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Summary of thesis 
Non-living antigens are often poorly immunogenic and require addition of adjuvants to 

elicit protective immunity. Due to the immunostimulatory potential of Toll-like receptor 

(TLR) ligands, they are explored as vaccine adjuvants. The development of efficient and 

cheap vaccines against aquatic viruses is important for a sustainable aquaculture industry 

and the adjuvants for fish vaccines need to be improved. However, increased knowledge of 

fish TLR function is required before their ligands can find their way into fish vaccines. 

The major aim if this thesis has been to contribute to a more detailed understanding of fish 

TLRs. First, the tissue distribution of all known Atlantic salmon TLRs, the 

immunostimulatory potential of a panel of TLR ligands in primary head kidney leucocytes, 

and the impact of viral infection on TLR expression in head kidney were investigated. 

Head kidney and spleen were the main TLR expressing organs in Atlantic salmon. Several 

TLR ligands induced expression of inflammatory cytokines in salmon head kidney 

leucocytes. TLR3, TLR7, and TLR8a1 were induced in vivo after viral infection. In order 

to functionally validate ligand-specific activation of fish TLRs, we established an in vitro 

reporter assay in a salmon cell line. However, classical TLR2 ligands failed to activate 

rainbow trout TLR2 signalling when using NF-κB activation as measure of activation. To 

test the in vivo immunostimulatory potential of a TLR ligand alone and in vaccine 

formulations, a cold-water zebrafish challenge model was used. The TLR3 ligand poly I:C 

induced expression of antiviral transcripts in zebrafish head kidney and pre-treatment with 

poly I:C delayed VHSV (viral haemorrhagic septicaemia virus)-induced mortality. 

Chitosan encapsulated poly I:C was demonstrated to provide protection against VHSV 

when co-injected with two different non-living antigens (inactivated whole VHSV and 

VHSV glycoprotein G). Due to decreasing levels of the dietary n-3 fatty acids 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in Atlantic salmon feed, we 

investigated how minimal levels of these fatty acids affect TLR signalling in Atlantic 

salmon leucocytes. The ability of leucocytes to respond to TLR ligand stimuli was reduced 

with low dietary- and head kidney levels of EPA and DHA, indicating the importance of n-

3 fatty acids in resistance to infection and response to vaccines.  

Our results provide new knowledge in the fish TLR field and lend support to poly I:C as a 

promising adjuvant candidate in viral vaccines. 
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Sammendrag (Summary in Norwegian) 
Adjuvanser er en gruppe substanser som ofte brukes for å øke immunogenisiteten til 

vaksineantigener uten egen replikasjon (inaktiverte virus og rekombinante proteiner). 

Ligander som gjenkjennes av Toll-lignende reseptorer (TLR) stimulerer immunstemet og 

utforskes som potensielle nye adjuvanser i humane vaksiner. Det er behov for bedre 

virusvaksiner og nye adjuvanser til bruk i den globale akvakulturnæringen. For å kunne 

fullt utnytte den stadig økende informasjon om TLR og TLR-ligander i vaksiner til andre 

arter, må man øke kunnskapen om TLR i fisk. Hovedmålet med denne avhandlingen var 

derfor å bidra til økt forståelse om TLR i fisk. I artikkel 1, undersøkte vi distribusjonen av 

alle kjente TLR i atlantisk laks, hvordan hodenyre leukocytter responderte på stimulering 

med TLR-ligander og hvordan genuttrykket av TLR ble endret under en virusinfeksjon. 

