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I 
 

Summary  
 

The innate immune system is the first line of defence against infections, responding 

promptly to pathogen-associated molecular patterns (PAMPs). In terms of traits and 

components, the innate immune system of teleosts is similar to that of mammals. In 

addition, teleosts and other fish rely heavily on innate immune responses to fight 

infections. Despite the fact that gene or protein orthology and conservation allow for 

function similarity, the Whole Genome Duplication (WGD) that occurred early in the 

life of ray-finned fishes permitted the formation of paralog genes with novel functions 

in fish. Additionally, salmonids underwent an extra Whole Genome Duplication, which 

resulted in more gene copies. In Rainbow Trout (Oncorhynchus mykiss), around half of 

these genes have been preserved as probably functional duplicates, whereas 66 percent 

of the remaining singletons appear to have a pseudogenised duplicate. As a result of the 

complexity of their genome, functional concerns of trout genes must first be structural 

and functionally analysed. 

Therefore, the aim of this thesis was focused towards the characterisation of selected 

factors able to regulate the innate immune response of rainbow trout and in salmonid 

cell models.  

In vivo studies have been carried out on magnetically sorted living cells of myeloid and 

lymphoid origin from head kidney of naïve trout, upon stimulation with inactivated 

Aeromonas salmonicida. 

A panel of 43 genes revealed a prominent reduction of cytokines and NF-kB signalling 

in the challenged groups, indicating the inhibitory role of A. salmonicida stimulation on 

the early innate immune response.For this reason, the NF-kB and the JAK/STAT 

pathway have been investigated and two families of factors, PIAS and NKIRAS 

proteins, have been studied in different tissues and cell populations, upon different 

stimuli. 

In vitro overexpression experiments of NKIRAS2a and NKIRAS2b revealed a new sub-

functionalisation of both transcript variants, apparently able to enhance the NF-kB 

activation and downstream gene expression. Knockout experiments with CRISPR/Cas9 

method highlighted the essential role of PIAS factors in salmonid derived cell line, 

leading the cells to death. Per contra, overexpression experiments indicated a strong 

inhibitory effect on the NF-kB and on JAK/STAT pathways downstream gene. 
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Zusammenfassung 
 

Das angeborene Immunsystem ist die erste Verteidigungslinie gegen Infektionen und 

reagiert schnell auf „pathogen-associated molecular patterns“ (PAMPs). In Bezug auf 

Eigenschaften und Komponenten ähnelt das angeborene Immunsystem der 

Knochenfische dem der Säugetiere. Darüber hinaus spielt die angeborene 

Immunantwort eine große Rolle bei der Bekämpfung von Infektionen bei Teleostier und 

anderen Fischen. 

Trotz der Tatsache, dass Gen- oder Proteinorthologie eine Funktionsähnlichkeit 

ermöglichen, hat die vollständige Genomverdopplung (Whole Genome Duplication, 

WGD), die früh in der Evolution der Strahlenflosser auftritt, die Bildung zahlreicher 

paraloger Gene mit neuen Funktionen in Fischen ermöglicht. Zusätzlich trat bei den 

Salmoniden eine zweite vollständige Genomverdopplung auf, was zu weiteren 

Genkopien führte. Bei der Regenbogenforelle (Oncorhynchus mykiss) ist etwa die 

Hälfte dieser Gene als funktionelle Duplikate erhalten geblieben, während 66 Prozent 

der verbleibenden Singletons ein pseudogenisiertes Duplikat zu haben scheinen. 

Aufgrund der Komplexität ihres Genoms müssen die funktionellen Bestandteile der 

Forellengene zunächst strukturell und funktionsabhängig analysiert werden. Daher 

konzentrierte sich das Projekt auf die Charakterisierung ausgewählter Faktoren, die eine 

Rolle bei der Regulation der angeborene Immunantwort von Regenbogenforellen und 

Salmoniden Zellmodellen spielen.  

In vivo-Studien wurden an mittels MACS separierten lebenden Zellen myeloischen und 

lymphoiden Ursprungs aus der Kopfniere naiver Forellen durchgeführt, nachdem diese 

mit inaktivierten Aeromonas salmonicida stimuliert worden waren. 

Ein Gen-Panel von 43 ausgewählten Genen zeigte eine deutliche Verringerung von 

Zytokinen und NF-kB-Signalen in den stimulierten Gruppen, was auf eine hemmende 

Wirkung von A. salmonicida auf die frühe angeborene Immunantwort hinweist. 

Aus diesem Grund wurden neben dem NF-kB- und dem JAK/STAT-Signalweg, auch 

zwei Proteinfamilien (PIAS- und NKIRAS-Proteine) in verschiedenen Geweben, 

Zellpopulationen und bei unterschiedlichen Stimuli untersucht. In-vitro-

Überexpressionsversuche von NKIRAS2a und NKIRAS2b ergaben eine neue 

Teilfunktionalität beider Transkriptvarianten, die offenbar die NF-kB-Aktivierung und 

die nachgeschaltete Genexpression verstärken kann. 
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Knockout-Experimente mittels der CRISPR/Cas9-Methode unterstrichen die essentielle 

Rolle der PIAS-Faktoren in Salmoniden-Zelllinien, die letztendlich zum Zelltod führen. 

Im Gegensatz dazu wiesen Überexpressionsversuche jener Faktoren auf eine starke 

hemmende Wirkung auf den NF-kB-Signalweg und auf nachgeschaltete Gene des 

JAK/STAT-Signalwegs hin. 



 

 IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
  



Table of contents 

 V 

Table of contents 

Summary ..................................................................................................................................... I 

Zusammenfassung ...................................................................................................................... II 

Table of contents ........................................................................................................................ V 

Abbreviations ........................................................................................................................... VII 

1. Introduction ........................................................................................................................ 1 

1.1 Modulation of signal transduction pathways downstream of TLRs ........................ 4 

1.2 NF-kB (nuclear factor 'kappa-light-chain-enhancer' of activated B-cells) signalling 
pathway ............................................................................................................................ 8 

1.3 The mitogen-activated kinase pathway ............................................................... 12 

1.4 JAK-STAT signalling pathway ............................................................................... 13 

1.5 CHSE cells and alternative cell models from fish .................................................. 16 

1.6 Hypothesis and aim of the study ......................................................................... 19 

2. General discussion ............................................................................................................. 20 

2.1 In vivo studies, expression profiling of relevant innate immune genes upon 
inactivated A. salmonicida stimulation ............................................................................ 20 

2.2 Gene analysis of NKIRAS and PIAS factors in rainbow trout ................................. 23 

2.3 Proteins structural analysis confirmed high conservation levels. ......................... 24 

2.4 In vitro functional studies revealed new insights ................................................. 25 

3. Conclusions and future perspectives .................................................................................. 29 

4. References ......................................................................................................................... 31 

5. Publications ....................................................................................................................... 42 

5.1 Statement of contributions ........................................................................................ 42 

5.2 Publications ............................................................................................................... 44 

Study I: Characterisation of the teleostean kB-Ras family: The two members NKIRAS1 and 
NKIRAS2 influence the activity of NF-kB in opposite ways ............................................... 44 

Study II: PIAS Factors from Rainbow Trout Control NF-κB- and STAT-Dependent Gene 
Expression ....................................................................................................................... 55 

Study III: The Early Immune Response of Lymphoid and Myeloid Head-Kidney Cells of 
Rainbow Trout (Oncorhynchus mykiss) Stimulated with Aeromonas salmonicida ............ 78 

Acknowledgments .................................................................................................................... 94 

Publications and conferences .................................................................................................... 95 

Declaration of authorship ......................................................................................................... 96 

Selbständigkeitserklärung ......................................................................................................... 97 

Curriculum vitae ........................................................................................................................ 98 
 

 



Table of contents 

 VI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 

 VII 

Abbreviations 
Aa, amino acid(s) 

ANK, ankyrin  

CDS, coding sequence 

CHSE, Chinook salmon embryo 

CIS, cytokine-inducible SH2 domain protein 

CRISPR, clustered regularly interspaced short palindromic repeats 

CXCL8, C-X-C motif chemokine ligand 8 

DNA deoxy ribonucleic acid 

ELAM, endothelial cell-leukocyte adhesion molecule 

ERK extracellular signal-regulated protein kinases  

GDP, guanosine diphosphate 

GFP, green fluorescent protein 

GTP, guanosine-triphosphate  

hpi, hours post infection 

IFN, interferon 

IL, interleukin 

IRAK4, IL-1 receptor associated kinase 

JAK, Janus kinase 

LG, linkage group 

LPS, lipopolysaccharide  

MAb, monoclonal antibody  

MAPKs, mitogen-activated protein kinases  

mEGFP, monomeric enhanced green fluorescence protein  

MHC major histocompatibility complex  

MKK, MAP kinase kinases  

mPlum, mutant variant of red fluorescent protein 

NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells 

NKIRAS, NF-κB-inhibitor-interacting Ras-like proteins 

NLS, Nuclear localisation sequence 

nt, nucleotide(s) 

