanoids. 

Cyclooxygenase (COX) and lipoxygenase (LOX) are the two main enzymes that 

involved in downstream pro-inflammatory signaling pathways. Prostaglandins, the 

eicosanoids generated from the COX enzyme pathway, are known to induce the key 

signs of inflammation, such as pain, fever, redness and swelling (Dennis and Norris, 

2015). Leukotrienes, the eicosanoids produced in LOX pathway, are documented to 

serve as early leukocytes chemoattractants after tissue damage (Lämmermann et al., 

2013). On the other hand, LOX can also convert AA into anti-inflammatory 

eicosanoids, such as lipoxins, which can inhibit neutrophil recruitment and increase 

phagocytosis of apoptotic neutrophils by macrophages at inflammation sites 

(Lawrence et al., 2002) (Figure 1.2).   
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Figure 1.2 Eicosanoid pathways. 

 

1.4 Cell types involved in inflammatory responses 

Neutrophils, tissue resident macrophages, mast cells, and epithelial cells are the first 

cell types that sense the invasion of microbes (Charles A Janeway et al., 2001).  

 

1.4.1 Neutrophils 

Neutrophils are the primary defending immune cell types against tissue injury and 

infection. They constitute the largest portion of the white blood cell population in the 

circulation (Amulic et al., 2012; Wright et al., 2010).  
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Patrolling neutrophils constantly probe the endothelial cell surface. Endothelial cells 

near inflammatory sites express adhesion molecules, such as P- and E-selectins, and 

integrin members, such as Intercellular Adhesion Molecules (ICAMs), upon 

stimulation by tissue damage- or microbial-derived inflammatory signals (Borregaard, 

2010). As neutrophils move to the inflammatory sites, the glycoprotein P-selectin 

glycoprotein ligand-1 (PSGL-1) and L-selectins on their surface will interact with P- 

and E-selectins on endothelial cells (Ley, 2003; McEver and Cummings, 1997).  

Following the rolling stage, neutrophils further establish a firm adhesion with 

endothelial cell through neutrophil β2 integrin family proteins interacting with the 

ICAMs on endothelial cells, which eventually leads to the extravasation of 

neutrophils to the inflamed tissue (Ley et al., 2007). 

 

After neutrophils enter the interstitial space, tissue-derived cytokines or microbial-

derived chemoattractants will bind to their cognate receptors on neutrophils to initiate 

neutrophil chemotaxis (Amulic et al., 2012). Meanwhile, PRRs on/in neutrophils 

begin to engage with their ligands and activate downstream proinflammatory 

pathways as discussed previously. 

 

 Upon arrival at inflammatory sites, neutrophils utilize multiple strategies to eliminate 

pathogens including degranulation, release of antimicrobial peptides/proteins, and 

generation of reactive oxygen species (ROS) (Mayadas et al., 2014). Neutrophils 

granules carry a variety of antimicrobial agents including myeloperoxidase (MPO), 

neutrophil elastase, bactericidal/permeability-increasing protein (BPI), etc.. After 
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neutrophils are activated, granules translocate and fuse with either plasma membrane 

or phagosome to release their content to the extracellular space or the phagocytosed 

pathogens (Lacy, 2006). Additionally, neutrophils can release antimicrobial products, 

such as α-defensins and lysozyme, directly into the surrounding environment. 

Furthermore, the production of ROS serves an essential role in antimicrobial action. 

The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and MPO are 

the two main enzymes involved in antimicrobial ROS production in neutrophils. The 

NADPH oxidase reduces molecular oxygen to superoxide, which is further converted 

to hydrogen peroxide, hydroxyl radicals and hydroxyl anions. MPO converts 

hydrogen peroxide into antimicrobial reactive species such as hypochlorous acid 

(Bogdan et al., 2000).    

 

Following the execution of their antimicrobial function, neutrophils enter resolution 

phase. The initiation the apoptotic cell-death program serves as the main method for 

neutrophil clearance (Amulic et al., 2012). Recent studies indicate neutrophils can 

also undergo reverse migration back to vasculature (Starnes and Huttenlocher, 2012). 

 

1.4.2 Macrophages 

Macrophages are white blood cells with multiple functions throughout different 

stages of inflammation (Mahdavian Delavary et al., 2011).  

 

In the resting stage, macrophages only produce low levels of proinflammatory 

products (Koh and DiPietro, 2011). Upon exposure to DAMPs, PAMPs or cytokines, 
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macrophages can enter the “classically activated” (or M1) stage (Mosser, 2003). 

Those macrophages exhibit proinflammatory functions by secreting large numbers of 

inflammatory mediators including IL-1, IL-6, TNF-α, and nitric oxide (NO). 

Meanwhile, macrophages can attract additional leukocytes through the production of 

chemoattractants such as IL-8 (Arango Duque and Descoteaux, 2014).  

 

On the other hand, macrophage can enter an anti-inflammatory phase upon being 

“alternatively activated” (or M2) by IL-4 or IL-13 (Gordon, 2003). M2 phase 

macrophages are capable of secreting anti-inflammatory mediators, such as IL-1 

receptor antagonist, as well as growth factors, such as transforming growth factor β 

(TGF-β) and vascular endothelial growth factor (VEGF). Thus they are critical during 

the wound healing and angiogenesis process (Gordon, 2003; Koh and DiPietro, 2011).  

 

Another important function of macrophages during the resolution of inflammation is 

to clear up the wound site. Macrophages carry out such function mainly through 

phagocytosis of apoptotic debris, which helps to resolve inflammation by preventing 

secondary necrosis (Koh and DiPietro, 2011).   

 

1.4.3 Leukocytes and sterile inflammation 

Although the inflammatory response is essential for protecting the host against 

invading pathogens, unresolved inflammation or inflammatory responses in the 

absence infection can lead to various chronic or autoimmune diseases (Chen and 

Nuñez, 2010). For example, neutrophil infiltration in response to MSU crystals in the 
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joints can lead to the chronic inflammatory disease gout (Busso and So, 2010). 

During ischaemia-reperfusion injury, the restoration of blood supply attracts massive 

amounts of neutrophils. The production of ROS can induce further tissue destruction 

as seen in myocardial infarction and stroke (Kalogeris et al., 2012). In Alzheimer`s 

disease, evidence shows that microglial cells adjacent to β-amyloid-containing-

plaques can generate ROS as well as other pro-inflammatory cytokines, which cause 

damage of neurons (Weiner and Frenkel, 2006). Lastly, leukocyte recruitment in the 

absence of microbial infection is documented to promote tumorigenesis through 

production of growth factor such as VEGF (Coussens and Werb, 2002). 

 

Section 2: Zebrafish as a model for the study of innate immune responses 

 

2.1 Zebrafish innate immune system 

Zebrafish has been extensively used as a model system for hematopoiesis and 

vertebrate development (Amatruda and Zon, 1999; Bertrand et al., 2007; de Jong and 

Zon, 2005; Trede et al., 2001). Recently, zebrafish has been appreciated as valuable 

system to study the immune system and human diseases (Dooley and Zon, 2000; 

Lieschke and Currie, 2007; Meijer, 2016; Niethammer, 2016; Novoa and Figueras, 

2012; Ramakrishnan, 2013a; Renshaw et al., 2007). 

 

Zebrafish has both an innate and an adaptive immune system. While the innate 

immune system is detectable and functional from day one of zebrafish embryogenesis 

(Herbomel et al., 1999), its adaptive immune system is not mature until 4 weeks post 
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fertilization (Trede et al., 2004; Willett et al., 1999). Such temporal separation 

between innate and adaptive immune system significantly reduces the mechanistic 

complexity, and allows studying the innate immune system independently from the 

adaptive immune system.  

 

2.1.1 Cell types in zebrafish innate immune system 

Zebrafish immune system comprises almost every immune cell types that found in 

mammals (Trede et al., 2004). Those cell types include neutrophils, macrophages, 

eosinophils, and mast cells.  

 

Neutrophils and macrophages are two main cell types involved in zebrafish innate 

immunity. Upon wounding and/or bacterial infection, neutrophils are the first to 

migrate and accumulate in damaged tissue (Harvie and Huttenlocher, 2015; Renshaw 

et al., 2006), macrophages are subsequently recruited to clear up the tissue or 

bacterial debris (Mathias et al., 2009; Redd et al., 2006).  

 

To date, various leukocyte specific promoters have been identified and used for 

fluorescent labeling of different cell population, such as the lysozyme C (lysC) and 

the myeloperoxidase promoter for neutrophils (Hall et al., 2007; Renshaw et al., 2006) 

and the mpeg1 promoter for macrophages (Ellett et al., 2011). These tools enable the 

real-time, high resolution imaging of neutrophil behavior towards tissue damage or 

bacterial infection, which is difficult to be achieved in other vertebrate model systems 

such as mice. 
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Zebrafish has been used to understand the very first signals that are involved in 

inflammatory response. One mechanism is nuclear swelling which acts as a 

mechanical activation signal for inflammatory lipid signaling to attract neutrophils to 

sites of tissue damage (Enyedi et al., 2013, 2016). Namely, fish interstitium is 

exposed through tailfin wounds to bathing media with lower osmolarity. Hypotonic 

exposure-induced nuclear membrane stretch promotes the translocation and activation 

of cPla2, which cleaves phospholipids in to proinflammatory lipid precursors such as 

arachidonic acid (Figure 1.3). In vivo imaging of fluorescently labeled neutrophils 

greatly facilitated these studies. These studies highlight the progress that has been 

made for the important role of nonlytic stress signals during the fast tissue damage 

detection (Enyedi and Niethammer, 2017; Enyedi et al., 2013, 2016). 
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Figure 1.3 Schematic view of tissue damage induced cPla2 activation. 

 

Zebrafish also provides a unique platform for studying the contribution of 

macrophages to infectious disease in the context of a whole living organism (Masud 

et al., 2017; Torraca et al., 2014). For example, researchers have successfully 

established a TB disease model by infecting zebrafish with Mycobacterium marinum, 

a close genetic relative to the human TB pathogen, Mycobacterium tuberculosis 

(Meijer, 2016; Ramakrishnan, 2013b). Zebrafish overcome the limitation of mouse 

models, which lack the compact necrotic granulomas (Flynn, 2006), as well as the 

risk of working with the airborne transmitted human pathogen. By using the zebrafish 

TB model, researchers have demonstrated that macrophages suffice for initiation of 
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granulomas independent of adaptive immunity (Davis et al., 2002). Moreover, this 

model also shows that granulomas promote the expansion and dissemination of 

infection, which changes the historically widespread view of a host-protective role of 

granulomas (Davis and Ramakrishnan, 2009; Ramakrishnan, 2012).   