Hodenyre og milt var de organene som uttrykte høyeste nivåer av de fleste TLR, og flere 

av TLR-ligandene induserte økt uttrykk av inflammatoriske cytokiner i leukocytter fra 

hodenyre. TLR3, TLR7 og TLR8a1 ble oppregulert ved virussykdommen infeksiøs 

lakseanemi i laks. For å kunne måle ligandbinding til TLR fra fisk (artikkel 2), etablert et 

cellesystem basert på målinger av NF-κB-aktivitet (et nedstrøms signalprotein). TLR2 fra 

regnbueørret lot seg ikke aktivere med klassiske TLR2-ligander i dette systemet. Sebrafisk 

ble også brukt for å teste immunstimulerende effekt av en TLR-ligand og til utprøving av 

vaksiner basert på TLR-ligand formulert i nanopartikler (artikkel 3 og 4).  TLR3-liganden 

poly I:C økte uttrykket av flere immungener i sebrafisk som er viktige i bekjempelsen av 

virussykdommer, samt at løselig poly I:C forsinket dødeligheten etter at fiskene var infisert 

med VHS (viral hemoragisk septikemi)-virus. Vaksiner som inneholdt poly I:C innkapslet i 

chitosan partikler kombinert med enten et inaktivert VHS-virus eller glykoprotein fra 

VHS-virus beskyttet sebrafisken fra VHS. Dette viser at poly I:C er en lovende adjuvans i 

virusvaksiner. På grunn av økt etterspursel etter eicosapentaensyre (EPA) og 

docosahexaensyre (DHA), har innholdet av disse omega-3 fettsyrene i laksefôr blitt kraftig 

redusert. Vi undersøkte derfor hvordan minimale nivåer av disse fettsyrene påvirker 

leukocytter fra atlantisk laks. Leukocytter fra gruppen som ble fôret med de laveste 

nivåene av EPA og DHA viste redusert evne til å respondere på TLR-ligander. Dette 

indikerer viktigheten av omega-3 fettsyrer for å bekjempe infeksjoner og evnen til å 

respondere optimalt på vaksiner.  
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Introduction  

1. Vaccines 

1.1. A brief history of vaccines 
During the last century, vaccination has had a tremendous impact on global health by 

reducing death and morbidity caused by infectious diseases. Vaccines are biological 

preparations that enhance immunity against disease and either prevent (prophylactic 

vaccines) or treat disease (therapeutic vaccines) (Delany et al., 2014). The principle of 

vaccination was first applied over 1000 years ago via the process of “variolation”; the 

inoculation of pustules from smallpox patients into healthy individuals who were then 

subsequently protected against the disease (Riedel, 2005). The British vaccine pioneer 

Edward Jenner developed the process further in the 1790s by showing that exposure to 

cowpox induces protective immunity to smallpox (the term “vaccination” is derived from 

the Latin words for cow and cowpox - vacca and vaccinia). This discovery led to a decline 

in smallpox mortality and, many years later, the eradication of smallpox in 1977 (Riedel, 

2005, Minor, 2015). Since then there have been major advances in vaccine development. 

Louis Pasteur’s principles “isolate, inactivate and inject” in the late 1800s led to the 

development of successful vaccines, based on inactivated toxins and live attenuated or 

inactivated (killed) pathogens, against many serious infectious diseases (Rappuoli, 2007, 

Plotkin, 2005). From 1950, many new effective inactivated, live attenuated, and subunits 

vaccines have been developed as a result of the progress in microbiology and gene 

technology.  

1.2. Human viral vaccines 
Live attenuated vaccines against viral diseases are one of the most cost effective health 

interventions currently available (Bloom et al., 2005). Poliomyelitis, measles, mumps, 

yellow fever, and rubella are examples of diseases that can be prevented by licensed live 

attenuated vaccines (Minor, 2015). Poliomyelitis is nearly eradicated, and measles and 

mumps are controlled in the western world (Minor, 2015). Live vaccines are generally very 

effective and induce long-lived immunity after only one single dose. Attenuation can be 

achieved by serial passages of the virus in cultured cells, applying harsh condition on a 
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virus strain, or using recombinant gene technology (Rappuoli et al., 2009, Kallerup and 

Foged, 2015). The viral strain will accumulate mutations that make it non-pathogenic, 

while it still possesses patterns of the original virus and mimics the natural infection by 

inducing an immune response (Clem, 2011). Today, the further development of these 

vaccines is limited by several safety concerns, e.g. risk of reversion to the virulent strain, 

disease in immunocompromised individuals, and spread of the attenuated virus into the 

environment (Lauring et al., 2010).  