ORF, open-reading frame  

PAMPs pathogen-associated molecular patterns 

PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich domain 



Abbreviations 

 VIII 

PRRs, pattern recognition receptors  

PTPs, protein tyrosine phosphatases 

qPCR, quantitative polymerase-chain reaction 

RAGs, recombination-activating genes  

Ras, Rat sarcoma 

RHD Rel homology domain  

RTG-2, Rainbow Trout Gonad-2 

SAP, scaffold attachment factor A/B/acinus/PIAS 

sgRNA, short guide RNA 

SIM, SUMO-interacting motif 

SNP, single-nucleotide polymorphism 

SOCS, suppressor of cytokine signalling  

SP-RING, Siz/PIAS RING finger 

STAT, signal transducer and activator of transcription  

SUMO, Small Ubiquitin-like Modifier 

TGFB, transforming growth factor beta  

TIR Toll/interleukin-1 (IL-1) receptor homology 

TLR, Toll like receptor 

TNF, tumour necrosis factor 

TRAF, TNF receptor associated factor 

WGD, whole-genome duplication 

 

 

 

 

 
 
 
 
 
 
 
 



 
 

1 
 

 

1. Introduction 
 

Since the beginning of fish evolution, about 530 million years ago, these marine species 

have been able to respond to a large variety of environmental stimuli. 

In this first fish lineage, known as Agnatha or jawless fish, innate immunity was the 

only defence system of these organisms. 

Only 80 million years later, antigen-specific, adaptive immunity is thought to have 

emerged with the introduction of recombination-activating genes (RAGs) into the 

genomes of ancestral jawed cartilaginous fish (Agrawal et al., 1998). 

Nevertheless, it is evident that many of the basic innate responses found in primitive 

jawless vertebrates are still crucial for survival of even the most developed mammals. 

Besides, it is clear that many of the invertebrate groups without any molecular trace of 

Major Histocompatibility Complex (MHC) still can recognise self from non-self by the 

adoption of other types of recognition molecules (Buchmann, 2014). Figure 1 

schematise the different immune responses. 

 

 
 
Figure 1: Differences between innate, early induced and adaptive immune response. Adapted 
from: Immunobiology, 7ed., (Ó Garland Science 2008, Figure 2-1) 
 

 

Indeed, the ability to recognise self from non-self emerges as a fundamental function of 

any living organism (Zhu et al., 2013). 

To compensate for their relatively basic and undifferentiated immune system, teleost 

fish evolved defensive mechanisms that vary from those of mammals by creating a 

variety of isotypes. Multiple genes have been found in a variety of studies, including 

cytokines such as TNF and IL1, lymphocyte cell surface markers such as CD4, CD8, 

and complement components such as C2 and C3 (Rebl & Goldammer, 2018). In 
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addition to two rounds of whole genome duplication early in vertebrate evolution, there 

is solid evidence that fish-specific whole genome duplication occurred in ray-finned 

fish about 320 million years ago (Tsukamoto et al., 2010). Furthermore, cyprinid and 

salmonid fishes are considered partially tetraploid (Edger & Pires, 2009; T. Wang, 

Huang, et al., 2011). Although distinct roles of the different gene copies have yet to be 

fully understood, the extra number of genes resulting from genome or chromosomal 

duplication may have driven speciation, adaptability, diversification, and promotion of 

novel activities across evolution (Sunyer, 2013). Therefore, teleost 

monocytes/macrophages, main player of phagocytosis process, have distinct activities 

and modulations than mammals due to entire genome duplication and environmental 

adaptability (Lu & Chen, 2019). 

Phagocytosis is the primordial known mechanism of defence, discovered even in the 

Protozoa, the most primitive eukaryotic kingdom, in 1862 by Haeckel, but only fully 

understood 16 years later by Elie Metchnikoff (Köllner et al., 2002). 

In vertebrate, the leading actors of this process are the macrophages, specialized cells 

able to recognise microorganisms. Macrophages detect microorganisms via the 

Pathogen-Associated Molecular Patterns (PAMPs) on their surface by Pattern 

Recognition Receptors (PRRs), facilitating the phagocytosis and initiating the killing 

mechanisms (Medzhitov & Janeway, 2000). 

These innate immune receptors are a category of germ-line encoded receptors that have 

a genetically defined specificity and are strongly conserved across species. Pattern 

recognition receptors have distinct ligand-binding properties for unique types of 

PAMPs, but they are less discriminatory when it comes to fine molecular structure 

variations among those classes (Zhong et al., 2006). 

Mannose-binding proteins, mannose receptors, scavenger receptors, Tool-like receptors 

and associated factors are some of the main proteins involved in microbial pattern 

recognition.  

The TLR family is the most relevant and well-studied class in PRRs. TLRs were named 

and discovered based on their homology to the Drosophila melanogaster Toll protein 

(Medzhitov et al., 1997). TLRs are integral glycoproteins with an extracellular or 

luminal ligand-binding domain containing LRR motifs and a cytoplasmic signalling 

Toll/interleukin-1 (IL-1) receptor homology (TIR) domain. Ligand binding to TLRs 

through PAMP-TLR interaction results in receptor oligomerization, which then initiates 

intracellular signal transduction (Dorrington & Fraser, 2019). Once TLRs are stimulated 
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by specific PAMPs, a variety of signalling pathways are induced. Signal transduction, 

as represented in figure 2, is initially regulated by a family of adaptor molecules, which 

determines the specificity of the reaction in part (Kawasaki & Kawai, 2014).  

The binding of one or more adaptor molecules to a specific TLR is accompanied by 

activation of downstream signal transduction pathways involving phosphorylation, 

ubiquitination, or protein-protein interactions, resulting in the initiation of transcription 

factors that control the transcription of genes involved in inflammation and 

antimicrobial host defences (Paludan et al., 2020). TLR-induced signalling pathways 

can be generally defined based on their uses of various adaptor molecules, i.e., whether 

they are dependent on or independent of the adaptor MyD88 or TIR domain-containing 

adaptor causing IFN- (TRIF), as well as their activation of various kinases and 

transcription factors (Sahoo, 2020). 

TLR-induced responses are regulated by three main signalling pathways: (i) NF-kB, (ii) 

mitogen-activated protein kinases (MAPKs), and (iii) IRF signalling pathway. Whereas 

NF-kB and MAPKs play critical roles in the induction of a proinflammatory response, 

IRF pathway regulate the expression of IFNs, which plays a central role on JAK-STAT 

signalling pathway activation (De Nardo, 2015).  
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Figure 2: Schematic representation of signal transduction for TLRs. A specific stimulus 
activates production of second messengers through specific receptors activation and allows 
cellular response activation. 
 

 

1.1  Modulation of signal transduction pathways downstream of TLRs 
 

A robust immune response against pathogens requires activation of the signal 

transduction cascades. On the other hand, deactivating these pathways limits the 

potentially lethal actions of the immune system on the host and thus prevents it from 

self-destruction (X. Wang & Liu, 2007). Several systems are in place to precisely 

control the amount and duration of signals emerging from TLRs in order to avoid such 

issues.  

Upon TLRs stimulation, MYD88 is recruited to the Toll and IL-1 receptor (TIR) 

domain of the receptor and recruits itself IL-1 receptor associated kinase 4 (IRAK4). 

Once activated, IRAK4 forms a complex with IRAK1 and IRAK2, the E3 ubiquitin 

ligase TNF receptor associated factor 6 (TRAF6) and the E2 ubiquitin conjugating 

enzyme 13 (UBC13) (Deliz-Aguirre et al., 2020). 

Now UBC13 and TRAF6 promote the formation of K63-linked polyubiquitin chains on 

both TRAF6 and IRAK1, leading to the activation of NF-kB and MAPKK (Hayden et 

al., 2006) and regulating JAK-STAT dependent-gene expression (Wei et al., 2012). 

Modulation at the receptor, adaptor, Myddosome, signalling, transcriptional, post-

transcriptional (e.g., miRNAs), and post-translational levels are all critically necessary 

in order to regulate the response to a specific stimulus (De Nardo, 2015). 