 

2.1.2 Immune proteins and genes in zebrafish innate immune system 

Many innate immune mediators and genes are conserved between zebrafish and 

mammals (Stein et al., 2007). Zebrafish possesses multiple human TLR 

homologues(TLR1/2/3/4/5/7/8/9) as well as several zebrafish specific 

TLRs(TLR18/19/20/21/22) (van der Vaart et al., 2012). Not all the ligands for fish 

TLRs are identified. Previous studies have shown the conservation of ligand 

recognition by some TLRs between fish and humans (e.g. lipopeptides for TLR2, 

dsRNA for TLR3 and flagellin for TLR5) (Matsuo et al., 2008; Ribeiro et al., 2010; 

Stockhammer et al., 2009). Additionally, dsRNA and Poly:C have been identified as 

the ligand of TLR22 (Matsuo et al., 2008). However, zebrafish TLR4 has different 

extracellular domains comparing to mammals. As a result, fish TLR4 is not able to 

respond to LPS (Sepulcre et al., 2009; Sullivan et al., 2009). Besides the TLRs, key 

adaptor proteins of the TLR signaling pathway also exist in zebrafish, including 

MyD88, TIRAP, TRIF, TRAF6, and IRF3/7 (Novoa and Figueras, 2012; Purcell et al., 

2006). MyD88 and TRAF6 are required for bacteria induced inflammatory responses 

(van der Sar et al., 2006; Stockhammer et al., 2010). Moreover, the fish TLR 

signaling triggers similar transcriptional factor families including NF-ĸB, AP-1, ATF 

(activating transcription factor), IRF, and STAT (signal transducer and activator of 
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transcription) (Ordas et al., 2011; Stockhammer et al., 2009; van der Vaart et al., 

2012).  

 

Three subfamilies of NLRs have been identified in zebrafish. The first subfamily 

contains the orthologues of mammalian NODs, which includes NOD1, NOD2, 

NLRC3, CIITA (the Major Histocompatibility Class (MHC) II transactivator), Apaf1 

(apoptotic protease activating factor 1) and NLRC5. The second subfamily resembles 

the mammalian NALPs including NLRP6, NLRB5 and NLRC3-like. The third 

subfamily is a fish specific group of NLR proteins, which contains several hundreds 

of members (Howe et al., 2016; Laing et al., 2008; van der Vaart et al., 2012). 

Knockdown of zebrafish NOD1 and NOD2 decreases dual oxidase (DUOX) 

expression and larval survival upon bacterial infection, which suggests their 

involvement in antibacterial function (Oehlers et al., 2011). Moreover, zebrafish 

NLRC5 is involved in antiviral immune responses and transcriptional regulation of 

MHC class II genes (Wu et al., 2017). These studies illustrate the conserved role of 

NLRs in antibacterial and antiviral functions.  

 

2.1.3 Immune effectors in the zebrafish innate immune system 

Cytokines, including chemokines, interleukins, and interferons, are largely conserved 

between zebrafish and mammals (Stein et al., 2007). Several interleukin members, 

including IL1β, IL6, and IL10, have been characterized in zebrafish (Huising et al., 

2004; Varela et al., 2012; Zhang et al., 2005). However, zebrafish IL1β lacks the 
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traditional mammalian caspase-1 cleavage site while containing multiple alternative 

cleavage sites (Angosto et al., 2012; Vojtech et al., 2012). Nevertheless, fish IL1β 

maintains its function in promoting inflammatory response during Pseudomonas 

aeruginosa infection (Clatworthy et al., 2009) and tissue regeneration (Kyritsis et al., 

2012).  

 

A previous study has shown that fish TNF signaling protects a host from 

mycobacteria infection, where macrophage death and granuloma formation increase 

after the knockdown of TNF receptor (Clay et al., 2008). Additionally, fish TNF-α 

has been shown as an activator of chemokine production in endothelial cells, where it 

mainly functions to recruit leukocytes (Roca et al., 2008). 

 

As in humans, zebrafish have three groups of interferons. The group I INFs induce 

antiviral gene expression against myxovirus infection (Altmann et al., 2003). 

Zebrafish possesses two group II INF genes, namely IFN-γ1 and IFN-γ2 (Aggad et al., 

2010). While the proinflammatory and antigen presentation functions are conserved 

(López-Muñoz et al., 2011), they fail to protect zebrafish from bacterial and viral 

infection (López-Muñoz et al., 2009).  

 

Oxidative defense is conserved in zebrafish. Actually, using zebrafish, it has been 

shown for the first time that hydrogen peroxide (H2O2), generated by oxidase activity 

of DUOX, functions as a mediator for rapid wound detection (Niethammer et al., 

2009). However, it was proposed that H2O2 is not generated during bacterial infection 
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(Deng et al., 2012). Subsequently, Lyn, a Src family kinase member, was identified as 

H2O2 sensor in neutrophils mediating the attraction of leukocyte to the wound (Yoo et 

al., 2011). Moreover, the antibacterial function of DUOX in zebrafish innate 

immunity protects fish during intestinal infection (Flores et al., 2010). 

 

Taking together, the major components involved in zebrafish innate immune response 

are highly conserved between fish and mammals. 

 

2.2 Additional advantages of zebrafish model 

Zebrafish has been established as genetic tractable model system since the 1980s 

(Streisinger et al., 1981). Compared to mice, they are cheaper to maintain. The mating 

of zebrafish is triggered by the break of daylight (Hisaoka and Firlit, 1962). Each pair 

of adult zebrafish can produce large number of offspring, usually hundreds of 

embryos per week (Patton and Zon, 2001). Zebrafish develop fast. Most organs are 

present at 24 hour post fertilization. Fish can reach sexual maturity at 3 months 

(Kimmel et al., 1995). 

 

Zebrafish larvae are nearly transparent. A transgenic line of pigmentation mutation 

has also made zebrafish transparent throughout its life time (White et al., 2008). 

These features make zebrafish particularly suited as intravital imaging model for 

studying inflammatory response and cancer progression (Enyedi et al., 2013; Feng 

and Martin, 2015; Heilmann et al., 2015; Ignatius et al., 2016; Niethammer et al., 

2009; Renshaw et al., 2007; Tulotta et al., 2016). 
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The zebrafish genome is largely conserved comparing to human. Approximately 70% 

of genes are shared between those two species. 84% of human disease related genes 

have counterparts in zebrafish (Howe et al., 2013). Various tools have been 

developed for the genome editing in zebrafish including morpholino knockdown and 

CRIPSR/Cas9 (Hruscha et al., 2013; Jao et al., 2013; Nasevicius and Ekker, 2000). 

 

To date, large scale genetic as well as drug screens have been conducted using 

zebrafish because of its advantages mentioned above (Driever et al., 1996; Haffter et 

al., 1996; Robertson et al., 2014; Takaki et al., 2012; Wittmann et al., 2015).   

 

Lastly, zebrafish serve as a powerful model for studying human mucosal skins. 

Although human dry epidermis covers an area about 2 m2 (Hadgraft, 2001), it only 

accounts for ~ 1-10 % of total surface area of an adult human (Helander and Fändriks, 

2014; Niess and Reinecker, 2006), depending on the specific measuring method. Thus, 

most of the human surface area is covered by mucosal lining. Especially, the human 

upper digestive track is covered by saliva, a hypotonic solution. Thus, zebrafish 

serves as a great model for studying the mucosal injury of human. 
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Chapter II: Experimental Results 

 

Section 1: Introduction 

 

Tissue damage or infection can trigger inflammatory responses by the innate immune 

system, including the fast infiltration of neutrophils to the damaged or infected tissue. 

While the recruitment of neutrophils is generally beneficial against bacterial infection, 

the physiological purpose of tissue damage induced (“sterile”) neutrophil infiltration 

is largely unknown. Upon the release of toxic enzymes, neutrophils can cause 

additional damage to the host and thus delay the healing and regeneration process of 

injured tissue (Dovi et al., 2003, 2004; Schofield et al., 2013; Simpson and Ross, 

1972). Do these deleterious functions of neutrophils reflect a “design flaw” of innate 

immune system? Or do they provide some selective advantages to the host? To 

address this question, we set out to test the potential contributions of tissue damage 

signals to antimicrobial immune responses.  

 

Although this idea seems intuitive, no previous research, to our knowledge, has ever 

been conducted to test it. This is largely due to the difficulty of selectively blocking 

the tissue damage induced signaling in the context of bacterial infection. After all, all 

current methods, such as injection, that deliver bacteria into the host will inevitably 

cause host tissue damage. Besides, bacterial and tissue damage induced signals share 

a common set of PRRs, which precludes the selective downstream inhibition of tissue 

damage. 
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To date, many research groups have shown that sterile inflammatory signals are 

sufficient to trigger neutrophil recruitment in vivo (Lämmermann et al., 2013; 

McDonald et al., 2010; Ng et al., 2011). Previous in vitro studies also indicate some 

PAMPs as potent neutrophils chemoattractants (Bloes et al., 2015). As microbial cues 

act through similar pattern recognition pathways, PAMPs are thought to suffice for 

local neutrophil responses as well. However, this fundamental assumption has never 

been thoroughly tested before. Additionally, since it is difficult to elucidate and 

eliminate every DAMP, it is very challenging to test the contribution of tissue damage 

signaling to microbial detection in the canonical way (Kono and Rock, 2008).  

 

To this end, zebrafish serve as an alternative model organism which enables more 

feasible experimental design. Zebrafish innate immune system is highly conserved as 

compared to mammals (Trede et al., 2004).  At 2-3 days post fertilization, zebrafish 

innate immunity is fully developed while the adaptive immune system is still absent 

(Trede et al., 2004), which provides a unique temporal gap to investigate the 

mechanism of innate inflammatory responses. Furthermore, the transparency feature 

of zebrafish larvae facilitates intravital live imaging. Upon wounding, the exposure of 

zebrafish interstitial tissue to environmental fresh water induces cell swelling around 

the wound due to the difference of osmotic pressure. Although cell swelling is a 

common pathological hallmark of tissue damage in all animals (Liang et al., 2007; 

Majno and Joris, 1995; Vanden Berghe et al., 2014), its direct inflammatory function 

has only been studied in zebrafish so far.  In zebrafish, cell and nuclear swelling serve 
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as a mechanical transducer that triggers the translocation and activation of cPla2, 

which cleaves arachidonic acid from phospholipids, a prerequisite for the synthesis of 

proinflammatory eicosanoids (Enyedi et al., 2013, 2016; Niethammer et al., 2009). 

Cell swelling is abrogated by bathing larvae in isotonic solution, which provides a 

unique way to shut down tissue damage induced inflammatory signaling in the 

context of infection. 

 

Section 2: Results 

 

2.1 Microbial ear infection triggers heterogeneous neutrophil responses in 

zebrafish larvae 

To generate focal infection in zebrafish, Pseudomonas aeruginosa (PA) or 

Escherichia coli (E. coli) resuspended in either hypotonic or isotonic E3 medium was 

injected into the otic vesicle (inner ear) of three day old larvae (Figure 2.1A) as 

previously described (Deng et al., 2012). The suspensions were supplemented with 1 

μm fluorescent beads to label the infection site. The beads acted as bright and faithful 

fluorescent proxy for bacterial dispersion, similar to fluorescent PA (Figure 2.1B, C). 

Assuming a spherical shape, we estimated the ear volume to ~1 nL. To rupture the 

luminal ear integument by overpressure, we injected a ~ two times larger volume (2.3 

nL) of PA suspension. The damage induced by the injection (Figure 2.1D) gives 

microbes and bathing solution access to the fish interstitium and allows rapid 

equilibration of ear fluid and bathing solution, as indicated by the quick loss of 4 kD 

dextran fluorescence from the ear lumen (Figure 2.1E).  
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A neutrophil-specific reporter lysC (Hall et al., 2007) was used to fluorescently label 

the neutrophil population in the fish line. Injected fish larvae were imaged for 90 

minutes by time-lapse microscopy. Under standard, hypotonic bathing condition 

(Hypo+PA), infection triggered strong leukocyte recruitment in ~ one third of the 

animals (Figure 2.1C, “High Responders”, HR). These strong responses were 

characterized by the synchronized convergence of neutrophils onto the ear infection 

site. Two thirds of the animals displayed sporadic, unsynchronized neutrophil 

migration (Figure 2.1C, “Low Responders”). The relative high number of observed 

animals facilitated appreciation and quantification of this response heterogeneity. 