The safety concerns of live attenuated vaccines have led to a shift towards inactivated 

viruses or viral subunits as vaccines. Inactivated vaccines are generally less immunogenic 

than their live attenuated counterparts due to the lack of replication and fast clearance from 

the injection site; hence the often need for an additional booster dose and adjuvants. 

However, such vaccines are more stable and safer than live vaccines. Inactivated vaccines 

are produced by viral cultivation to produce large quantities of the antigen and then 

inactivation by radiation, heat, or chemical agents. Inactivated vaccines usually do not 

require refrigeration, and they can be easily stored and transported in freeze-dried form, 

which makes them more accessible to people in developing countries (Sanders et al., 

2015). 

Subunit vaccines contain one or more components of a pathogen rather than the entire 

pathogen (like a protein, polysaccharide, glycoprotein, inactivated toxin, or outer 

membrane vesicle). The antigens are chosen because of their ability to elicit protective 

immunity. Production is more easily controlled and they offer considerable advantages 

over the inactivated and attenuated vaccines in terms of safety. Because of the lack of 

many pathogen features, these subunit vaccines are weakly immunogenic and often require 

co-administration of an adjuvant (Kallerup and Foged, 2015). Virus-like particles (VLPs) 

are derived from self-assembling subunits of viral structural proteins that mimic the 

structure of an authentic virus, but lack the viral genome. Vaccines consisting of VLPs 

combine the advantages of whole virus vaccines (strong immune response) and 

recombinant subunit vaccines (safe and simple vaccine). Several licensed VLP vaccines 

are available, e.g. against human papilloma virus and hepatitis B virus. These vaccines 

consist of one or more viral proteins (expressed in yeast, insect, or mammalian cells) that 

are important for inducing antibodies against the virus (Roldão et al., 2010).  
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DNA vaccines deliver genetic material that encodes a specific antigen to the skin or the 

muscle. The DNA enters local cells and uses the host cellular machinery to express the 

antigen encoded in the DNA vaccine. The synthesised antigen can then be presented in the 

major histocompatibility complex (MHC) for T and B cells to initiate immune responses. 

Two viral DNA vaccines are licensed (vaccines against West Nile virus and infectious 

hematopoietic necrosis virus for use in horses and salmon respectively), and several DNA 

vaccines are currently tested in clinical trials (Kutzler and Weiner, 2008). It is also possible 

to use replicating or non-replicating viruses as vaccine vectors. The virus vector is a non-

pathogenic virus that has been modified to encode and present antigens from a pathogen. A 

wide range of innovative viral vectors that are able to deliver antigens and induce immune 

responses are available (e.g. pox viruses, adenovirus, coronavirus, flavivirus, influenza 

virus, rhabdovirus etc. (Draper and Heeney, 2010). 

1.3. The need for viral vaccines in fish farming 
Aquaculture (farming of aquatic organisms) is a rapidly growing global industry and an 

important nutritional and economical source for many countries around the world, 

especially in Asia and South America. The aquaculture industry is also of great importance 

to Norway. In the late 1960s, salmon farming started in Norway to support rural fishing 

communities that were having economic problems due to reduction in wild-capture fishing 

activity (Liu et al., 2011). Since then the aquaculture industry has overcome many 

technical and biological challenges and has become one of Norway’s biggest export trades 

after oil and gas. The main species of Norwegian aquaculture today are salmonid fish 

(Atlantic salmon Salmo salar and rainbow trout Oncorhynchus mykiss). Today, Norway is 

the largest producer and exporter of Atlantic salmon globally, followed by Chile, United 

Kingdom, and Canada. In 2014, the total amount of produced Atlantic salmon in Norway 

exceeded 1.2 million tonnes, which constituted over 50 % of the total world production of 

this fish (Guttormsen, 2015). 