 In vivo, inflammatory pathway suppression occurs over a time span ranging from 

seconds to years in wound healing and tissue repair, or is ongoing in chronic 

inflammation. The initial inflammatory stimulus must be sufficient to generate a 

response beyond the homeostatic anti-inflammatory threshold for efficient pathogen 

immunity to evolve (Magarian Blander & Sander, 2012). In the gut, for example, IL-10 

inhibits TLR and NLR signalling from the gut flora to maintain normal intestinal 

function.  

Infection with a pathogen invading the mucosal layers of salmonids, such as Yersinia 

ruckeri, linked to the enteric redmouth disease, generates a reaction that surpasses the 

homeostatic threshold that results in severe inflammation (Kumar et al., 2019). 
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Consequently, productive regulatory pathways are activated in proportion to the 

severity of the inflammatory insult and are susceptible to additional levels of control 

(Hu et al., 2008), as showed in figure 3a and 3b. It is reasonable to assume that there are 

at least as many anti-inflammatory pathways as proinflammatory pathways activated by 

microbe- and cell-damage-sensing systems. Anti-inflammatory pathways can be 

separated into cell-intrinsic and cell-extrinsic mechanisms, with many of them being 

discovered as a result of unexpected results from extensive examinations of genetically 

modified mice with inflammatory illnesses. Co-regulated inhibitors of TLR signalling, 

such as the (i) IL-1 receptor-associated kinase (IRAK-M), (ii) the suppressor of 

cytokine-signaling (SOCS)-1, (iii) the protein inhibitor of activated STATs (PIAS), (iv) 

the NF-κB-inhibitor-interacting Ras-like proteins’ NKIRAS1 and NKIRAS2, (v) the 

NF-κB inhibitor (IκB), (vi) A20, and (vii) ABIN1, are examples of cell-intrinsic 

pathways (Kawasaki & Kawai, 2014). Deletion of any of these components results in 

complex inflammatory disorders due to a failure to suppress inflammatory signalling 

after it has been triggered by a microbial product or proinflammatory cytokine such as 

tumour necrosis factor (TNF). Cell-extrinsic mechanisms include anti-inflammatory 

cytokines such as TGF-beta, along with a plethora of substances that operate to inhibit 

inflammation via the aforementioned sequential repair process (Murray & Smale, 

2012). 

 

  

  

b a 
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Figure 3: a) Inhibition of the NF-kB pathway at different points of the signalling cascade b) 
Inhibition of Jak-Stat Pathway by SOCSs, PIASs and PTP protein families. 
 

 

Moreover, the control of the signal transduction downstream the TLRs is a specific 

target of several microorganisms, relying on escaping the immune system of the host 

their survival despite the fast-acting intracellular signalling pathways generated by 

PRRs (Reddick & Alto, 2014).  

Other effector proteins such as double-stranded RNA-dependent protein kinase (PKR), 

2', 5'-oligoadenylate synthetase (2'- 5' OAS), and adenosine deaminase acting on RNA 

(ADAR) support PRR activity. All of these proteins are involved in detecting viral 

components and triggering the production of proinflammatory cytokines or interferon 

(IFN) response factors. Viruses modify various cellular components in order to evade 

the innate immune response (Langevin et al., 2019). 

Most host organisms have developed a second line of defence focused on microbial 

detection of PAMPs by PRRs and the subsequent generation of cell-intrinsic immune 

mechanisms and/or recruitment of immune cells if a bacterial pathogen is able to avoid 

death by antimicrobial peptides. Consequently, many bacterial pathogens have changed 

the molecular structure of their PAMPs in response to these difficulties, allowing them 

to escape immune identification through stealth and escape (Matsuura, 2013). Several 

Gram-negative bacteria use protein secretory mechanisms (such as type III, IV, and VI 

secretion systems) to transport virulence factors, also known as "effector" proteins, 

directly into the host cell (David, 2010). The type III translocon has now been proven to 

be a proinflammatory PAMP that can be identified by both the NLRP3 and NLRC4 

inflammasomes (Brodsky et al., 2010). Because signal transduction is essential for 

relaying information from PRRs to nuclear transcription of proinflammatory 

modulators, bacterial pathogens primarily target its inhibition. Particularly the mitogen-

activated protein kinase (MAPK) signalling axis and the NF-kB pathway, which are key 

players in innate immunity (Reddick & Alto, 2014). A collection of the most known 

bacterial effectors is reported on the following table (Table 1). 
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Table 1: Most known bacterial effectors.  

 

Pathogen Effector Activity Host targets Pathway Phenotype Ref. 

Porphyromonas 
gingivalis Fimbriae Binding CXCR4/ 

TLR2 NF-κB inhibition Reduced ROS 
production 

(Hajishenga
llis et al., 
2008) 

Mycobacterium 
tuberculosis ? Binding CR-3 p38 MAPK 

activation 
Reduced CD1 
expression 

(Gagliardi et 
al., 2009) 

Shigella ssp. IpaH9.8 E3 ligase NEMO/ 
ABIN-1 NF-κB inhibition Inhibition of pro-

inflammatory responses 
(Ashida et 
al., 2010) 

Shigella ssp. OspG Kinase UbcH5 NF-κB inhibition Inhibition of pro-
inflammatory responses 

(D. W. Kim 
et al., 2005) 

Shigella ssp. OspF 
Phosphoth
reonine 
lyase 

ERK1/2 ERK inhibition Inhibition of pro-
inflammatory responses 

(Arbibe et 
al., 2007) 

Shigella ssp. OspE Binding Focal 
adhesions ILK activation Stabilisation of 

intestinal lining 
(M. Kim et 
al., 2009) 

Aeromonas 
salmonicida AopP Acetyltran

sferase ? NF-κB inhibition Inhibition of pro-
inflammatory responses 

(Fehr et al., 
2006) 

Vibrio 
parahaemolyticus VopA/P Acetyltran

sferase MKKs MAPK inhibition Growth arrest (Trosky et 
al., 2007) 

EHEC EspG Binding ARFs/PAKs 
Arf 

inhibition/PAK 
activation 

Reprogramming of 
intracellular trafficking 

(Selyunin et 
al., 2011) 

EPEC/EHEC NleH Binding RPS3 partial NF-κB 
inhibition 

Increased bacterial 
colonisation, decreased 
mortality of host 

(Wan et al., 
2011) 

EPEC NleE ? IKKβ NF-κB inhibition Inhibition of pro-
inflammatory responses 

(Vossenkäm
per et al., 
2010) 

EPEC NleC/Nle
D Proteases RelA NF-κB inhibition Inhibition of IL-8 

secretion 
(Pearson et 
al., 2011) 

Legionella 
pneumophila LegK1 Kinase IκB NF-κB activation Induction of pro-

inflammatory responses 
(Ge et al., 
2009) 

Yersinia ssp. YopJ Acetyltran
sferase MKKs MAPK/ NF-κB 

inhibition 

Induction of 
apoptosis/inhibition of 
pro-inflammatory 

responses 

(Mukherjee 
et al., 2006) 

Yersinia ssp. Invasin/Y
adA Binding β1-integrins FAK activation 

Actin 
rearrangements/bacteria

l uptake 

(Uliczka et 
al., 2009) 

Yersinia ssp. YopH Phosphata
se Fyb Fyn inhibition Inhibition of 

phagocytosis 
(Winter et 
al., 2010) 

Yersinia ssp. YopH Phosphata
se FAK/p130Cas FAK inhibition 

Disruption of focal 
adhesions/inhibition of 

phagocytosis 

(Black & 
Bliska, 
1997) 

Bacillus 
anthracis 

Anthrax 
toxin Protease MKKs MAPK inhibition Induction of apoptosis (Ali et al., 

2011) 
Bacillus 
anthracis LF Protease MEK1 MAPK inhibition Induction of apoptosis (Park et al., 

2002) 

Pseudomonas 
aeruginosa ExoT 

ADP-
ribosyltra
nsferase 

Crk Crk inhibition Inhibition of invasion (Pielage et 
al., 2008) 
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1.2  NF-kB (nuclear factor 'kappa-light-chain-enhancer' of activated B-

cells) signalling pathway 
 

The NF-κB factors represent one of the best characterised families of immunorelevant 

transcription factors (Hayden & Ghosh, 2011), which comprises five members 

(p65/RelA, RelB, c-Rel and p50/NF-κB1, p52/NF-κB2) in most vertebrates (Gilmore & 

Wolenski, 2012).  

The highly conserved N-terminal Rel homology domain (RHD), which hosts sequences 

essential for DNA binding, dimerization, and nuclear localisation, characterises the 

different proteins of this family. 

Nevertheless, they can be divided into two subgroups on the basis of their sequence C-

terminal to the RHD and on phylogenetic analysis of sequences in the RHD (Sullivan et 

al., 2007). 