Although the precise factors that contribute to it remain unclear, we speculate that 

biological thresholds, (epi-)genetic variability, and stochasticity of injection-induced 

ear rupture, might play a role. To unbiasedly classify the phenotype (Figure 2.1C), 

blinded neutrophil recruitment curves were randomly selected from a pool of ~1600 

experiments across 41 experimental conditions, and manually grouped into high and 

low responder “training sets”. The threshold was automatically calculated from those 

training sets and used for subsequent classification of the remaining neutrophil curves.  

The HR-index (HRi) represents the frequency of high responders in each 

experimental group. To ensure the robustness of our method, unsupervised Gaussian 

mixture distribution model without user-defined training sets was used to 

automatically cluster the same data set, and yielded similar results (Figure 2.1C).   
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Figure 2.1 Ear infection of zebrafish larvae with Pseudomonas aeruginosa (PA) 
triggers strong neutrophil responses in a subset of animals.   
 
(A) Cartoon scheme of experiment. (B)  Ear injection of microbes generates a 
localized source of infection as visualized with EGFP-tagged PA (shown: hypotonic 
bathing conditions).  (C) Upper panel, representative time-lapse montage of 
neutrophil recruitment to infected ears in a Low Responder (left) versus a High 
Responder (right) animal at indicated times. Neutrophils are in red. Cyan fluorescent 
beads mark the ear region. Scale bar, 100 μm. Lower panel, neutrophil recruitment 
kinetics in Hypo+PA fish computationally classified into low (black) and high (red) 
responders by comparison to user-generated training sets. High responder index is 
depicted as pie chart. Blue percentage, an unsupervised (that is, no user-defined 
training sets) Gaussian distribution clustering algorithm determines a similar HR-
index. (D) Representative image of injection-induced ear damage under hypotonic 
(left) and isotonic (right) bathing conditions. The nuclei of damaged cells are stained 
with the cell lysis dye SYTOX orange. Scale bar, 100 μm. (E) Fluorescence of 4 kD 
dextran is quickly lost (Right) comparing to cyan fluorescent beads (Left) that are 
injected at the same time. Upper panel: 0 min; lower panel: 90 min. Scale bar, 100 μm. 
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2.2 Selective suppression of tissue damage signals inhibits protective neutrophil 

recruitment to infections 

In cell culture experiments, microbes suffice for attracting neutrophils through 

formylated peptides, and other emitted chemotactic factors (Nuzzi et al., 2007; 

Schiffmann et al., 1975). Serum is often present before or during these experiments, 

possibly mimicking aspects of a wound microenvironment. Likewise, the isolation of 

primary neutrophils involves injury-inducing procedures. Although these in vitro 

assays are valuable for dissecting fundamental chemotactic signaling mechanisms, it 

is uncertain which—if any—physiological state they resemble. 

 

Ear infection of PA under isotonic condition (Iso+PA) largely abolished neutrophil 

recruitment, even though the increase of osmolarity did not alter the viability of the 

bacteria (Figure 2.2A). Additionally, SYTOX orange staining of injected ear 

indicated comparable level of cell lysis under hypotonic and isotonic condition 

(Figure 2.1D), which is in line with our previous tailfin wounding assay (Enyedi et al., 

2013; Gault et al., 2014). Although high responders, undistinguishable from those 

under hypotonic conditions, were still present in the absence of tissue damage cues 

during PA infection, their frequency dropped dramatically (Figure 2.2B). The high 

responder group was totally abrogated when infecting fish with non-pathogenic E. 

coli (TOP10) (Figure 2.2B, C). The basal level of high responders observed in PA but 

not E. coli infection led us to investigate potential role of PA cytotoxicity in 

recruiting neutrophils (Dacheux et al., 2001). As mentioned above, necrotic cell 

demise involves cell- and organelle swelling even under isotonic conditions. PA 
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phospholipase ExoU, a major virulent effector of type III secretion system, disrupts 

the plasma membrane to induce cell necrosis (Finck-Barbançon et al., 1997; Hauser 

and Engel, 1999). Indeed, infecting fish with ExoU mutant PA strain (PA exoU) 

further decreased neutrophil recruitment compared to the wt PA strain under isotonic 

condition (Figure 2.2B, D). Remaining neutrophil responses may be due to residual, 

ExoU-independent cytotoxicity. Importantly, co-injecting PA exoU together with the 

non-microbial membrane disruptors melittin (naturally occurs in venom of Apis 

mellifera, honeybee) and digitonin (naturally occurs in Digitalis purpurea, foxglove), 

respectively, restored neutrophil recruitment (Figure 2.2B, D). Melittin, but not 

digitonin, moderately decreased bacterial viability, in line with melittin’s known 

antimicrobial functions (Picoli et al., 2017) (Figure 2.2E), but control experiment 

with heat-killed PA excluded the effect of bacteria viability on neutrophil recruitment 

(Figure 2.2F, G). Altogether, these experiments argue that necrosis, for instance, 

induced by bacterial virulence, can functionally replace extracellular hypotonicity to 

some extent. This makes a broad case for tissue damage signaling—osmotic or 

otherwise—as essential trigger of antimicrobial neutrophil responses in vivo.   
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Figure 2.2 Selective suppression of tissue damage signaling abrogates neutrophil 
responses to infection sites.  

 

(A) Average bacterial viability analysis as a function of extracellular tonicity. Error 
bars, SEM of n different agarose plates. (B) HR indices after PA or E. coli infection 
in the presence (Hypo) or absence (Iso) of osmotic tissue damage signaling, and as a 
function of microbial cytotoxicity (ExoU). HR indices are depicted as pie charts. 
Asterisks, Fisher’s exact test p<0.05. Note, the Hypo + PA reference set is the same 
as in the other figures. Parentheses, number of injection experiments. (C) Average 
neutrophil recruitment to E. coli infected ears in zebrafish larvae in the presence 
(Hypo + E. coli, black) or absence (Iso + E. coli, red) of tissue damage signals. 
Shaded area, SEM of n injection experiments. (D) Average neutrophil recruitment as 
a function of endogenous, microbial (ExoU) and exogenous (digitonin, melittin) 
cytotoxicity. Shaded area, SEM of n injection experiments (parentheses). (E) 
Bacterial viability analysis in response to digitonin or melittin treatment. Error bars, 
SEM of n different agarose plates. Asterisk, t-test p<0.05. (F) Average neutrophil 
recruitment to live (grey) or heat-killed (hk, red) PA. Shaded area, SEM of n 
aggregated animal experiments. Note, reference data set (Hypo + PA) is the same as 
in the other figures. (G) Bacterial viability analysis as a function of heat-killing. Error 
bars, SEM of n different agarose plates. 
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Neutrophil migration parameters (speed, trajectory length, and persistence) were 

significantly reduced under isotonic as compared to hypotonic infection conditions 

(Figure 2.3A). However, random neutrophil movement was not affected by 

isotonicity in uninjected fish larvae (Figure 2.3A). Together with the observation of 

residual high responder under isotonic infection (Figure 2.2B) and our previous 

finding of externally added eicosanoids could rescue isotonic inhibition of neutrophil 

migration (Enyedi et al., 2013), a generalized inhibition of neutrophil motility by bath 

tonicity is precluded. Moreover, bacterial viability was not affected by isotonic 

treatment in all experimental groups (Figure 2.3B). Thus, epithelium damage is 

required for osmotic regulation of neutrophil responses. To confirm our observation 

was not correlated to a specific tissue, e.g. inner ear, we performed the PA infection 

experiment in fish trunk muscle, and observed similar results as ear infection assay 

(Figure 2.3C, D). 
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Figure 2.3 Selective suppression of tissue damage signaling inhibits neutrophil 
movement to infection sites, and decreases the survival of infected zebrafish larvae. 
 
(A) Neutrophil tracking analysis. Top panel, images representative of n (parentheses) 
injection experiments. Lower panel, table of leukocyte migration parameters. v, 
migration velocity. l, path length. Dp, directional persistence. Shown are average 
values ± SEM for indicated number of injection experiments (parentheses). Asterisks, 
one-way Anova between indicated groups p<0.05. Scale bar, 100 μm. (B) Meier-
Kaplan plots of post-infection survival of PA-infected larvae in the presence or 
absence of osmotic tissue damage signaling. Different lines in each graph refer to 
different PA concentrations. Asterisks, log-rank test p<0.05. Parentheses, number of 
injection experiments. (C) Top, scheme of alternative injection site. Bottom, 
representative still images of neutrophil recruitment to muscle infection sites at 
indicated times in the presence (Hypo) and absence (Iso) of tissue damage signals. 
Arrow, injection site. Scale bar, 100 μm. (D) Average neutrophil recruitment to 
muscle injection sites as a function of osmotic tissue damage signaling. Shaded area, 
SEM of n injection experiments (parentheses). 
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Transcriptional induction of chemokines is a well-known signaling event for 

canonical innate immune responses against PAMPs and DAMPs. We wondered 

whether hypotonicity may stimulate rapid neutrophil recruitment through regulating 

chemokine expression. However, bathing fish with cycloheximide (CHX), a protein 

synthesis inhibitor, had little effect on neutrophil recruitment (Figure 2.4A, B), which 

argued against the involvement of transcriptional gene regulation during early 

neutrophil responses. 
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Figure 2.4 Effects of pharmacological treatments on neutrophil recruitment to the 
infected ear of zebrafish larvae.  
 
(A) Summary of pharmacologic pathway perturbations (indicated below graph). All 
compounds were applied by ear injection and bathing. The tonicity of the injection 
solution is always the same as the bath tonicity. Two measurements are given: the 
HR-index (red, pie charts), and average leukocyte recruitment curves (orange, 3-
timepoint-plot format: 0’, 45’, 90’, see Figure 4.1). The color shading indicates 
combinatorial experimental conditions as indicated on the right side. Error bars, SEM. 
Parentheses, number of animals per condition. Orange lines, t-test p<0.05 
(comparison of average leukocyte numbers at 90’). DMSO ctr, carrier control. CHX, 
cycloheximide. (B) Phenotype classification by user-unsupervised (i.e., without 
manually selected training sets) Gaussian mixture distribution model clustering. Blue 
numbers, HR index. Middle panel shadings indicate combinatorial experimental 
conditions as indicated on the right side. Note, data sets are the same as in other 
figures.  
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The HR-index turned out to be predictive of post-infection survival. In the presence 

of tissue damage signals, 38% of the larvae exhibited strong neutrophil responses, 

with 44% surviving. Without tissue damage signals, only 9% of the animals showed 

strong neutrophil recruitment, and only 15% survived (Figure 2.2B, 2.3B). Notably, 

infected fish larvae were only kept in isotonic bathing solution for the first two hours 

after infection. Thus immediate damage signaling is crucial for fish survival after 

bacterial infection, providing a selective advantage. 