Although aquaculture is one of the fastest growing food-producing industries in the world, 

there are still challenges that pose a threat to a sustainable growth of this industry. One of 

the major challenges is infectious diseases caused by bacteria, viruses, and parasites, 

whose detrimental impacts are facilitated by the effectiveness of pathogen transportation in 

water and the high density of fish in large-scale farming. Diseases can lead to great 

production losses, unacceptable animal welfare situations, and spread of disease to wild 
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fish in the area. Worldwide the most common pathogens causing infectious diseases are 

bacteria (over 50%), followed by viruses, parasites and fungi (Kibenge et al., 2012). 

Today, in Northern Europe and North America, bacterial diseases are controlled by 

vaccines in most salmonid farms and the use of antibiotics is limited (Sommerset et al., 

2005). However, viral diseases have been more difficult to control due to lack of antiviral 

therapeutics, high susceptibility of fish during the early stages of the life cycle, and 

insufficient knowledge about pathogenesis and natural resistance to viral infections. The 

development of efficient viral vaccine has also been a challenge (Kibenge et al., 2012). 

Both farmed and wild fish are susceptible to a long list of viral pathogens. Some of the 

most important viral diseases and the causative viruses affecting farmed fish are listed in 

Table 1 (Kibenge et al., 2012, Crane and Hyatt, 2011, Dhar et al., 2014, Shoemaker et al., 

2015). Eight viral fish diseases are listed as reportable diseases by the World Organization 

for Animal Health (OIE) in 2015 due to the risk of viral spread through commercial trade 

of fish and fish products (see Table 1) (Dhar et al., 2014). In Norway, pancreas disease 

(PD), heart and skeletal muscle inflammation (HSMB), infectious pancreatic necrosis 

(IPN), cardiomyopathy syndrome (CMS), and infectious salmon anaemia (ISA) are the 

most frequent viral diseases detected in farmed fish (Veterinærinstituttet, 2015).  

Viral haemorrhagic septicaemia (VHS) is one of the oldest prevailing and most 

economically important viral diseases of salmonid fish in Europe and flounder in Asia. No 

vaccine is available, and the disease is reportable to OIE indicating the importance of this 

virus. The causative agent of VHS, viral haemorrhagic septicaemia virus (VHSV) is a 

single stranded RNA virus and member of the family Rhabdoviridae and genus 

Novirhabdovirus. The virus has five major structural proteins (nucleocapsid-, phospho-, 

matrix-, glyco- and RNA polymerase protein) and there are currently four genotypes 

identified (genotype I-IV) (Einer-Jensen et al., 2004, Skall et al., 2005). The most 

susceptible fish species is the rainbow trout, but the virus has since the first identification 

in the early 1900s been isolated from numerous wild and farmed fish species (Skall et al., 

2005). VHSV causes high mortality rates (up to 100% in fry) and huge economical losses 

(Crane and Hyatt, 2011, Micol et al., 2005). 
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1.4. Current status of fish vaccines 
The success of bacterial vaccines in fish have led to a decrease in the use of antibiotics, and 

several vaccines against bacterial diseases are used in aquaculture worldwide (Håstein et 

al., 2005). In Norway, bacterial diseases caused enormous losses to the salmon farming 

during the 1980s and tonnes of antibiotics were used (Figure 1). However, due to the 

introduction of effective bacterial vaccines and improved health management, the total 

consumption of antimicrobials was reduced by 99% and made it possible for the huge 

increase in production (NORM/NORM-VET2013, 2013). Today in Norway, the salmonid 

population is vaccinated against three major bacterial diseases (vibriosis, cold-water 

vibriosis, and furunculosis) before release into sea water. Worldwide vaccination has been 

most important in salmonids and species like sea bass (Dicentrarchus labrax) and sea 

bream (Sparus aurata) (Håstein et al., 2005). The main administration routes for fish are 

injection and immersion. Oral vaccines have also been used, but have not provided the 

same efficiency as immersion and injectable vaccines. The bacterial vaccines in use are 

simple, consisting of formalin-inactivated whole bacteria. Many of the registered vaccines 