Proteins such as p100 and p105 in vertebrates and Relish in Drosophila are members of 

one subgroup known as the NF-κB proteins. Many NF-κB proteins have C-terminal 

IκB-like inhibitory domains composed of ankyrin (ANK) repeats that must be 

eliminated before the proteins can be activated (Liou & Ph, 2006). 

The second subgroup, known as the ‘Rel proteins,' is made up of proteins with C-

terminal transactivation domains, such as c-Rel, RelA (p65), and RelB in vertebrates 

and Dorsal and Dif in Drosophila. Unlike NF-κB proteins, Rel proteins are not 

processed and generally act as transcriptional activators by virtue of their C-terminal 

domains (Hayden & Ghosh, 2008). 

Their paired interaction induces a multitude of well-conserved signalling cascades 

(Ghosh et al., 1998), that play a central role in the activation, proliferation and apoptosis 

of vertebrate lymphocytes (Kawasaki & Kawai, 2014) and are thus of particular 

importance for both innate and adaptive immune responses (Beinke & Ley, 2004). The 

complex NF-κB-initiated programs of immune-gene expression should be directed 

against invasive pathogens, but they may exert their destructive potential also against 

the host itself (Rebl & Goldammer, 2018). Therefore, the activity of NF-κB is 

controlled by a range of different signal-responsive mechanisms (Dejardin et al., 2002).  

Under homeostatic conditions, the ‘inhibitors of NF-κB proteins’ (IκBs) retain NF-κB 

factors in an inactive form in the cytosol (Bhatt & Ghosh, 2014). Eight IκB-like family 

members (IκBα, IκBβ, IκBγ/p105, IκBε, IκBζ, IκBNS/p100, IκBη, and Bcl‐3) have 

been discovered in mammals (Gilmore & Wolenski, 2012). 
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Salmonids have only seven IκB-like family members, although no IκBβ proteins have 

been isolated from this fish family. Nevertheless, rainbow trout IκB has six ankyrin 

repeats, rather like human IκBα. As a result, some IκBα variants may be able to 

compensate for the loss of IκBβ in rainbow trout (Sarais et al., 2020). 

The defining characteristic of IκB proteins is the presence of the ANK repeat, a 

prototypical 33-residue helix-turn-helix protein motif that is has been found in many 

proteins from bacteria to humans (Sullivan et al., 2007). They are classified into three 

subclasses: 1) the inhibitory ANK repeat domains in the C-terminal half of p105 and 

p100, which must be excluded for NF-κB activation (Hayden & Ghosh, 2008), 2) the 

independent IκB inhibitor proteins (IκBα, IκBβ, IκBε, IκBζ), which also undergo 

proteolysis when NF-κB is activated, and 3) the ‘atypical' IκBs (Bcl-3 and IκBη) that 

can be either inhibitors or activators (Sullivan et al., 2007). 

The alpha member of IκB proteins is a prototypic representative of the IκB family in 

mammals (Baeuerle & Baltimore, 1988) and in fish as well (Sangrador-Vegas et al., 

2005; L. Wang et al., 2009; Y. Wang et al., 2015).  

IκBα has been found to mask the nuclear localisation signals of NF-κB factors and thus 

prevents their access to NF-κB-specific response elements in the promoters of relevant 

genes (Henkel et al., 1992). 

Many mammalian IκB proteins have additional regulatory sequences in addition to the 

ANK repeats. Some IκBs (IκBa, IκBb, IκBe, p100) have N-terminal serine residues that 

serve as IKK phosphorylation sites, and their phosphorylation serves as a signal for 

K48-linked polyubiquitination and proteasome degradation (Sullivan et al., 2007). 

The IKK unit is also known as NEMO for NF-kB critical modulator. The enabled IKK 

complex catalyses the phosphorylation of IkBs, polyubiquitination, and subsequent 

degradation by the 26S proteasome, primarily via IKK in an IKK-dependent manner 

(Henkel et al., 1992). 

Small guanosine triphosphatases are another family of proteins that play an important 

role in the transmission of cell surface signals. Ras, Rap, Ral, and Rho are examples of 

GTPases (Mayo et al., 2001). 

Atypical Ras-like protein, known as κB-Ras, act a strong regulator of NF-κB activation. 

Indeed, κB-Ras proteins are able to mask the NLS sequences of the Rel-IκB complexes, 

retaining them in the cytoplasm (Fenwick, 2000).  
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Both, the canonical and non-canonical NF-κB pathways, represented in figure 4, lead to 

the activation of NF-κB, while the NKIRAS proteins stabilise the interaction of NF-κB 

and IκB and thus negatively interfere with the activity of NF-κB (Chen et al., 2003). 

Subsequent to a challenging stimulation, the degradation of IκBα is promoted by 

pathogen-related receptors (PRRs) (DiDonato et al., 1997; Dobrovolskaia et al., 2003) 

and several pro-inflammatory mediators such as interleukin-1b (IL1B) or tumour 

necrosis factor α (TNF) (Mercurio et al., 1997).  

An alternative NF-κB pathway, named the non-canonical NF-κB pathway, is centered 

on the processing of p100.  

The non-canonical NF-κB activation is IKKβ- and IKKγ-independent, but dependent on 

IKKα dimmer alternatively (Sun, 2017).  

The activation of the IKKα homodimers is regulated by NIK, also known as  NF-κB-

inducing kinase. NIK collaborates with IKK to cause processing of the p100 C 

terminus, which results in nuclear translocation of p52:RelB complexes. Finally, the 

dimers bind to DNA and activate gene transcription downstream.  Moreover, while the 

canonical NF-κB pathway can be activated in minutes and is not dependent on new 

protein synthesis, the noncanonical NF-κB pathway takes several hours and necessitates 

the production of new protein (Zarnegar et al., 2008). 

The LT-β or BAFF receptor play a crucial role, transferring the signal into the 

cytoplasm (Cildir et al., 2016). 
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Figure 4: Representation of the canonical and non-canonical NF-κB pathway. Many signals, 
including those mediated by innate and adaptive immunological receptors, can activate the 
canonical route. It involves downstream signals activating the IKK complex, IKK-mediated IκB 
phosphorylation, and subsequent degradation, resulting in the archetypal NF-κB heterodimer 
RelA/p50 translocating to the nucleus in a fast and transitory manner. The non-canonical NF-κB 
pathway is dependent on phosphorylation-induced p100 processing, which is initiated by TNFR 
signalling. This route causes the sustained activation of RelB/p52 complex and is reliant on NIK 
and IKK, but not on the trimeric IKK complex. 
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1.3  The mitogen-activated kinase pathway 
 

The MAP kinase cascade, schematically represented in figure 5, is involved in a variety 

of immune response processes, and it is one of the best conserved signalling pathways 

within the evolution. 

MAP kinases can be divided in three main groups: (i) the extracellular signal-regulated 

protein kinases (ERK); (ii) the p38 MAP kinases and (iii); the c-Jun NH2-terminal 

kinases (JNK) (Zou & Secombes, 2011). 

Nevertheless, all the MAP kinases share a tripeptide motif, Thr-X-Tyr, which can be 

dual phosphorylated for their activations. 

The second aa residue characterise the three different groups, ERK (Thr-Glu-Tyr); p38 

(Thr-Gly-Tyr); and JNK (Thr-Pro-Tyr). The phosphorylation of the Thr and Tyr aa 

residues is mediated by a set of seven MAP kinase kinases, specific for the different 

MAP groups (Arthur & Ley, 2013). 

The MAP Kinase Kinases (MKK) MKK1 and MKK2 activate the ERK MAP kinases; 

the MKK3, MKK4, and MKK6 activate the p38 MAP kinases; and MKK4 and MKK7 

activate the JNK pathway. Other MAP Kinase Kinase kinases (MKKK) activate the 

several different MAP kinase kinases. The MKKK are usually activated by G small 

protein as Ras and Rho family GTPases (Zou & Secombes, 2011). 

MAP kinases are also required for the synthesis of various cytokines, chemokines, and 

other inflammatory mediators that mobilise the immune system to fight pathogenic 

infections in innate immune cells. MAP kinases have a role in the clonal expansion of 

effector T- and B-lymphocytes in adaptive immunity cells by modulating cytokine 

synthesis, cell proliferation, and survival (Dong et al., 2002). 

Because MAP kinase pathways are activated by phosphorylation, phosphatase-mediated 

dephosphorylation of MAP kinases represents a highly efficient mode of kinase 

deactivation. MAP kinases are known to be deactivated by a variety of protein 

phosphatases, including tyrosine, serine/threonine, and dual-specificity phosphatases 

(Dong et al., 2002). In order to induce specific cellular responses to extracellular 

influences, the MAPK pathways must be both activated and deactivated. 