 

2.3 Suppression of osmotic damage does not abrogate microbe recognition  

To investigate transcriptional responses to ear infection under different osmotic 

conditions, mRNA sequencing was performed to three groups of fish: uninfected 

larvae, larvae infected with PA in hypotonic (Hypo+PA) and isotonic (Iso+PA) 

bathing solution. Comparing uninfected larvae with larvae infected with PA in 

hypotonic (Hypo + PA), or isotonic (Iso + PA) bathing solution showed that tissue 

damage signaling was required for full, transcriptional responses to PA-infection (that 

is, two times up- or down-regulation of 100 genes; Figure 2.5A, Table 5.1 and 5.2), 

which indicated tissue damage signaling was indispensible for activating full 

transcriptional responses. Nevertheless, microbial signals alone induced a subset of 

immune genes including AP-1 subunits (fosl1, junba, junbb), cyclooxygenase 2 

(ptgs2b), Il1β (il1b) and NADPH oxidase organizer 1a (noxo1a), which are known to 

be induced by bacterial LPS (Eliopoulos et al., 2002; Forn-Cuní et al., 2017; 

Kawahara et al., 2005; van der Vaart et al., 2013) (Figure 2.5A). Even without 

microbial cues, tissue wounding is known to induce expression of AP-1 subunits, IL-
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1β, and PTGS2 genes (Chen and Nuñez, 2010; Fitsialos et al., 2007). This may 

explain why the absence of hypotonic wound cues blunted their induction. 

Additionally, whole mount in situ hybridization showed strong and systemic il1b 

mRNA expression in both hypotonic and isotonic conditions (Figure 2.5B). Taking 

together, fish larvae were able to recognize microbial cues and induce robust 

upregulation of important inflammatory genes even without osmotic tissue damage 

signaling.  
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Figure 2.5 Absence of tissue damage signaling does not block microbial detection.  
 
(A) Left panel, Venn plot of significantly (padj<0.05), at least two times up- or down-
regulated mRNAs at 60 min after PA ear infection in the absence (Iso+PA) or 
presence (Hypo+PA) tissue damage signaling. Right panel, log2-fold regulation of 
intersection gene set (blue). Bold italics, known LPS-downstream effectors. See 
Table 5.1 and 5.2 for more detail. Results are derived from n=3 independent 
mRNAseq experiments. (B) In situ hybridization for il1b mRNA. Left panel, 
representative images of different classes of staining patterns observed in indicated 
number of injection experiments (parentheses, right panel). Right, quantification of 
staining pattern frequency.  
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2.4 cPla2 integrates tissue damage- and microbe-induced signaling 

cPla2 has been reported as key effector of osmotic tissue damage induced cell 

swelling for triggering zebrafish innate immune inflammatory responses (Enyedi et 

al., 2013, 2016).  In line with those previous studies, knocking down of cPla2 with 

different morpholinos decreased neutrophil recruitment against PA infection under 

hypotonic bating condition in fish larvae, while overexpression of cpla2 by mRNA 

injection increased neutrophil responses (Figure 2.6A, B, D). Furthermore, ear 

injection of arachidonic acid, the product of cPla2 enzymatic activity, induced 

neutrophil recruitment in the absence of tissue osmotic damage signaling (Figure 

2.4A, B).  Downstream of cPLA2, cyclooxygenases (COX) and 5-lipooxygenase (5-

LOX) metabolize arachidonic acid into lipid chemoattractants, e.g. prostaglandins, 

oxo-eicosanoids, and leukotrienes (Dennis and Norris, 2015; Rådmark et al., 2015). 

Fish larvae treated with Zileuton, the 5-LOX inhibitor, and Licofelone, the 5-

LOX/COX dual inhibitor, showed attenuated neutrophil recruitment. Asprin, a COX 

inhibitor, did not block neutrophil recruitment-if anything, we noticed stimulation, 

likely due to the shunting effect of more AA into the 5-LOX pathway (Figure 2.4A, 

B). Together with our previous work (Enyedi et al., 2013, 2016), this suggests that the 

osmotic damage cues during microbial infection activate the 5-LOX branch of 

eicosanoid cascade, which generates potent neutrophil chemoattractants, such as 5-

oxo-ETE and leukotrienes B4 (LTB4).  
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Figure 2.6 cPla2 integrates tissue damage and microbial cues. 
  
(A) Summary of genetic pathway perturbations (indicated below the graph). Two 
measurements are given: the HR-index (red, pie charts), and average leukocyte 
recruitment curves (orange circles, simplified 3-timepoint-plot format: 0’, 45’, 90’, 
see Figure 4.1). Upper graph section, color code indicates respective bathing 
conditions. Lower graph section, color code indicates injection conditions. Note, the 
injection buffer tonicity is always the same as bath tonicity. Error bars, SEM. 
Parentheses, aggregated number of animals per condition. Red lines, Fisher’s exact 
test p<0.05. Orange lines, t-test p<0.05 (comparison of average leukocyte numbers at 
90’). cPla2 wt mRNA, cPla2 overexpression by injection of mRNA into one-cell stage 
embryos. cPla2 S498A mRNA, cPla2 phosphorylation site mutant overexpression by 
injection of mRNA into one-cell stage embryos. cpla2 MO, published splice blocking 
morpholino (Enyedi et al., 2013). fleN mutant PA (multi-flagellated), ear injection of 
a flagella mutant of PA (Feinbaum et al., 2012). LPS mutant PA, ear injection of O-
antigen mutated PA (ORF_11) (Feinbaum et al., 2012). myd88 MP MO, misprime 
control morpholino. myd88 MO, published translation blocking myd88 morpholino 
(van der Sar et al., 2006). Note, the Hypo + PA reference set is the same as in other 
figures. (B) Average neutrophil recruitment to PA-injected ears in the presence of 
osmotic tissue damage signals and cPla2 knockdown (red & magenta) by two 
additional morpholinos. Note, the aggregated Hypo + PA data set (black) is the same 
as in other figures. (C) Average neutrophil recruitment to PA-infected ear upon 
pycard antisense knockdown. Shaded area, SEM of n animal experiments. Note, 
aggregated reference data set (Hypo + PA) is the same as in all other figures. Inset, 
pycard splice morphant confirmation by RT-PCR. Morphants show a 548 bp insertion. 
(D) Morpholinos reduce cPla2 protein levels as confirmed by western blot. (E) Anti-
cPLA2 and anti-β-actin western blots of phospho-affinity column eluate (EL) and flow 
through (FT) at indicated experimental conditions. Note, unspecific β-actin signal 
(~23 kD) confirms equal gel-loading. Note, specific β-actin signal in flow through 
(~40 kD) confirms equal column-loading. M, colorimetric molecular size marker. 
Representative of two, independent experiments. 
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As our mRNAseq data indicated that PA were likely detected through LPS signaling, 

we tested the involvement of LPS by infecting zebrafish larvae with a LPS-mutant 

PA strain (Feinbaum et al., 2012). Indeed, leukocyte recruitment to LPS-mutant PA 

strain was markedly reduced, whereas a multi-flagellated PA strain (PA fleN) 

(Feinbaum et al., 2012) did not alter the neutrophil responses (Figure 2.6A). As LPS 

is recognized by TLR signaling pathways in mammals (Barton and Medzhitov, 2003), 

we set out to test whether knocking down of MyD88, a conserved TLR adaptor 

protein involved in LPS recognition in zebrafish (van der Vaart et al., 2013), would 

reduce neutrophil recruitment. Indeed, upon PA infection, neutrophil recruitment was 

attenuated in the fish treated with published myd88 morpholino compared to myd88 

mismatch morpholino control (van der Sar et al., 2006) (Figure 2.6A). This is 

consistent with the notion that PA is detected, at least in part, through LPS signaling. 

Previous study has shown that LPS can also be recognized through noncanonical 

inflammasomes, which trigger IL-1 signaling (Kayagaki et al., 2013). However, 

morpholino knockdown of Pycard (ASC), a conserved inflammasome adaptor, had 

little effect on early neutrophil recruitment (Figure 2.6C).  

 

PA LPS is known to induce phosphorylation of cPLA2 through a LPS-TLR-MyD88-

MAP kinase signaling cascade (Hurley et al., 2006, 2011; Lindner et al., 2009; Qi and 

Shelhamer, 2005; Ruipérez et al., 2009), and cPLA2 phosphorylation augments the 

enzyme’s hydrolytic activity, which unfolds after membrane attachment (Tucker et al., 

2009). In line with others, we previously reported that phosphorylation does not 

increase membrane recruitment of cPla2 (Enyedi et al., 2016; Schievella et al., 1995; 
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Tucker et al., 2009). Instead, cPla2 membrane interactions are stimulated by Ca2+ and 

nuclear membrane stretch, which are both induced by tissue damage (Enyedi et al., 

2016). As phosphosite-specific antibodies for zebrafish cPla2 are not available, we set 

out to detect stimulation of cPla2 phosphorylation upon ear infection by affinity 

purification of phosphoproteins from larval extracts. Indeed, an increase of cPla2 

phosphorylation was detected upon PA infection (Figure 2.6E). It is worth noting that 

these whole-animal phosphorylation changes underestimate local phosphorylation 

increase at ear infection site. Furthermore, by mutating cPla2`s primary, conserved 

phosphorylation site (S498A), and injection of the S498A mutant mRNA, we 

observed strongly decreased neutrophils recruitment against PA infection (Figure 

2.6A), which confirmed that cPla2 phosphorylation controlled antimicrobial 

neutrophil responses in vivo. Additionally, zebrafish treated with U1026, the inhibitor 

of Erk1/2 pathway, but not SB203580, the inhibitor of p38 pathway, showed 

attenuated neutrophil response upon ear infection (Figure 2.7A, B), which is in line 

with previous study (Zhu et al., 2002). Taking together, these experiments indicate 

that cPla2 mechanochemically integrates microbe and tissue damage cues (Figure 

2.7C).  
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Figure 2.7 Scheme of proposed experimental model. 
 
(A) Average neutrophil ear recruitment to PA upon U0126 treatment. Shaded area, 
SEM of n injection experiments. (B) Average neutrophil ear recruitment to PA upon 
SB203580 treatment. Shaded area, SEM of n injection experiments.  (C)Regulatory 
diagrams juxtaposing the classical view(upper panel, muted colors) of inflammation 
initiation with the model supported by this study (lower panel). Classically, either 
PAMPs released by microbes or DAMPs released by lytic host cells are thought to 
function as primary triggers for inflammation and leukocyte recruitment. The logical 
OR relationship is depicted by its standard symbol in the upper diagram. Our study 
suggests that only tissue damage can function as primary, inflammatory trigger in 
vivo, and that microbial signals act as amplifiers of tissue damage signaling. Depicted 
on the left side is the necrotic sequence of cell morphology changes. Arrows mark the 
proposed regulatory role of each necrotic intermediate. Whereas classic DAMP 
signaling is triggered by cell lysis, the tissue damage signaling pathway proposed in 
this study is triggered upstream of lysis by cell- and nuclear swelling. Note that 
necrotic cell lysis causes strong additional nuclear swelling through extranuclear 
colloid osmotic pressure drop, which can further activate nuclear cPla2 (Enyedi et al., 
2016). For simplicity, this post-lytic nuclear swelling is omitted from the diagram. 
PAMP, pathogen associated molecular pattern. DAMP, damage associated molecular 
pattern. PRR, pattern recognition receptor. cPLA2, cytosolic phospholipase A2. AA, 
arachidonic acid. 
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Chapter III: Discussion 

 

In our study, we blocked tissue damage signaling in the context of bacterial infection, 

for the first time to our knowledge in any in vivo model organisms. Surprisingly, 

tissue damage signaling turned out to be essential for antibacterial inflammatory 

response. Although bacterial signals were still detected, they triggered little-to-none 

neutrophil recruitment.  