Table 1: List of viral diseases impacting farmed fish   
Disease Causative virus Virus family Host examples 
Infectious pancreatic necrosis 
(IPN)* 

Infectious pancreatic necrosis virus 
(IPNV) 

Birnaviridae Salmonids, halibut, 
common carp 

Viral encephalopathy and 
retinopathy (VER) or Viral 
nervous necrosis  (VNN) 

Nervous necrosis virus (NNV) Nodaviridae Atlantic halibut,  
Atlantic cod, sea 
bass, grouper 

Infectious salmon anaemia 
(ISA)*a 

Infectious salmon anaemia virus 
(IAV) 

Orthomyxoviridae Salmonids  

Pancreas disease (PD) or 
sleeping disease (SD)*a 

Salmon alpha virus (SAV) Togaviridae Atlantic salmon, 
rainbow trout 

Infectious hematopoietic 
necrosis (IHN)a 

Infectious hematopoietic necrosis 
virus (IHNV) 

Rhabdoviridae Salmonids, 
sturgeon, herring 

Epizootic hematopoietic 
necrosis (EHN)a 

Epizootic hematopoietic necrosis 
virus (EHNV) 

Iridoviridae Rainbow trout, 
perch species 

Viral haemorrhagic 
septicaemia (VHS)*a 

Viral haemorrhagic septicaemia 
virus (VHSV) 

Rhabdoviridae Rainbow trout, 
turbot, flounder 

Spring viremia of carp (SVC)a Spring viremia of carp virus (SVCV) Rhabdoviridae Carp species 
Cardiomyopathy syndrome 
(CMS)* 

Piscine myocarditis virus (PMCV) Totiviridae Atlantic salmon 

Heart and skeletal muscle 
inflammation (HSMI)* 

Piscine reovirus (PRV) (suspected) Reoviridae Atlantic salmon 

Koi herpesvirus disease 
(KHVD)a 

Koi herpesvirus (KHV) Alloherpesviridae Common carp, Koi 

Red sea bream iridoviral 
disease (RSID)a 

Red sea bream iridovirus (RSIV) Iridoviridae Sea bream species  

*Diseases reported in Norway.  
a Listed as reportable fish diseases by The World Organisation for Animal Health (OIE). 
References (Kibenge et al., 2012, Crane and Hyatt, 2011, Dhar et al., 2014, Shoemaker et al., 2015) 
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are multivalent, i.e. they protect fish against more than one bacterial disease. To obtain 

satisfactory protection, adjuvants are included in the vaccines (Håstein et al., 2005). 

 

Figure 1: Amount of antibiotics (tonnes) for therapeutic use in farmed fish in Norway versus 
produced biomass farmed fish (1,000 tonnes) (NORM/NORM-VET2013, 2013). The arrows mark 
the introduction of bacterial vaccines (Sommerset et al., 2005). 

 

Although vaccination against diseases in aquaculture has enabled control of many bacterial 

diseases, the development of efficient and cheap vaccines against viral diseases has proven 

very challenging. The few existing vaccines for viral diseases in fish are either monovalent 

vaccines or included in multivalent bacterial vaccines. Live attenuated vaccines induce 

strong and sustained immune responses to the target disease in fish, but there are 

environmental and regulatory concerns hampering their further development. Most 

aquaculture operations are without physical barriers to wild-living fish in the same area 

and strains attenuated for aquaculture species may be virulent in wild species living in farm 

areas (Dhar et al., 2014, Salgado-Miranda et al., 2013, Brudeseth et al., 2013).  