Several serine/threonine phosphatases, including PP2A and PP2Ca, as well as tyrosine 

phosphatases, including PTP-SL and HePTP, have been shown ability to inactivate 

MAPKs. Furthermore, several MAPK phosphatases (MKPs) have dual specificity and 

can dephosphorylate both threonine and tyrosine residues in MAPKs (Keyse, 2000). 
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The binding of various MKPs to their substrate MAPK controls their catalytic activity. 

Individual MKPs differ in terms of expression pattern, subcellular localisation, and 

MAPK specificity, indicating the particular function of each MKP. Some MKPs are 

activated by their target MAPK pathways and function as negative feedback 

mechanisms. As a result, MKPs are engaged in MAPK inactivation to avoid excessive 

and incorrect signalling, which may result in a deficiency in normal cellular activities 

(Arthur & Ley, 2013). 

 

 
 
Figure 5: The four major MAPK cascades including their stimuli and substrates. The ERK 
pathway is usually activated by growth factors, while the JNK, p38 and ERK5 can be activated 
by stress, cytokines and growth factors. 
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The signalling through Janus kinases (JAK) and signal transducers and activators of 

transcription (STAT) (Rane et al., 2002; Wilks, 1989) transduces signals for 
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activation of specific cytokine receptors, the four mammalian JAK proteins (JAK1, 

JAK2, JAK3 and TYK2) become activated and phosphorylate several other associated 

proteins, including themselves, other receptor chains and STAT factors (Laurence, 

2012) (Table 1A). The seven mammalian STAT proteins (STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b and STAT6) dimerise following phosphorylation and 

translocate into the nucleus, where they bind to specific DNA elements and regulate the 

transcription of target genes (Villarino et al., 2017). 

The stat repertory in ray-finned fishes includes the same categories as in coelacanths 

and tetrapods, with stat1, stat2, stat3, stat4, stat5, and stat6 present in every teleost 

species. Two copies of each stat gene should have been produced when a WGD 

happened 350 million years ago during the early development of this group 

(Christoffels et al., 2006). This stat repertoire has been changed as a result of further 

duplication and gene loss. In Salmonids, a fish family tetraploidised by an additional 

WGD about 50–60 Myr ago, have been recognised two blocks STAT3+5, two blocks 

STAT4+1, four or five copies of STAT1, but only one STAT2 and one STAT6 gene, 

either as a result of an early total loss post-WGD or as a result of persistent selection 

pressures favouring a single copy (Boudinot et al., 2021). 

The majority of STAT dimers identify an inverted repeat DNA motif with an 8–10 base 

pairs consensus sequence of 5’-TT(N4–6)AA-3’. Variations in the precise nucleotide 

sequence determine the differential binding affinity of a single activated STAT dimer 

for a single target DNA sequence. 

This consensus DNA element is commonly known as a GAS element, referring to its 

initial identification as an interferon activation sequence detected by STAT1 

homodimers. Cooperative dimer-dimer interactions mediated by NH2 -terminal amino 

acids influence the affinity of a STAT-DNA complex for a specific target gene 

promoter (Aaronson, 2002). 

The various STAT proteins show different functions, although they are activated by 

overlapping sets of cytokines (O’Shea et al., 2013). The vertebrate STAT1 and -2 

proteins mediate interferon (IFN) signalling, STAT4 and -6 mediate interleukin 

signalling and STAT3, -5A and -5B respond to a wide range of cytokines (Leonard & 

O’Shea, 1998). 

Recent research has revealed that JAK–STATsignalling may be controlled at many 

stages via different methods. The suppressor of cytokine signalling (SOCS) proteins and 
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the recently identified protein inhibitor of activated STAT (PIAS) family, as well as 

other protein tyrosine phosphatases (PTPs), are important regulators.  

JAK and STAT modulation by various protein changes, as well as crosstalk between 

distinct JAK–STAT pathways and other cellular signalling pathways, gives additional 

levels of control that may be critical (Fig. 6b). 

The JAK–STAT signalling regulators SOCS proteins are important modulators in the 

immune system (Shuai & Liu, 2003). 

All the eight members of the mammalian SOCS family have been found in fish, with 

several unique teleost members presumably resulting from fish-specific gene/genome 

duplication events (T. Wang, Gorgoglione, et al., 2011). 

SOCS proteins have an SH2 domain flanked by a variable amino-terminal domain and a 

carboxy-terminal SOCS box. SOCS1, SOCS2, SOCS3, and CIS have all been 

extensively researched in the control of JAK–STAT signalling. These SOCS proteins 

are usually produced at low levels in unstimulated cells and are rapidly increased by 

cytokines, blocking JAK–STAT signalling and generating a classic negative-feedback 

loop (Yoshimura et al., 2007). 

PIAS proteins (protein inhibitor of activated STAT) were first discovered as 

suppressors of STAT signalling (Liu et al., 1998). Four PIAS proteins have been so far 

identified in mammals (PIAS1, PIAS2, PIAS3 and PIAS4) and three in teleosts (pias1, 

pias2, pias4). The loss of PIAS3 gene in bony fish, probably as consequence of a WGD, 

has been compensated with the expansion of the gene pias gene family, by increasing 

the number of transcript factors. In trout, eight Pias genes encode at least 14 different 

pias transcripts (Sarais et al., 2021).  

STAT signalling is regulated by all members of the PIAS family, according to recent 

data. PIAS1, PIAS2, and PIAS3 interact with STAT1, STAT3, and STAT4, 

respectively. In addition, PIAS4 also interacts with STAT1 (Shuai & Liu, 2005). PIAS1 

and PIAS3 suppress STAT-mediated gene activation by inhibiting STATs-DNA 

binding activity. PIAS4 and PIASx, on the other hand, inhibit STAT1 and STAT4-

mediated gene-activation without altering STATs-DNA binding activity. PIAS4 and 

PIAS2 suppress transcription by attracting additional co-repressor molecules such as 

HDACs (Niu et al., 2018). Besides, over 60 proteins, many of which are transcription 

factors involved in the immune system, are thought to interact with the protein inhibitor 

of activated STAT (PIAS) family (Shuai, 2006). The similarity between STATs and the 

Rel family proteins allows this proteins family to regulate the NF-kB pathway. PIAS 
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proteins can interact with NFKB1-p65 and repress the transcriptional activity (Liu et al., 

2005). 

 

 

 

 
 

Figure 6: a) A wide range of cytokines and growth factors activate the Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT) signalling pathway. JAK proteins 
are activated when a ligand binds to its receptor. Activated JAKs self-phosphorylate and 
phosphorylate (P) the receptor with which they are connected. This activates the STAT 
transcription factor family, which is phosphorylated by JAKs, resulting in STAT protein homo- 
or heterodimerization and translocation to the nucleus, where they bind to response sites on 
DNA and regulate transcription of downstream target genes. b) PIAS1 inhibits NF-kB target 
genes expression blocking the accession to promoter sequences. 
 

 

1.5  CHSE cells and alternative cell models from fish  
 

The literature on fish cell and tissue culture is substantial, and it contains reports on fish 

viruses and viral illnesses. The necessities of fish researchers significantly encouraged 

a b 
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the development of fish cell culture to the current level of routine application in 

research and diagnosis. Fish cell cultures are promising in vitro techniques for 

investigating the host defence mechanism and, as a result, aiding in the utilisation of 

immunological information for the health protection of aquacultured fish and shellfish. 

Additionally, piscine cell culture has significant benefits over mammalian cell culture in 

terms of thermal flexibility, stronger tolerance to hypoxia, and easier cell culture 

preservation for extended periods (Goswami et al., 2022) . 

Since the first establishment of the RTG-2 cell line in 1962 (Wolf & Quimby, 1962), 

several fish cell lines have been isolated from various tissues, including the ovary, fin, 

swim bladder, heart, spleen, liver, eye muscle, vertebrae, brain, and skin (Fig. 7). In 

1994, 124 novel fish cell lines from various fish species have been reported. By 2010, 

around 283 cell lines had been created from finfish all over the world (Pandey, 2013).  

Recent reviews indicate that in 2020, 783 cells line derived from different tissues of 

finfish has been so far isolated (Thangaraj et al., 2021). 

 

 
 

Figure 7: Number of finfish derived cell lines isolated since 1962 according to recent reviews. 