 

Such result may be due to the molecular activation mechanism of cPLA2. Bacterial 

signals induce the phosphorylation of cPLA2. However, the resulting augmentation of 

the hydrolytic activity of cPLA2 will not impinge on the production of 

proinflammatory eicosanoids until the enzyme meets its substrate on membrane. As 

the primary step of cPLA2 activation, translocation of cPLA2 requires Ca2+ influx and 

mechanical stretch of the nuclear membrane, which are selectively induced by tissue 

damage. This may explain why E. coli and PA exoU triggered little-to-none 

neutrophil recruitment under isotonic bathing condition (HRi=0% and HRi=2%, 

respectively, Figure 2.2B), which is lower than the neutrophil recruitment induced by 

tissue damage alone (HRi=10%, Figure 2.6A). Although we demonstrated some 

“virulence factors”, e.g. ExoU, are able to induce neutrophil responses on their own, 

it is not deniable that E. coli and PA exoU still possess a wide range of PAMPs. Thus, 

their inability to trigger innate immune responses contests the wide spread 

assumption that both PAMPs and DAMPs can attract leukocytes as they share the 

same PRRs (Table 1.1). 
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Two-signal (or co-stimulation) models have been well studied in adaptive immunity 

as a regulatory scheme to ensure specificity. For example, T cells are only activated 

upon receiving of two distinct cues: the primary antigenic signal and the second co-

stimulatory protein contact between T cell and the antigen presenting cell (APC) 

(Matzinger, 2002; Vance, 2000). Additionally, the production of mature Il1β also 

requires initial NF-ĸB signaling to initiate the synthesis of pro- Il1β protein, and 

inflammasome signaling to activate caspase-1, which processes pro-Il1β into its 

active form (Netea et al., 2010). Although adaptive immunity is absent in zebrafish 

larvae, a two signal model for cPla2 activation emerges from our study.     

 

Besides inducing the translocation of cPLA2, cell swelling is also known to trigger 

activation of inflammasome (Compan et al., 2012; Muñoz-Planillo et al., 2013). 

Moreover, previous studies have also demonstrated LPS can activate inflammasome 

in a nonconanical manner (Shi et al., 2014). However, neither blocking protein 

synthesis (Figure 2.4A,B), nor knocking down of Pycard (Figure 2.6C), a conserved 

inflammasome adaptor (Gross et al., 2011), affected neutrophil responses. These data 

exclude the involvement of inflammasome in our system. 

 

Our study also provide a potential explanation for the long-standing question about 

how our immune system discriminate the commensal bacteria from virulent 

pathogens (Bäckhed et al., 2005; Nathan, 2006). However, such speculation demands 

more follow-up research. Nevertheless, our results provide a compelling rational for 
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the conundrum of why sterile inflammatory signaling evolved in the first place: to 

mediate rapid neutrophil response to epithelial infection. 

 

One of the questions left unanswered in our study is the phenotypic heterogeneity (i.e. 

high responders versus low responders) of neutrophil recruitment in microbial 

infected zebrafish larvae. As discussed previously, we speculate the cause could be 

either technical (e.g. the stochasticity of injection-induced ear rupture) or biological 

(e.g. (epi-)genetic variability). To test the potential contribution of technical factors, a 

titration of injection volume can be utilized to intentionally induce more or less ear 

rupture along with the same microbial infection burden. Such involvement will be 

confirmed if HRi correlates with injection volume. To test the potential contribution 

of biological factors, a group of zebrafish larvae infected under the same condition 

can be first sorted out based on their neutrophil recruitment pattern (i.e. high or low 

responders) under microscope, followed by DNA/RNA sequencing analysis of 

different groups of infected larvae.    

 

Another immediate follow-up experiment could focus on figuring out in which cell 

type that cPla2 mainly functions. To address the involvement of different cell types, a 

morpholino dependent cell depletion strategy can be utilized as previously reported 

(Palha et al., 2013). Alternatively, one could also express a dominant negative cpla2 

mutant (e.g. cpla2 S498A) in a cell type specific manner. Such experiment is 

important because it can provide the target information for the potential therapeutic 

treatment of sterile inflammation induced diseases.  
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Chapter IV: Materials and methods 

 

General fish procedures 

Adult wt and transgenic reporter casper (White et al., 2008) zebrafish, and larvae 

were maintained according to institutional animal healthcare guidelines as described 

(Nüsslein-Volhard and Dahm) with the approval of the Institutional Animal Care and 

Use Committee (IACUC). For injection assays, 2.5-3 days post-fertilization (2.5-3 

dpf) larvae were anaesthetized in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 

CaCl2, 0.33 mM MgSO4) containing 0.2 mg/mL ethyl 3-aminobenzoate 

methanesulfonate (Sigma).  

 

Widefield fluorescence imaging 

For all imaging experiments, transgenic, transparent (TG(lysC:Casper1GR), casper 

background) zebrafish larvae expressing TagRFP in neutrophils were embedded in 1% 

low melting (LM) agarose (Gold Biotechnologies) and maintained in standard, 

hypotonic E3, or isotonic E3 medium (that is, standard E3 supplemented with 140 

mM NaCl), containing the indicated compounds. Every minute, starting at ~10-15 

min post injection, images were acquired. TagRFP and FluoSphere fluorescence were 

excited with an LED light source (Lumencor) using 549/15 and 438/24 bandpass 

filters, respectively, together with a multispectral dichroic (59022 bs, Chroma). Both 

TagRFP fluorescence, and the red tail of the FluoSphere emission was acquired with 

a 632/60 emission filter (Chroma). Fluorescence of EGFP-tagged PA was excited 

using a 475/28 bandpass filter together with a multispectral dichroic (59022 bs, 
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Chroma), and acquired using a 525/50 emission filter (Chroma).  Images were 

captured at room temperature (~25 °C) using NIS-Elements (Nikon) on an Eclipse Ti 

microscope (Nikon) equipped with a 10x plan-apochromat NA 0.45 air objective lens, 

a Clara CCD camera (Andor), and a motorized stage. 

  

Plasmid construction 

The TG(lysC:Casper1GR) transgenic line was created using the Tol2kit system as 

previously described (Kwan et al., 2007), by recombining the lysC promoter (Hall et 

al., 2007), full-length Casper1GR (that is, a TagGFP and a TagRFP connected by a 

YVAD motif, originally developed as FRET-sensor for caspase activation (Liu et al., 

2014) and here used as fluorescent neutrophil marker), and a SV40 polyadenylation 

sequence into to the pDestTol2CG2 vector backbone.  

 

pCS2+cPla2mKate2 for cPla2 overexpression by mRNA injection was generated as 

previously described (Enyedi et al., 2016). Serine-to-Alanine mutation at position 498 

(S498A) was achieved using the QuikChange Lightning Site-Directed Mutagenesis 

Kit (Agilent). Primers used for mutagenesis were: forward, 5’- 

TCAACCCTGCCCTTCGCTCCCTTCAGCGGCATC – 3’; reverse, 5’ – 

GATGCCGCTGAAGGGAGCGAAGGGCAGGGTTGA – 3’ (Enyedi et al., 2016). 

Sequencing confirmed the mutation. 

 

Generation of transgenic lines 
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A solution containing the lysC:Casper1GR transgene plasmid and transposase mRNA 

was injected into the cytosol of one-cell stage casper embryos. Injected larvae with 

mosaic cardiac EGFP (enhanced green fluorescent protein) expression were raised to 

sexual maturity and screened by crossing to wt fish to identify founders. Founders 

were crossed to wt caspers, or subsequent F1 transgenic siblings were crossed 

together to obtain the 2.5-3 dpf transgenic larvae used in the ear infection experiment. 

 

Bacterial strains and growth conditions 

Wild-type, and EGFP-tagged Pseudomonas aeruginosa (strain PA14) were 

generously provided by Dr. Joao Xavier (MSKCC, New York, NY). PA14 mutant 

strains ORF_11, fleN, and exoU (Feinbaum et al., 2012) were generously provided by 

Dr. Cole Haynes (University of Massachusetts Medical School, Worcester, MA). One 

Shot TOP10 chemically competent E. coli (Thermo Fisher) were used as 

nonpathogenic bacteria. Wt PA14 and E. coli liquid culture was grown in pure LB 

medium. Mutant PA strains were cultured in LB medium containing 15 µg/mL 

Gentamycin (IBI Scientific). All cultures were incubated at 37℃ in a rotary shaker at 

250 rpm. Heat-killed PA14 were prepared by heating the bacteria at 65℃ for 1 h 

(Matsumoto et al., 1998).  

 

Bacterial infection through ear or muscle injection 

Bacteria were resuspended in either E3 or isotonic E3 medium, and the optical 

density was measured at 600 nm with a Ultraspec 10 cell density meter (Amersham 

Biosciences). To prepare the final inoculum, the bacteria suspension was diluted or 
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pelleted by centrifugation at 1800xg for 10 min, followed by resuspension to achieve 

the desired bacterial density (OD600=7). Fluorescent beads (Blue-green FluoSpheres, 

Life Technologies) were added to the bacterial aliquots prior to injection for a final 

ratio of 1:1. Ear injection was performed as previously described (Deng et al., 2012). 

Muscle injection was performed by injecting bacteria into the segmented muscle 

above the yolk extension. Injections were performed using a Nanoject II 

microinjector (Drummond Scientific). After bacterial infection, a serial-diluted 

inoculum was plated to quantify colony forming units (CFU). The volume of inner 

ear was estimated by approximating the ear vesicle as a sphere, and measuring its 

radius.  

 

Survival assay 

2.5-3 dpf zebrafish larvae were injected with serial-diluted PA suspended in either E3 

or isotonic E3 medium. Larvae injected with isotonic suspension were kept in 

isotonic E3 fish bathing solution for 2 h before transferring them back to standard, 

hypotonic E3 bathing solution. Larval viability was monitored for 5 days after 

injection. Dead larvae were scored by loss of tissue transparency and heartbeat.  