The majority of the commercial viral vaccines are based on inactivated virus and target 

salmonid viruses like infectious pancreatic necrosis virus (IPNV), infectious salmon 

anaemia virus (ISAV), and salmon alphavirus (SAV) (Dhar et al., 2014). However, many 
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attempts to make inactivated viral vaccines (although adjuvanted) have failed due to low 

immunogenicity. In addition, some viruses display poor or non-existent replication in cell 

cultures, making it difficult to grow sufficient quantities of antigen for vaccine production. 

A few subunit vaccines are available against IPN and ISA, and consist of a capsid protein 

(VP2) of IPNV and the ISAV recombinant hemagglutinin esterase gene, respectively. One 

DNA vaccine, based on the gene of IHNV glycoprotein, is licensed in Canada, but is not 

approved in Europe or the United States due to safety concerns regarding the integration of 

foreign genes in food (Evensen and Leong, 2013). Although the licensed viral vaccines 

have been documented to be effective in experimental trials, the efficacy of these vaccines 

under field condition is uncertain due to a lack of published reports and continued 

occurrence of viral outbreaks (Rimstad, 2014, Robertsen, 2011, Kibenge et al., 2012, 

Rimstad, 2011, Veterinærinstituttet, 2015). 

Like the inactivated bacterial vaccines, the inactivated virus and viral subunits are non-

replicating antigens resulting in lower immunogenicity and often need to be accompanied 

by adjuvants. The oil-based adjuvants included in the available fish vaccines can lead to 

severe adverse effects (covered in section 2.2.). The list of subunit- (both recombinant 

protein and VLP) and DNA vaccines under development for fish is long, but the success of 

these vaccines is dependent on adjuvant improvements (Tafalla et al., 2013).  

2. Vaccine adjuvants 

2.1. Development of adjuvants for use in humans 
Non-living vaccine antigens (inactivated- and subunit vaccines) are often poorly 

immunogenic and will require development of adjuvants that can stimulate induction of 

protective humoral- and cell-mediated immunity (Coffman et al., 2010). Adjuvants (from 

latin adjuvare meaning “to help”) are a class of substances with a shared feature of 

increasing the immunogenicity and the efficacy of vaccines. The principle was first used 

by Gaston Ramon at Institute Pasteur in the 1920s and traditional adjuvants have been 

developed empirically, without a clear understanding of cellular and molecular 

mechanisms of action (Kenney and Cross, 2009). Vaccine adjuvants are a heterogeneous 

group of substances with a wide variety of mechanisms of action and recent research on 

vaccine development has focused on adjuvant improvement. Recent evidence suggests that 

adjuvants work through one or more of the following mechanisms: sustained release of 
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antigen, upregulation of cytokines and chemokines, increased antigen uptake and 

presentation, activation of inflammasomes, and activation, maturation and migration of 

antigen presenting cells (Cox and Coulter, 1997, Awate et al., 2013).  

The dominating adjuvants in licensed vaccines are aluminium salts (aluminium hydroxide 

or aluminium phosphate). Although aluminium salts have been used in vaccines for over 

80 years, their mechanism of action is not completely understood. Depot effect (sustained 

release) and inflammasome activation are among the proposed mechanisms (Kool et al., 

2008, Marrack et al., 2009). However, it is well-known that aluminium adjuvants induce 

production of local cytokines and chemokines, increase cell recruitment and antigen 

presentation that induce a type 2 T helper cell (Th2) skewed response, and increase 

antibody production (Marrack et al., 2009, Awate et al., 2013). Other adjuvants are based 

on oils (often emulsions), liposomes, microparticles, surface-active agents, pathogen- and 

plant derivatives, vitamins, or cytokines. However, most of them yet to be included in 

licensed vaccines and remain in experimental use (Kenney and Cross, 2009).  

The benefits of using an adjuvant are many, e.g. increased antibody titre and protective 

immunity, dose sparing, reduced number of immunisations (increased immunological 

memory), increased effect in populations with low response (e.g. elderly and children), 

enabling a more rapid immune response (post-exposure prophylaxis), antibody response 

broadening, and induction of a desired immune response against the specific pathogen (e.g. 

cell-mediated versus humoral response) (Coffman et al., 2010, Reed et al., 2013).  