 

 

CHSE-214 is an epithelial cell line that was created in 1964 from Chinook salmon 

embryonic tissue  (McCain, 1970).  
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Thenceforward, numerous research on this cell line led to intriguing discoveries on the 

development of an antiviral response to extracellular dsRNA (Lannan et al., 1984), 

transfection investigations (Hansen & Jørgensen, 2007), fish virus proliferation (Song et 

al., 2005) and cytokine signalling due to viral infections (Fig. 8) (Jensen et al., 2002). 

 

 

 

 
 
Figure 8: Number of research articles per years on PubMed Database 
(https://pubmed.ncbi.nlm.nih.gov/) including CHSE cells since 1978. 
 

 

Noteworthy, even though the use of CRISPR-Cas9-based gene editing methods in fish 

has previously been reported, for the first time, an efficient approach for gene editing 

was created in a fish cell line CHSE derived from Chinook salmon Oncorhynchus 

tshawytscha (Dehler et al., 2016). CRISPR/Cas9 genome-editing technologies offer the 

ability to significantly accelerate genetic gain for production attributes. Infectious 

illness, for instance, is a severe barrier to aquaculture productivity and hence a key 

target for selective breeding and genome-editing methods. Due to the difficulty of 

nondestructive measurement of the trait in breeding candidates, the feasibility of 

utilising cell culture genome-wide pooled CRISPR screens, and the frequent availability 

of early life in vivo-established challenge models, host resistance to certain pathogens is 

a suitable trait for the use of genome-editing technologies (Gratacap et al., 2019). 
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1.6  Hypothesis and aim of the study 
 

This work of the Campus bioFISCH M−V was financed by the European Maritime and 

Fisheries Fund (EMFF) and the Ministry of Agriculture and the Environment of 

Mecklenburg-Western Pomerania, Germany (Grant #: MV-II.1-LM-004). 

Fish diseases endanger the aquaculture industry, but only little is known about the 

concerted interaction of immune-relevant genes rainbow trout, mostly about inhibitors, 

during host-pathogen interaction. Several immune genes inhibitors have been studied in 

this thesis to provide the basic knowledge of more effective preventive measures against 

diseases. 

Thereby, the overarching hypothesis are: 

 

i) Rainbow trout inhibitors of the main innate immune pathways developed 

different functions compared to their mammalian counterparts. 

 

ii) Inhibitors play a key role during pathogen challenges, and they may serve as 

valuable indicative parameters to evaluate the immune status activation and 

response.  

 

Genome duplication has a long history in salmonids (e.g., Atlantic salmon, Pacific 

salmon, and trout). Salmonids have had one additional genome duplication, in addition 

to the three ancient genome duplications that all teleosts are thought to share. 

Thus, due to the complexity of their genome, functional considerations of trout genes 

therefore first require their structural and functional analysis. 

The main objectives of the present work are consequently: 

 

i) Expression analysis of innate immune response during inactivated Gram-

negative (A. salmonicida ssp. salmonicida) stimulation on relevant immune 

cell fractions derived from head kidney of rainbow Trout. (Study III) 

 

ii) Characterisation of candidate genes involved in the inhibition of innate 

immune pathways of rainbow Trout. (Study I and II) 
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2. General discussion 
 

The initial defence mechanism against infections is the innate immune system, which 

responds quickly to pathogen-associated molecular patterns (PAMPs). Teleosts have a 

similar innate immune system than mammals, in terms of characteristics and 

components.  

In teleost fish, there are evident orthologous cytokines, including of the Class I, Class II, 

chemokines, TNF superfamily, and IL1 families, which are similar to PRRs. 

This evidence, when combined with the PRR orthologues, implies that the innate 

immune system in teleost fish uses the same general recognition and cascade 

mechanism as mammals.  

Although gene or protein orthology and conservation allow for the possibility of 

function similarity, the Whole Genome Duplication (WGD) that happened early in the 

life of ray-finned fishes, allowed the creation of numerous novel or semi-novel genes 

with novel functions in fish (Tsukamoto et al., 2010).  

It is possible that evolution pursued different roads to the "economics of genomics" by 

finding different ways to regulate genes (Wittbrodt et al., 1998). 

About half of these genes have been maintained as presumably functioning duplicates in 

rainbow trout, whereas 66% of the remaining singletons appear to have a pseudogenised 

duplicate (Kassahn et al., 2009). Additionally, the collinearity and gene order of trout 

homoeologous chromosomes are still noteworthy, suggesting that the salmonid WGD 

was caused by an auto-tetraploidisation event (Lien et al., 2016).  

Although it has been proposed that more ancient duplications at the base of the 

vertebrates and early in teleost evolution were a source of extra genetic material, 

leading to diversification, innovation, and eventually speciation, the functional and 

evolutionary consequences of genome duplication are still unknown (Uribe et al., 2011). 

 

 

2.1  In vivo studies, expression profiling of relevant innate immune genes 

upon inactivated A. salmonicida stimulation 
 

The goal of this research (Study III) was to explore the gene expression profile of the 

early immune response in myeloid (Mab21P) and lymphoid (Mab21N) cells from the 

rainbow trout head kidney and to identify potential regulatory factors to further 
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investigate. To determine the immunological state following intraperitoneal (i.p.) 

stimulation with the extremely pathogenic strain JF5505 of inactivated A. salmonicida 

ssp. salmonicida, genes specific for innate and adaptive immunity were chosen. 

In salmonids and other fish species, the head kidney resembles the shape and function 

of mammalian bone marrow, and it is one of the most significant hematopoietic organs. 

In the head kidney, macrophages and other myeloid cells differentiate (Ellis, 2001).  

These cells play a crucial role in the innate immunity defence against a wide range of 

infections (Weiskopf et al., 2016). Our findings revealed a general downregulation of 

the genes associated with macrophages and dendritic cells, with the exception of LYG, 

SPIC, and CD209, which became progressively more expressed at the later time points 

investigated.  

CD209 is an important mediator of dendritic cell/T-cell clustering and T-cell activation 

(Lin et al., 2009). These data suggest that the early immune response has been 

effectively activated, which is supported by the increased expression of the 

inflammation marker IL1B. 

The downregulation of CD83, CD80/86, and DAA levels in myeloid cells may be 

caused by reduced NF-kB factor activation. Concurrently, decreasing levels of CD83, 

CD80/86, and DAA may imply a reduced ability of T cells to activate, as well as 

decreased lymphocyte proliferation and cytokine release in the head kidney (Axelsson 

et al., 2020; Schwenteit et al., 2013).  

The first downregulated and then elevated gene expression level of T-cell receptor 

gamma (TARP) in the fraction enriched in lymphocytes and thrombocytes might be 

explained by a mechanism known as state-dependent inactivation: The T-cell receptor 

complex adapts to continued stimulation after complete downregulation (Trendel et al., 

2019). 

The registered CD36 decreased expression may be due to a particular signalling 

mechanism that activates platelets (Fink et al., 2015). Fish thrombocytes, unlike human 

thrombocytes, are nucleated cells that may phagocyte and control the immune response. 

Rainbow trout thrombocytes express genes encoding proteins involved in activation and 

aggregation, antigen presentation, and immunological regulation (Köllner et al., 2004).  

Previous research has shown that toll-like receptor (TLR) ligands can downregulate 

CD36 via TLR-induced cytokines (Sánchez-Gurmaches et al., 2012; Triantafilou et al., 

2006). 
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Upon stimulation with inactivated A. salmonicida, a profile of the complement 

characteristic genes, revealed an overall downregulation of their expression. For several 

Gram-negative bacteria, complement avoidance methods have already been described 

(Heesterbeek et al., 2018). In the first 12 hours post-stimulation (p.s.), the gene 

expression of complement components in myeloid cells was severely reduced if 

compared to control groups. The downregulation of CFH and CFI at each time point 

examined suggests that A. salmonicida suppression of the complement system is not 

limited to the early stages of infection. Bacteria, including A. salmonicida, have been 

shown to have and change surface antigens such outer membrane proteins, capsules, 

and lipopolysaccharide (LPS) in order to suppress the complement system (Lambris et 

al., 2008). Membrane antigens most likely interfered with the pro-inflammatory 

response, as evidenced by a decrease in IL6 and a slight rise in IL1B levels at early time 

points. These pro-inflammatory cytokines stimulate the transcription of complement-

related genes, which were therefore low in abundance (Volanakis, 1995). In the first 

two time periods examined, we found no evidence of important regulation in the 

Mab21N cells.  

This lack of response could be explained by the influx of activated cells to the 

peritoneum, leaving only a remaining part of inactivated cells on the head kidney, 

which did not activate any of the immune related genes.  

Earlier stimulation reduced the production of a variety of proinflammatory factors in 

myeloid and lymphoid cells. Another sign of Aeromonas inhibitory function was the 

downregulation of immune system regulators (IL10, SERPING1, NKIRAS2a, RIP2K, 

PIAS) in both cell fractions.  