 

Image processing and data analysis 

Leukocyte recruitment to the ear and muscle was computationally measured by 

counting neutrophil number within the ear or muscle region per frame for 90 min (1 

min/frame for ear injections, and 2.5 min/frame for muscle injections). Time-lapse 

movies were background subtracted using the MOSAIC background subtractor plugin 
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(Sbalzarini and Koumoutsakos, 2005) (http://mosaic.mpi-

cbg.de/?q=downloads/imageJ) in ImageJ/FIJI (Schindelin et al., 2012). All images of 

the background-subtracted time-lapse movies were maximum intensity projected (11 

z-planes per frame, 8 µm per z-step) using ImageJ/FIJI. The ear vesicle outlines were 

detected based on dispersed bead fluorescence. To define the infection-area/region of 

interest (ROI) after muscle injection, all image filenames were blinded in CellProfiler 

(Lamprecht et al., 2007), and the approximate needle injection site as marked by bead 

fluorescence was manually outlined as ROI. We used two different computational 

methods to count fluorescent neutrophils in the ear, whose accuracy and suitedness 

we initially confirmed through manual measurements. When neutrophils did not 

visibly aggregate into large clusters, we used local fluorescence intensity maxima 

detection (implemented in a Python script, Anaconda distribution) for determining the 

position and number of leukocytes within an image. Because neutrophil cluster 

formation posed a challenge for detecting individual leukocytes by local maxima 

detection, we analyzed time-lapse movies with neutrophil clusters using a custom 

analysis pipeline in CellProfiler (Lamprecht et al., 2007) and Matlab (MathWorks). 

Briefly, average neutrophil fluorescent intensity was estimated from the first 10 

frames of each time-lapse movie.  Neutrophil numbers were then determined by 

dividing total neutrophil fluorescence intensity of the ear by averaging neutrophil 

fluorescence. Visual inspection confirmed that this method more accurately estimated 

leukocyte numbers in the presence of clustering than local maxima detection. To 

approximate neutrophil numbers within the muscle ROI, the above described 

CellProfiler pipeline and manual counting methods were applied depending on 
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whether neutrophils formed visible aggregates. For clearer data presentation in Figure 

2.4A and 2.6A, a segmented line fit was used to represent average leukocyte 

recruitment kinetics within the first (0-45 min) and second half (46-90 min) of each 

time-lapse movie (Figure 4.1). The number of high responders in each experimental 

condition was computationally identified: Neutrophil response curves were blindly 

selected from a total pool of 1600 experiments across 41 experimental conditions, 

including those reported in the manuscript, and manually classified into 

representative high and low responders training sets (with 40 curves per set). The 

Euclidian distance of leukocyte recruitment curves to the median of the two training 

sets (Matlab ‘pdist2’ command) was calculated. Curves more similar to the median of 

the high responder training set than to the median of the low responder training set 

were computationally classified as “high responders”, and vice versa. User-

unsupervised, Gaussian mixture distribution model clustering (McLachlan and Peel, 

2000) into two clusters using the Matlab ‘fitgmdist’ command gave largely similar 

results (Figure 2.4B). In this fully automated method, all available leukocyte 

recruitment curves (from 1813 individual injection experiments at that time, including 

those described in the figures) were used to generate the two-component Gaussian 

mixture distribution model. 
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Figure 4.1 Segmentation of average time-lapse recruitment curves into a simplified 3-
point recruitment curves with error bars as presented in Figure 2.4 A and 2.6 A. 
 

 

Leukocyte trajectory analysis 

Trajectory analysis was carried out on a subset of the time-lapse movies used for 

computational quantification of neutrophil recruitment to the ear (see above). 

Trajectories were manually generated using the MTrackJ plugin of ImageJ/FIJI 

(Meijering et al., 2012). The ear region was identified by dispersed bead fluorescence, 

or by transmitted light morphology as appropriate. Leukocytes that were <100 µm 

away from the ear outline in the first frame were followed by manual tracking. 

Average migration velocity (v), path length (l), and path directional persistence (Dp) 

were calculated as previous described (Enyedi et al., 2013). 

 

mRNA preparation and injection 
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For the cPla2 or S498AcPla2 overexpression experiments (Figure 2.6A), 

pCS2+cPla2mKate2 or pCS2+cPla2S498AmKate2 were linearized, and in vitro 

transcribed using the mMessage mMachine SP6 kit (Thermo Fisher). 2.3 nL of 500 

ng/µL mRNA was injected into one-cell stage zebrafish embryos. 

 

Pharmacological treatments 

Larvae were preincubated for 40-60 min in E3 or isotonic E3 supplemented with the 

following compounds: 20 µM Zileuton (Cayman), 100 µM Aspirin (Acetylsalicylic 

acid, ACROS Organics), 50 µM Licofelone (Cayman), 400 µg/mL cycloheximide 

(CHX, Sigma), 100 µM U0126 (Cell Signaling Technology), 100 µM SB203580 

(Cell Signaling Technology). 0.5% digitonin (Cayman) and 120 µM melittin 

(Millipore) were injected into the ear without preincubation. 25 µM arachidonic acid 

(Sigma) was injected into the ear, and simultaneously applied in the bathing solution. 

Dimethyl sulfoxide (DMSO, Sigma) was used as a solvent for all water non-soluble 

compounds with a maximal concentration of 1%. Isotonic E3 was used to dissolve 

digitonin and melittin. Compounds were present throughout the experiments. To 

confirm the inhibitory efficiency of CHX, 2.5-3 dpf TG(hsp70: cPla2mKate2) (Enyedi 

et al., 2016) zebrafish were pretreated with 400 µg/mL CHX or 0.1% DMSO for 1 h 

at 28℃ followed by 1 h heat shock at 37℃. Heat shock-induced expression of 

mKate2 fluorescence was measured over 5 hours by fluorescence microscopy (Figure 

4.2). 
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Figure 4.2 3 dpf TG(hsp70:cPla2mKate2) fish larvae were pretreated with CHX or 
DMSO control for 1 h at 28ºC followed by 1 h heat shock at 37°C. Larvae were 
imaged for 5 h to measure protein expression via mKate2 fluorescence. Individual 
curves denote the fluorescence signal within an individual animal. 
 

Antisense morpholinos 

One-cell stage embryos were injected with 2.3 nL morpholino (Gene Tools) diluted in 

water. With one exception, only previously characterized morpholinos were used 

(Enyedi et al., 2013; Progatzky et al., 2014; van der Sar et al., 2006): 

Table 4.1 Applied morpholinos. 

Name Sequence Type Amount/embryo 

(picomole) 

Ref. 

cpla2 MO1 5'- AAGCGTCACTTACTATAATGTTGGA-3' Splice  2.3  Enyedi et al., 

2013 

cpla2 MO2 5'-TCCCTTTTAGAATTTACCTTGCCGA-3' Splice  1.2  This paper 

cpla2 ATG  5'-ATGCTCAACTATAATGTTGGACATT-3' ATG 2.3  Enyedi et al., 

2013 

pycard MO 5'-CAATTGCACTTACATTGCCCTGTGT-3' Splice  1.2  Progatzky et 

al., 2014 
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Table 4.1 (Continued). 

myd88 MO 5'-TAGCAAAACCTCTGTTATCCAGCGA-3' ATG 0.6  Van der Sar 

et al., 2006 

myd88 MP 5'-TAcCAtAACCTgTGTTATCgAGgGA-3' Misprime 0.6 Van der Sar 

et al., 2006 

 

cPla2 knockdown was confirmed SDS-PAGE and western blotting of 

morphant/control lysates using a zebrafish cross-reactive cPLA2 antibody (Abcam; 

1:500). To confirm knockdown with the pycard MO, morphant mRNA was isolated 

from 2.5-3 dpf larvae with Oligo (dT)25 Dynabeads (Invitrogen), followed by one-

step RT-PCR using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). 

Primer sequences were as follows: pycard forward, 5' -

CGCGTCACAAAGTCTGCAAT-3'; pycard reverse, 5' -

CATCAGAGGGAGCACCTTTGC-3' (Progatzky et al., 2014). 

 

SDS-PAGE and western blotting 

2.5-3 dpf larvae were anaesthetized and homogenized in RIPA buffer (Cell Signaling 

Technology) supplemented with 1x cOmplete protease inhibitor cocktail (Roche). 

Homogenization was performed for 45 s in a FastPrep 24 Cell Disrupter (MP 

Biomedicals) at maximum speed (6.5 m/s) in the cold room.  Protein concentration 

was quantified by standard bicinchoninic acid assay (BCA) assay. Equal amounts of 

protein were separated by NuPAGE 4%-12% Bis-Tris gel electrophoresis according 

to the manufacturer’s protocol (Life Technologies), and wet-transferred to a 

nitrocellulose membrane in Tris-Glycine transfer buffer containing 20% methanol at 
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120 V for 90 min at 4℃. Western blot membranes were probed with anti-cPLA2 

(Abcam; 1:500), and anti- β-actin (SIGMA-ALDRICH; 1:5000) primary antibodies, 

followed by incubation with goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology; 

1:5000) and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology; 1:5000), 

respectively. Amersham ECL prime western blotting detection reagent (GE 

Healthcare) was used for western band detection according to manufacturer`s 

protocol. Chemiluminescence detection was performed with an ImageQuant LAS 500 

device (GE Healthcare). 

 

Measuring cPla2 phosphorylation in larval lysates by affinity purification 

Phosphorylation-specific antibodies are not available for zebrafish cPla2. To 

determine the levels of phosphorylated cPla2 in infected zebrafish larvae, we instead 

resorted to an affinity purification scheme. At least 30 fish were injected with 

standard E3 with/without PA (OD600=7) as described above. Phosphorylated proteins 

were isolated using PhosphoProtein Purification Kit (Qiagen) according to 

manufacturer’s protocol with three modifications: (i) 1X PhosSTOP phosphotase 

inhibitor (Roche) was added to PhosphoProtein lysis buffer. (ii) Fish were 

homogenized with FastPrep 24 Cell Disrupter as described above. (iii) Fish tissue 

homogenate was diluted in 300 µL lysis buffer. The column eluate was concentrated 

to <50 µL using Nanosep Ultrafiltration Columns from the kit. Western blotting 

analysis was performed as described above. To confirm equal lysate-loading onto the 

phospho-affinity column, the column flow-through (FT, Figure 2.6 E) was analyzed 

by SDS-PAGE and western blotting using an anti-β-actin antibody. 
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Embryo collection, RNA extraction and sequencing 

PA resuspended in either standard or isotonic E3 were injected into the otic vesicle of 

2.5-3 dpf zebrafish larvae. Uninjected zebrafish larvae served as control. ~20 larvae 

from each group were euthanized 1 h after injection. After homogenization, total 

RNA was extracted using Trizol reagent (Life technologies) according to 

manufacturer`s protocol. The following procedures were performed by the MSKCC 

Genomics and Bioinformatics core facilities. Briefly, after Quant-It quantification and 

quality control of Agilent BioAnalyzer, 500 ng of total RNA underwent polyA 

selection and Truseq library preparation according to instruction provided by Illumina 

(TruSeq Stranded mRNA Library Prep Kit), with 8 cycles of PCR. Samples were 

barcoded and run on a Hiseq 2500 in a 50bp/50bp Paired end run, using the TruSeq 

SBS Kit v4 (Illumina).  An average of 42 million paired reads was generated per 

sample. The percent of mRNA bases was close to 53% on average. The output data 

(FASTQ files) were mapped to the zebrafish genome GCz10 (UCSC) using the 

rnaStar aligner (Dobin et al., 2013) that mapped reads genomically and resolved reads 

across splice junctions. A two pass -mapping method (Engström et al., 2013) was 

used in which the reads were mapped twice. The first mapping pass used a list of 

known annotated junctions from Ensemble. Novel junctions found in the first pass 

were then added to the known junctions, and a second mapping pass was done (on the 

second pass the RemoveNoncanoncial flag was used). After mapping, the output 

SAM files were post processed using the PICARD tools to: add read groups, 

AddOrReplaceReadGroups which in additional sorted the file and converted it to the 
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compressed BAM format. The expression count matrix was then computed from the 

mapped reads using HTSeq (www-huber.embl.de/users/anders/HTSeq). The raw 

count matrix generated by HTSeq were then be processed using the R/Bioconductor 

package DESeq (www-huber.embl.de/users/anders/DESeq), which was used to both 

normalize the full dataset and analyze differential expression between sample groups. 

 

Whole mount in situ hybridization (WISH) 

To generate the il1b antisense riboprobe, probe template was amplified from 

zebrafish cDNA by PCR with a T7-modified antisense primer (Forward, 5’- 

ATGGCATGCGGGCAATAT-3’, reverse, 5’- 

TAATACGACTCACTATAGGGCTGCAGCTCGAAGTTAATGATG-3’) and was 

transcribed in vitro with T7 polymerase with conjugated Digoxigenin-11-uridine-5’-

triphosphate (DIG-11-UTP) from DIG RNA Labeling Kit (T7) (Roche). 

WISH was performed as previously described (Gerlach and Wingert, 2014). Briefly, 

~ 20 2.5-3 dpf TG(lysC:Casper1GR) larvae were fixed in 4% paraformaldehyde (PFA, 

Aldrich) overnight at 4 °C. Following removal of PFA, larvae were washed two times 

with 1X PBST (1X PBS (Sigma), 0.1 % Tween-20 (Sigma)) followed by a wash with 

100% methanol (Fisher) at room temperature. Larvae were first immersed in fresh 

100% methanol for 20 min at -20 °C, then subsequently washed with 50% and 30% 

methanol (in PBST), and finally with PBST without methanol. Larvae were 

permeabilized with 10 µg/mL proteinase K (Roche, diluted in PBST) for ~22 min, 

and rinsed twice with PBST. Larvae were stored in 4% PFA overnight at 4°C. PFA 

was removed, and larvae were washed three times with PBST, and transferred to flat 
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bottom microcentrifuge tubes (Fisher Scientific). Following removal of PBST, larvae 

were incubated in 1 mL HYB+ hybridization solution (50% formamide 

(AmericanBio), 5x SSC (AmericanBio), 0.1% Tween-20, 5 mg/mL yeast torula RNA 

(Sigma), 50 µg/µL heparin (Sigma-Aldrich)) for 4 h at 70 °C. After HYB+ was 

removed, 500 µL 1 ng/µL il1b probe diluted in HYB+ was added, and larvae were 

incubated overnight at 70°C. Larvae were washed at 70 °C with 50% formamide/2X 

SSCT (2X SSC, 0.1% Tween-20) for 30 min (twice), for 15 min with 2X SSCT, and 

for 30 min with 0.2X SSCT (twice). Larvae were then washed twice in MABT 

(Maleic Acid Buffer: 0.1 M maleic acid (Sigma-Aldrich), 0.15 M sodium chloride 

(Fisher), 0.23 M Trizma base (Sigma), 0.1% Tween-20, pH=7.4) for 5 min at room 

temperature. Larvae were incubated in blocking solution (2% BSA (Sigma), 10% 

FBS (Corning), 70% MABT) for 2 h at room temperature. Anti-Digoxigenin (Anti-

DIG) secondary antibody (Roche, 1:5000) recognizing DIG conjugated to alkaline 

phosphatase was applied at 4 °C overnight. To remove extra secondary antibody, 

larvae were quickly washed three times in MABT, followed by twelve 15 min washes 

in MABT. Colorimetric substrates of NBT (Sigma) and BCIP (Sigma) were applied 

to the larvae to generate a colorimetric signal. This reaction was monitored every 20 

min to prevent background-overstaining and stopped at ~90 min by washing in PBST 

and subsequent fixation in 4% PFA. Larvae were mounted in glycerol (Sigma) for 

colorimetric imaging. Images were acquired with on stereo microscope (Nikon) 

equipped with a Nikon DS-Fi1 CCD color camera (Nikon).  
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All error bars indicate standard errors of means (SEM). For most mean value 

comparisons, p-values were derived by unpaired, two-tailed t-tests assuming unequal 

variances (heteroscedastic) using Prism (GraphPad), Excel (Microsoft), or MatLab. 

For mean value comparison of tracking parameters in Figure 2.3 A, a one-way Anova 

test was applied (MatLab). For comparison of HR-indices, a two-tailed Fisher’s exact 

test (Minitab) was used. For comparison of Kaplan-Meier survival curves, a log-rank 

test (Minitab) was used. For statistical analysis, animal experiments from different 

experimental days were aggregated. Sample sizes were not predetermined. The 

experiments were not randomized, and the investigators were not blinded to 

allocation during experiments or outcome assessment. A detailed summary of 

experimental numbers is provided (Table 5.3).  
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Chapter V: Appendix  

Table 5.1 Differentially expressed genes: Hypo+PA versus Uninjected (log2 fold change>1). 

GeneID GeneSymbol P.adj log2[HypoPA/Uninjected] Mean_counts_Uninjected Mean_counts_HypoPA 
ENSDARG00000098700 il1b 6.19E-34 4.188975345 15.45954689 281.9707054 
ENSDARG00000015355 fosl1a 8.26E-45 4.087388605 124.6841444 2119.521389 
ENSDARG00000090873 ccl34a.4 0.000874 3.287946708 3.418485095 33.38906627 
ENSDARG00000045190 ch25h 0.00011 2.950995955 6.247979549 48.31454555 
ENSDARG00000077308 gpr84 4.27E-10 2.682837571 16.51162075 106.024025 
ENSDARG00000069844 irg1 3.80E-06 2.609096474 13.85967749 84.56086651 
ENSDARG00000037859 il11a 0.002579 2.479204161 8.128068156 45.32127867 
ENSDARG00000098752 csf3b 0.009198 2.44650494 6.291083387 34.29231569 
ENSDARG00000104773 junbb 3.09E-38 2.43042895 757.0860265 4081.100097 
ENSDARG00000055751 fosb 8.47E-07 2.428997221 44.17252377 237.877429 
ENSDARG00000003203 rhcga 2.26E-13 2.364906237 123.6758058 637.0777874 
ENSDARG00000042725 cebpb 7.23E-57 2.300400435 1399.961965 6896.135236 
ENSDARG00000074378 junba 7.24E-31 2.293574734 337.5447202 1654.878492 
ENSDARG00000031683 fosab 6.68E-32 2.285609614 632.9198783 3085.927994 
ENSDARG00000040284 si:dkey-79d12.5 1.73E-25 2.243120949 162.1388264 767.5977884 
ENSDARG00000091234 CU019646.2 2.82E-24 2.217707877 127.3702976 592.4678059 
ENSDARG00000010276 ptgs2b 6.15E-07 2.166714508 350.3841533 1573.223827 
ENSDARG00000012789 plek2 1.17E-08 2.041176307 140.4109428 577.9047314 
ENSDARG00000013598 tnfb 3.92E-06 2.032814514 25.8143546 105.6329518 
ENSDARG00000042816 mmp9 4.50E-21 1.980255763 384.4702886 1516.977598 
ENSDARG00000012395 mmp13a 6.97E-05 1.975301222 152.6924355 600.402429 
ENSDARG00000091209 ucp3 0.000754 1.96846924 369.0529773 1444.298633 



 

 
 

68 

Table 5.1 (continued). 

ENSDARG00000017653 rgs13 0.0002 1.920034803 22.65170795 85.72135397 
ENSDARG00000077540 f2rl1.2 2.27E-11 1.911525267 175.2220061 659.1968007 
ENSDARG00000099195 ier2 9.94E-21 1.8365397 510.1169189 1821.894672 
ENSDARG00000089724 cyldb 0.006538 1.791878171 90.39623315 313.0108643 
ENSDARG00000079922 klf4 8.57E-06 1.784397655 80.65377312 277.8317712 
ENSDARG00000028396 fkbp5 0.008077 1.779316393 997.8920156 3425.3989 
ENSDARG00000075045 cxcl18b 0.000303 1.74051999 44.20119364 147.7007575 
ENSDARG00000078619 pnp5a 8.26E-45 1.688010764 2452.62222 7902.646062 
ENSDARG00000087303 cebpd 6.17E-25 1.673470024 1652.91944 5272.497246 
ENSDARG00000079497 C5H8orf4 (2 of 2) 5.97E-17 1.655342895 1116.627884 3517.356054 
ENSDARG00000103980 ets2 1.70E-30 1.637840337 650.0500261 2022.953264 
ENSDARG00000086881 IER2 (1 of 2) 5.87E-11 1.635885042 262.9954585 817.3324017 
ENSDARG00000020133 jdp2b 7.89E-07 1.601588902 153.2273637 465.0103613 
ENSDARG00000002353 tagapa 0.005146 1.543478714 34.24623537 99.82658805 
ENSDARG00000094901 ABCC6 4.04E-10 1.528850995 99.78679683 287.9407226 
ENSDARG00000058606 sik1 4.22E-06 1.527281019 3127.600719 9015.061688 
ENSDARG00000088337 wu:fc34e06 4.58E-15 1.52427791 433.7420736 1247.627457 
ENSDARG00000089156 egr3 5.29E-18 1.518615682 274.5299674 786.5722682 
ENSDARG00000005673 f3b 0.000662 1.506691547 163.8020683 465.4561049 
ENSDARG00000087732 Metazoa_SRP 0.000203 1.504082146 268.0310197 760.2543268 
ENSDARG00000007823 atf3 2.82E-24 1.502403293 472.3231988 1338.159045 
ENSDARG00000023217 crema 2.78E-15 1.446670318 355.3947023 968.7285722 
ENSDARG00000075121 hbegfa 1.70E-30 1.446309358 961.4684633 2620.098048 
ENSDARG00000001953 pfkfb3 0.009633 1.435248577 887.2057886 2399.259591 
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Table 5.1 (continued). 

ENSDARG00000004539 ptgs2a 5.13E-28 1.430971505 832.2468063 2243.972256 
ENSDARG00000013576 gadd45bb 2.43E-07 1.422707233 181.3642675 486.2160361 
ENSDARG00000099351 igfbp1a 6.75E-11 1.407592729 789.9423542 2095.670659 
ENSDARG00000100947 mafk 0.005923 1.399446932 58.24241679 153.6437476 
ENSDARG00000055854 nr4a3 8.86E-22 1.398584593 491.7962223 1296.585326 
ENSDARG00000099002 creb5a 0.001406 1.384791732 46.98949299 122.7056635 
ENSDARG00000099411 zgc:158343 1.70E-13 1.377840668 498.802826 1296.284344 
ENSDARG00000037861 slc2a3b 5.94E-05 1.361031856 98.23950641 252.3466742 
ENSDARG00000002298 ankrd22 2.42E-06 1.353042955 86.51115116 220.9930449 
ENSDARG00000020298 btg2 3.19E-13 1.334942652 1770.563731 4466.520633 
ENSDARG00000035422 cyr61l1 0.000667 1.326570049 72.56951681 182.0084736 
ENSDARG00000098837 tgm5l 0.022683 1.320812701 33.28368478 83.14490506 
ENSDARG00000040135 fosaa 0.022089 1.309648703 47.24462343 117.1105269 
ENSDARG00000103720 ZFP36 1.85E-13 1.299530413 2988.236765 7355.507441 
ENSDARG00000037618 ddit4 3.42E-09 1.27501897 385.7328554 933.4812243 
ENSDARG00000077726 nocta 8.75E-19 1.266065444 605.7805038 1456.930944 
ENSDARG00000102916 CABZ01087111.1 0.004947 1.265739382 47.63003889 114.5266235 
ENSDARG00000028804 ankrd9 3.50E-09 1.262445692 816.300795 1958.322622 
ENSDARG00000061242 tuft1a 1.06E-13 1.249240046 554.990101 1319.301216 
ENSDARG00000036028 arrdc3b 2.07E-19 1.241331994 4777.649469 11295.16157 
ENSDARG00000059001 pim2 2.86E-08 1.231566539 529.6421755 1243.715453 
ENSDARG00000104992 epgn 2.86E-07 1.226206507 293.4571651 686.5460255 
ENSDARG00000087844 plekhn1 6.79E-09 1.225008432 182.5294964 426.6751389 
ENSDARG00000002509 zgc:153911 0.002727 1.223657533 55.21204324 128.9411209 
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Table 5.1 (continued). 