The expression profiles of PIAS and NKIRAS gene variants on the two analysed 

immune relevant cell populations, Mab21N and Mab21P, demonstrated a noteworthy 

expression difference, providing more evidence of sub-functionalisation. 

The gene profiling of the five NKIRAS transcripts in rainbow trout lymphoid and 

myeloid cells indicated that all factors are higher expressed on myeloid derived cell 

rather than lymphoid cells, except NKIRAS1, highlighting the importance of NKIRAS1 

to maintain a homeostatic level of NF-kB activation (Study I).  

Meanwhile, lymphocytes and platelets-enriched cell fraction contained predominantly 

pias2a2 transcripts, which are highly homologous to pias1a1 transcripts, the others Pias 

transcripts were expressed at the greatest levels in the cell fraction enriched with 

myeloid cells, indicating the relevance of Pias factors in immunophysiology (Study II). 
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Additional transcript profiles on other immune relevant organs in teleosts as peritoneum 

and spleen upon the same stimulation previously described, revealed an interesting 

regulation of the PIAS and NKIRAS factors. NKIRAS2a transcripts were downregulated 

during all the considered timepoints, supporting a reduction of the pro-inflammatory 

factors. 

PIAS1 and PIAS2 genes expression profiles followed the same downregulatory effect as 

observed for NKIRAS2a. Nevertheless, expression analysis of sorted B IgM+ cells from 

head kidney and spleen showed a mild upregulation. 

Furthermore, the gene analysis of the five NKIRAS transcripts in rainbow trout 

lymphoid and myeloid cells (Study I) indicated that NKIRAS expression remained at a 

usually low transcript level or was only minimally changed following bacterial 

infection. A review of 50 transcriptome investigations on salmonid fish following 

diverse immunological stimuli indicated that the copy counts of NKIRAS1 and 

NKIRAS2 seldom surpass those reported in control fish. This suggests that the 

transcription of NKIRAS genes is subject to low variation. 

Because mammalian NKIRAS has been shown to govern NF-kB and, by extension, 

multiple immune-gene programmes, the presence of NKIRAS appears to be a critical 

mechanism for maintaining homeostasis (Chen et al., 2003; Gilmore, 2006) 

 

 

2.2  Gene analysis of NKIRAS and PIAS factors in rainbow trout  
 

Recognising the centrality of the immune system in avoiding infection and disease 

establishment, there is a significant selection pressure working on immune genes. In 

response to these stimuli, immune genes are often developing quickly (Kosiol et al., 

2008; Shultz & Sackton, 2019). Multiple rounds of WGD events, for instance, are 

thought to have led to the evolution of the adaptive immune system in vertebrates. 

WGD occurrences, in fact, result in duplicated copies of all genes, on which selection 

can affect, resulting in the retention or elimination of one or both copies (Colgan et al., 

2021). Following WGD, ohnologs undergo one of four basic configurations: (i) 

nonfunctionalisation, in which the new duplicate loses functionality due to mutation; (ii) 

subfunctionalisation, under which the duplicates preserve relevant features of the 

original gene function; (iii) neofunctionalisation, in which a gene copy takes on a new 
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function; and (iv) conservation of the same function by both copies of the gene 

(Campbell et al., 2019). 

The genes encoding NKIRAS1 and NKIRAS2 are most likely paralogues that originated 

from a whole-genome duplication (WGD) that occurred in the ancestral vertebrate in all 

extant vertebrate species (Tago et al., 2010).  

NKIRAS1 and NKIRAS2 appear to be present as just one gene copy in salmonid fishes, 

even though they underwent two more WGDs compared to mammals. Nonetheless, 

variable splicing of the original rainbow trout NKIRAS2 mRNAs most likely permits 

the production of at least four alternative NKIRAS2 variants with different 5′-ends. This 

splicing method does not modify exon order or length, as previously found in rainbow 

trout, but it does lengthen the N-terminus of NKIRAS2 variants b, c, and d in 

comparison to their paralogue NKIRAS2a in rainbow trout and orthologues in all other 

vertebrate species (Study I). 

In human, four distinct Pias proteins are encoded, while PIAS3 has been lost in fish. We 

discovered eight Pias-encoding genes in Oncorhynchus sp. in our work, which are most 

likely the product of two more genome duplications in teleosts and salmonids (Study 

II). At least 14 distinct pias transcripts are encoded by these eight genes. It is possible 

that the PIAS gene family in fishes was extended by new members as a result of the 

fish-specific and salmonid-specific duplications, which compensated for the loss of 

PIAS3. 

Synteny analysis of the both trout family factors revealed a well conserved gene 

localisation for all NKIRAS1, NKIRAS2 and PIAS4. Nevertheless, PIAS2 demonstrated a 

marked difference between teleosts and mammals. 

 

 

2.3  Proteins structural analysis confirmed high conservation levels. 
 

 From a structural point of view, both protein families maintained the prototypical 

structure retrieved also in mammals and other vertebrates. 

Since we observed (Study I) that the key aa residues and motifs of the NKIRAS 

orthologues were largely maintained during vertebrate evolution, our structural study of 

rainbow trout NKIRAS sequences revealed that all variants may operate similarly to 

their mammalian counterparts.  
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Nevertheless, the shortest variation appears to represent the prototypic NKIRAS2 form 

from a structural standpoint. NKIRAS1 (but not NKIRAS2) is found in the Atlantic 

salmon S. salar as two distinct coding sequences (XM_014177875 and 

XM_014177876), one of which extends beyond the 5′ end, comparable to the longer 

NKIRAS2 variations seen in rainbow trout. 

The three rainbow trout Pias1 proteins have a PIAS architecture that is quite similar to 

that of their human ortholog (Study II).  

This structural similarity implies that the three Pias1 proteins found in rainbow trout are 

functionally equivalent to their vertebrate counterparts. One of the two Pias2 proteins 

found in trout is similar to human PIAS1, but its paralog and one of the Pias4 paralogs 

do not include the SAF-A/B, Acinus and PIAS (SAP) domain or one nuclear 

localisation sequence (NLS).  

Similarly, unlike their mammalian counterparts, all Pias4 proteins from trout lack the 

ST-rich region, which is required for SUMO-associated pleiotropic interactions. 

Confocal microscopy of both protein families demonstrated a conserved subcellular 

localisation of all the proteins characterised in our studies compared to mammal 

orthologs.  

 

 

2.4  In vitro functional studies revealed new insights 
 

The performed in vitro studies gave important information about functionality and 

impact on two different pathways, such as NF-kB and JAK-STAT. 

In CHSE-214 cells, we found that gene expression of rainbow trout NKIRAS1, 

NKIRAS2c, PIAS1 and PIAS2 inhibited NF-kB activity. These findings are consistent 

with prior results on mammalian NKIRAS and PIAS proteins (Andrea Oeckinghaus et 

al., 2014; Liu et al., 2005), and this mechanism appears to be retained in fish. 

Overexpression experiments showed that the aforementioned factors from rainbow trout 

lowered the baseline activity of NF-kB in unstimulated cells to a similar amount and in 

a dose-dependent manner.  

Additionally, in Study II we created a trunked version of Pias1 protein, in order to test 

the effective necessity of the N- termini to regulate the NF-kB activity. Our results 

determinate not a significative difference between the full and the trunked Pias1 protein, 
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apparently demonstrating that the activity of Pias1 protein on the regulation of NF-kB is 

independent from this protein region. 

Overall, PIAS2 demonstrated to be the most effective on inhibiting the activation of 

NF-kB. 

Per contra, NKIRAS2a and NKIRAS2b gene expression showed an inducing impact on 

NF-kB activity. The selectivity of the NKIRAS variations for the diverse combinations 

of NF-kB/IkB complexes might explain these opposing NF-kB regulatory mechanisms.  

As a preliminary stage, the five NKIRAS variations must precisely interact with the 

various IkB proteins in rainbow trout that have been found independently from the 

prototype.  

The difference in the expression of the reporter construct and the inflammatory genes 

following overexpression of the distinct NKIRAS variants might be explained by the 

diverse NKIRAS-mediated mechanisms regulating the activity of particular NF-kB/Rel 

factors. 

Furthermore, we discovered evidence for regulation in the transcript quantity of pro-

inflammatory cytokine genes (il10, tgfb, il14/13 and cxcl8) in response to 

overexpression of factors from both protein families (Study I and Study II). 