ENSDARG00000076839 ftr86 0.000361 1.209903926 147.7645487 341.8122518 
ENSDARG00000093304 si:dkey-221j11.3 2.61E-05 1.205247379 222.2796625 512.5253396 
ENSDARG00000089382 zgc:158463 9.96E-11 1.199133021 41305.66236 94838.48306 
ENSDARG00000077169 si:ch211-153b23.4 0.011237 1.194336673 952.7031992 2180.162107 
ENSDARG00000009544 cldnb 2.06E-20 1.181573803 1629.343485 3695.743358 
ENSDARG00000012390 kcnk5b 2.86E-07 1.17821343 160.2744016 362.6951497 
ENSDARG00000098108 dusp2 1.90E-11 1.167923059 305.9080705 687.3387174 
ENSDARG00000031426 csrnp1a 4.79E-10 1.153647754 297.1463149 661.0783387 
ENSDARG00000031929 stard14 8.87E-16 1.145507658 822.2031293 1818.910335 
ENSDARG00000069135 ppp1r15a 1.14E-20 1.137479476 1350.48133 2971.009404 
ENSDARG00000030896 foxq1a 0.021734 1.13565406 388.5696718 853.7581005 
ENSDARG00000036107 txnipa 9.70E-06 1.132254573 5751.344901 12607.00722 
ENSDARG00000043243 prkchb 0.001454 1.130473523 70.16654442 153.6160269 
ENSDARG00000039269 arg2 8.83E-08 1.126425617 417.3926321 911.2397939 
ENSDARG00000037421 egr1 4.27E-20 1.119914984 2113.145536 4592.587205 
ENSDARG00000041294 noxo1a 0.014546 1.094401983 373.2483157 796.9768031 
ENSDARG00000027744 gadd45ba 9.76E-08 1.07402027 655.2088936 1379.405969 
ENSDARG00000025522 sgk1 2.01E-17 1.065846848 1848.281891 3869.190211 
ENSDARG00000020761 arrdc2 1.05E-12 1.060223676 1634.844435 3409.067199 
ENSDARG00000076142 trib1 3.72E-08 1.034633036 324.1163849 663.9823953 
ENSDARG00000008363 mcl1b 4.37E-08 1.032213387 2219.293815 4538.809906 
ENSDARG00000035859 angptl4 1.04E-12 1.022871362 2483.877524 5047.137534 
ENSDARG00000015263 adma 4.49E-07 1.015173048 267.9391835 541.544024 
ENSDARG00000103162 CABZ01046954.1 0.00154 1.013424321 97.17255607 196.161939 
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Table 5.1 (continued). 

ENSDARG00000079472 F2RL2 (1 of 2) 0.000203 1.009052607 136.0021131 273.7163614 
ENSDARG00000055752 npas4a 0.032897 -1.068084043 154.0921166 73.49454166 
ENSDARG00000103981 bhlha9 0.000564 -1.078672451 208.9821341 98.94557953 
ENSDARG00000102435 plekhf1 1.33E-07 -1.24512015 414.72165 174.9597681 
ENSDARG00000091906 rbp7a 0.014728 -1.399870492 77.30410014 29.29540599 
ENSDARG00000090526 PLEKHS1 (3 of 3) 5.19E-09 -2.169486316 138.0733401 30.69229578 
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Table 5.2 Differentially expressed genes: Iso+PA versus Uninjected (log2 fold change>1). 

GeneID GeneSymbol P.adj log2[IsoPA/Uninjected] Mean_counts_Uninjected Mean_counts_IsoPA 
ENSDARG00000098700 il1b 3.03E-10 3.109554085 15.6729073 135.2753349 
ENSDARG00000104773 junbb 2.92E-09 1.238102319 767.3552893 1810.099409 
ENSDARG00000077169 si:ch211-153b23.4 1.45E-08 1.088653112 965.740329 2053.892028 
ENSDARG00000074378 junba 2.30E-07 1.257514102 342.1356262 817.9895655 
ENSDARG00000010276 ptgs2b 1.82E-05 1.315881886 355.1377319 884.1312374 
ENSDARG00000015355 fosl1a 0.000139 1.189526074 126.4051544 288.3021044 
ENSDARG00000076839 ftr86 0.000269 1.282143734 149.809791 364.3375393 
ENSDARG00000069377 si:dkey-242g16.2 0.000549 -1.629871024 168.616586 54.48290107 
ENSDARG00000041294 noxo1a 0.003032 1.095659362 378.4358035 808.7579279 
ENSDARG00000087732 Metazoa_SRP 0.004155 1.284480627 271.6843406 661.8076831 
ENSDARG00000019949 serpinh1b 0.014519 -1.413876942 6093.856518 2287.035229 
ENSDARG00000076820 xkr8.2 0.016235 -1.565056133 109.4496926 36.99011703 
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Table 5.3 Summary of experimental numbers. 

Experiment type Experimental groups Fish treatment Fish line # of experimental days total # of larvae 

Ear infection 

Uninjected None TG(lysC:Casper1GR) 2 31 

Hypo PA 

None TG(lysC:Casper1GR) 46 330 
cpla2_splicing MO 1 TG(lysC:Casper1GR) 6 20 
cpla2_splicing MO 2 TG(lysC:Casper1GR) 4 39 
cpla2_ATG MO TG(lysC:Casper1GR) 3 31 
cpla2 wt mRNA TG(lysC:Casper1GR) 3 32 
cpla2 S498A mRNA TG(lysC:Casper1GR) 3 35 
myd88 ATG MO TG(lysC:Casper1GR) 4 27 
myd88 ATG MisPrime TG(lysC:Casper1GR) 4 45 
pycard_splicing MO TG(lysC:Casper1GR) 4 16 
DMSO ctrl TG(lysC:Casper1GR) 22 200 
400ug/mL CHX TG(lysC:Casper1GR) 2 23 
100uM Aspirin TG(lysC:Casper1GR) 2 19 
20uM Zileuton TG(lysC:Casper1GR) 3 33 
50uM Licofelone TG(lysC:Casper1GR) 4 36 

Hypo fleN PA None TG(lysC:Casper1GR) 3 26 
Hypo ORF_11 PA None TG(lysC:Casper1GR) 3 26 
Hypo EGFP PA None wt casper 2 6 
Iso EGFP PA None wt casper 1 3 

Iso PA 
None TG(lysC:Casper1GR) 10 80 
DMSO ctrl TG(lysC:Casper1GR) 3 20 
25 uM AA TG(lysC:Casper1GR) 2 17 
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Table 5.3 (continued). 

Ear infection 

Iso exoU PA  
None TG(lysC:Casper1GR) 8 113 
0.5% Digitonin TG(lysC:Casper1GR) 3 37 
120uM Melittin TG(lysC:Casper1GR) 2 30 

Hypo E3 None TG(lysC:Casper1GR) 17 105 
Iso E3 None TG(lysC:Casper1GR) 6 47 
Hypo E. coli None TG(lysC:Casper1GR) 3 28 
Iso E. coli None TG(lysC:Casper1GR) 3 25 

PA survival assay 

IsoE3 None TG(lysC:Casper1GR) 4 69 
1/4 Iso PA None TG(lysC:Casper1GR) 4 66 
1/2 Iso PA None TG(lysC:Casper1GR) 4 70 
Iso PA None TG(lysC:Casper1GR) 4 71 
Hypo E3 None TG(lysC:Casper1GR) 4 70 
1/4 Hypo PA None TG(lysC:Casper1GR) 4 71 
1/2 Hypo PA None TG(lysC:Casper1GR) 4 69 
Hypo PA None TG(lysC:Casper1GR) 4 71 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of plates  

Muscle infection Hypo PA None TG(lysC:Casper1GR) 2 40 
Iso PA None TG(lysC:Casper1GR) 2 37 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of plates  

CFU counting 
assay 

Iso PA N.A. N.A 13 39 
Hypo PA N.A. N.A 50 164 
Heatkilled PA N.A. N.A 1 9 
Iso exoU PA  N.A. N.A. 8 24 
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Table 5.3 (continued) 

CFU counting assay 

Iso exoU PA 0.5% 
Digitonin N.A. N.A. 3 9 
Iso exoU PA 120uM 
Melittin N.A. N.A. 2 6 

Experiment name Experimental groups Fish treatment Fish line total # of larvae total # of tracks  

Trajectory analysis 

Uninjected Iso E3 None TG(lysC:Casper1GR) 13 145 
Uninjected Hypo E3 None TG(lysC:Casper1GR) 11 169 
Iso PA None TG(lysC:Casper1GR) 10 150 
Hypo PA None TG(lysC:Casper1GR) 12 181 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae  

RNA-seq 
Uninjected None wt casper 3 70 
Iso PA None wt casper 3 73 
Hypo PA None wt casper 3 66 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae 

il1b in situ 

Iso E3 (60min) None TG(lysC:Casper1GR) 1 26 
Hypo E3 (60min) None TG(lysC:Casper1GR) 1 23 
Iso PA (60min) None TG(lysC:Casper1GR) 1 22 
Hypo PA (60min) None TG(lysC:Casper1GR) 2 56 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae 

CHX positive ctl 400ug/mL CHX None TG(hsp70:cPla2-mKate2) 1 2 
DMSO None TG(hsp70:cPla2-mKate2) 1 3 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae 
Ear SYTOX Orange 
staining 

Iso E3 None wt casper 1 12 
Hypo E3 None wt casper 1 36 
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Table 5.3 (continued). 

Experiment name Experimental groups Fish treatment Fish line # of different days total # of larvae  
Detection of cPla2 
phosphorylation 

Hypo E3 None TG(lysC:Casper1GR) 2 >70 
Hypo PA None TG(lysC:Casper1GR) 2 >70 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae  

western blotting cpla2 MO wt None TG(lysC:Casper1GR) 1 40 
cpla2 MO cpla2 MO TG(lysC:Casper1GR) 1 40 

Experiment name Experimental groups Fish treatment Fish line # of experimental days total # of larvae  

RT-PCR pycard MO wt None TG(lysC:Casper1GR) 3 >30 
pycard MO pycard MO TG(lysC:Casper1GR) 3 >30 
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