In general, PIAS1 and NKIRAS factors showed a similar mild up-regulatory effect on 

the considered pro-inflammatory cytokine genes. Nevertheless, NKIRAS factors 

demonstrate to be more effective on upregulation of tgfb and cxcl8, particularly for 

NKIRAS2a and NKIRAS2c. 

As counterpart, the overexpression of Pias2 showed an overall downregulation of the 

analysed cytokines, playing an opposite role if compared to the other factors considered 

in this work. Interestingly, both factors were equally effective at decreasing the amount 

of activated NF-kB, despite the fact that Pias2 lacks the SAP domain with the intrinsic 

LxxLL motif, unlike Pias1 who does not lack this domain.  

In this respect, it is worth mentioning that the expression of a mammalian PIAS3 

mutant with point mutations in the LxxLL motif did not interfere with NF-kB activity 

(Chung et al., 1997). 

The PIAS factors are mostly known for their regulatory activity on STATs proteins and 

consequently on the JAK-STAT pathway activation and the expression of the target 

genes. Against this background, we further analysed the effect after overexpression of 

Pias1 and Pias2 on a panel of downstream genes. In order to induce an artificial viral 

response, we co-transfected our cell with a ifng-expressing plasmid. 
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Pias1 showed a strong downregulation of il6 transcript levels, giving additional 

evidence of its regulatory function of the JAK-STAT pathway, also known as the IL6 

pathway. As counterpart, pias2 lowered the transcript levels of numerous additional 

NF-kB-dependent genes (ifna3, stat4, and il10), as well as the STAT-dependent genes 

socs1, gata3, and mmp9 (Study II).  

Furthermore, we investigated the transcript level of mx, which encoded protein is 

activated by type I and type II interferons and inhibits the replication of various RNA 

and DNA viruses. 

 Expression analysis on ifng-expressing cell demonstrated that overexpression of pias1, 

pias2 and truncated pias1 robustly decreased the transcript level of mx.  

Remarkably, the truncated version of pias1 modulated only the expression levels of mx, 

contrasting with pias1 and pias2 both able to regulate various of the selected immune 

relevant genes. 

Because all transcript variations of pias1 and pias2 were abundantly detectable in our 

expression investigations on salmonid fish cell models, we decided to use 

CRISPR/Cas9 technology to knock out both components.  

Unfortunately, because Pias factors are required for the survival of CHSE-derived fish 

cells (Munarriz et al., 2004), this strategy proved unsuccessful.  

A resume of the results on Study I and II is reported in the following heatmap. (Fig. 6) 
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 Figure 6: The heatmap resumes the results expressed in fold-change obtained after stimulation 
of CHSE-214 cells with ifn-g expression and flagellin stimulation with different quantities of 
transfected plasmid expressing the candidate genes in Study I and Study II. Increased and 
decreased transcript levels in the samples of the stimulated group compared with the controls 
are indicated by white and black fields, respectively, according to the legend on the right. 
Crossed are reported the genes with not available data. 
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3. Conclusions and future perspectives 
 

The innate immune genes and their regulators play an important role in the host-defence 

methods. 

The focus of this project was directed on the characterisation and functional analysis of 

different immune-relevant candidate genes, their role and expression regulation upon 

different stimuli in salmonid cell models and in vivo on specific cell populations from 

head kidney of rainbow trout. 

We describe here the structure and functionalities of five NKIRAS transcript variants 

encoded by two genes, which have demonstrated to differently modulate the activation 

of the NF-kB pathway than in mammals. 

For the first time, an extended characterisation of the Pias factors family of rainbow 

trout has been performed, revealing interesting insights about the activity, function, 

specific tissue expression and subcellular localisation of the different proteins. 

Application of the most recent genome editing methods, as CRISPR-Cas9, aiming a 

deletion of the PIAS1 gene of CHSE-derived cell models, led the cells to death; raising 

the hypothesis of its crucial role in regulation of NF-kB and IFN pathways.  

At the same time, we established a panel of genes, comprising the most important 

immune pathways, which can be suitable to evaluate the effective inflammatory 

response upon different stimuli, and be helpful for future vaccination trials. 

Regulation of immune genes is often the aim of invasive pathogen like bacteria and 

virus. Therefore, greater knowledge of the molecular host-pathogen interactions over 

the course of an infection is critical for the development of molecular tools and effective 

disease treatments.  

Future studies should address on the interaction of NF-κB and its associated factors in 

vivo, and may investigate the influence of Pias proteins from trout on different immune 

cell subsets. Additionally, supplementary studies about the expression profile of the 

early phase of the innate immune response during inactivated bacterial stimulation on 

cells derived from different organs and different time points, could be helpful in order 

to improve knowledge of A. salmonicida infection and contrast future harmful 

outbreaks. 

Noteworthy, the application of genome editing technologies, as CRISPR-Cas9, is 

increasingly becoming more important over years, and it drastically improved and 

revolutionised many aspects of host-pathogens, stress signalling and immune-related 
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genes researches in different fish species. Even though, the bioethical implications of 

CRISPR-Cas9 technology for the environment, agriculture, and livestock must not be 

underestimated. 
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5.2 Publications 
 

Study I: Characterisation of the teleostean kB-Ras family: The two 

members NKIRAS1 and NKIRAS2 influence the activity of NF-kB in 

opposite ways 
 

Control and modulation of the NF-kB activity is a key factor that regulates immune 

response and protects it from overreactions. We identified the orthologous sequences of 

NKIRAS1 and NKIRAS2 from the rainbow trout Oncorhynchus mykiss. 

The structure of five NKIRAS variants in rainbow trout modulate the activity of NF-κB 

and, thus, the pro-inflammatory immune responses in a teleostean model cell. Beyond 

NF-κB signal transduction, NKIRAS proteins may conceivably control further 

signalling cascades. Interestingly, two variants NKIRAS2a and NKIRAS2b enhance the 

activation of NF-kB and expression of pro-inflammatory genes. 

 

 

Highlights 

• We identified one NKIRAS1 and four NKIRAS2 variants in rainbow trout. 

• NKIRAS1 and NKIRAS2 are localised together with NF-κB p65 in CHSE-

214 cells. 

• The investigated NKIRAS variants modulate the NF-κB activity in different 

ways. 

• The shortest NKIRAS2 variant induced a stronger expression of cytokines in 

vitro. 
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Study II: PIAS Factors from Rainbow Trout Control NF-κB- and STAT-

Dependent Gene Expression  
 

Signalling via Janus Kinases (JAK) and Signal Transducers and Activators of 

Transcription (STAT) allow eukaryotic cells to send a wide range of information from 

the membrane to the nucleus. During the evolution, several regulatory mechanisms have 

evolved to fine-tune both intensity and duration of the cytokine signalling including the 

“protein inhibitors of activated STATs” PIAS. The genome of rainbow trout contains 

eight pias genes, which encode at least 14 different pias transcripts. These transcript 

variants are expressed differently in various tissues and cells. This research provides 

evidence for pias gene multiplication and sub-functionalisation during salmonid 

evolution. 

 

Highlights 

• The genome of rainbow trout contains eight pias genes, which encode at least 14 

different pias transcripts and differentially expressed in a tissue- and cell-

specific manner. 

• The knock-out of Pias factors in a CHSE cells using CRISPR/Cas9 technology 

failed, indicating the vital importance of the trout Pias factors. 

• The overexpressed Pias factors modulated the transcript levels of NF-κB-

dependant immune gene. 

• Pias1 and Pias2 have shown a differential nuclear localisation 
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Study III: The Early Immune Response of Lymphoid and Myeloid Head-

Kidney Cells of Rainbow Trout (Oncorhynchus mykiss) Stimulated with 

Aeromonas salmonicida  
 

Previous studies highlighted the importance of head kidney as a highly relevant immune 

organ, in which myeloid cells play a major role in the innate and adaptive immune 

response. Upon stimulation with inactivated A. salmonicida, cells derived from the head 

kidney of naïve rainbow trout, have been magnetically sorted with a monoclonal 

antibody mAB21 to obtain one (Mab21-positive) fraction enriched with myeloid cells, 

and one (Mab21-negative) fraction enriched with lymphocytes and thrombocytes. 

The profiled panel of 43 immune-relevant genes specific for each cell fractions revealed 

an overall downregulation of the complement pathway and cytokine production at the 

considered timepoints. 

 

 

 

Highlights 

• Our results document an overall downregulation of the complement pathway 

and cytokine production at the considered time points.  

• The expression of diverse proinflammatory (IL10, SERPING1, NKIRAS2a, 

RIP2K) factors analysed in myeloid and lymphoid cells was downregulated 

during earlier stimulation. 

• A2M expression appeared completely inhibited in the treated myeloid cell 

fraction across all phases of the stimulation. 
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