A shift from empiricism to rational design of adjuvants in human vaccinology research has 

led to several new, efficient adjuvants in vaccines that are already licensed or currently in 

clinical testing. A common feature of many new adjuvants under development is that they 

stimulate pattern recognition receptors (PRRs) expressed by innate immune cells. Various 

families of PRRs are identified, including Toll-like receptors (TLRs), C-type lectin-like 

receptors (CLRs), nucleotide oligomerization domain (NOD) like receptors (NLRs), and 

retinoic acid-inducible gene-1 (RIG-1) like receptors (RLRs) (Awate et al., 2013). These 

receptors sense conserved microbial features collectively called pathogen associated 

molecular patterns (PAMPs), and initiate innate immune responses as well as set the stage 

for an efficient adaptive immune response (Medzhitov, 2007). The best characterised 

family of PRR is the TLR family and their ligands’ ability to induce inflammatory 

cytokines is explored for the immunostimulatory and adjuvant potential (Awate et al., 
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2013, Steinhagen et al., 2011, Coffman et al., 2010). 3-O-desacyl-4'-monofosforyl lipid A 

(MPL) is a detoxified derivative of lipopolysaccharide (LPS) and ligand for TLR4. MPL is 

part of Glaxo Smith Kline’s (GSK) Adjuvant System 04 (AS04) and is currently used in 

licensed vaccines against human papilloma virus and hepatitis B (Garçon et al., 2007). 

TLR ligands as potential vaccine adjuvants are covered in section 4.4.  

2.2. Adjuvants for fish vaccines 
The most common adjuvants in fish vaccines are based on mineral oil emulsions, which 

have been more or less unchanged since the development of these vaccines. These 

adjuvants increase immunogenicity of the antigen by making a depot at the injection site 

from which the antigen is slowly released (Tafalla et al., 2013). The emulsion usually 

consists of a water phase with the antigen dispersed in an oil phase (usually a mineral oil) 

with a surfactant (e.g. mannitol oleate) to stabilise the emulsion. The adjuvants registered 

under the trademark Montanide are based on mineral oil, non-mineral oil, or a mixture of 

both, and have been used in several commercialised fish vaccines. Freund’s complete 

(FCA) and incomplete (FIA) adjuvants (known from human adjuvant research) consist of 

surfactant and paraffin oil with or without heat-killed mycobacteria. Both have been tested 

in experimental fish vaccines with variable results, but have not yet been used in 

commercial vaccines (Tafalla et al., 2013).  

The side effects of oil-adjuvanted injection vaccines are undesirable for animal welfare 

reasons. Injectable vaccines formulated with oil-adjuvants can cause tissue lesions with 

granulomas at the injection site and abdominal cavity, adhesions between internal organs, 

autoimmunity reactions, reduced appetite and growth, and malfunction of reproductive 

organs (Koppang et al., 2004, Poppe and Breck, 1997, Håstein et al., 2005, Koppang et al., 

2005, Haugarvoll et al., 2010, Midtlyng and Lillehaug, 1998). In addition to the type of 

adjuvants used, water temperature, fish size, hygiene during handling, time of the year, and 

anaesthesia can also influence the development and severity of side-effects (Berg et al., 

2006, Håstein et al., 2005). 

Although lagging behind the human adjuvant research, there are also promising adjuvant 

candidates for fish vaccines currently under development. For example, biocompatible and 

biodegradable nano- and microparticles offer a promising alternative to oil emulsions. The 

antigen can be covalently bound to or physically entrapped in these particles. Formulations 

based on polymers like poly-(lactide-co-glycolide) (PLGA) and chitosan are tested as 
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adjuvant systems in several fish species, both in injectable and oral vaccines (Plant and 

LaPatra, 2011, Tafalla et al., 2013). Trough cloning studies and fish genome projects, 

increasing knowledge about the fish innate immune system and pathogen recognition (e.g. 

TLRs) have made it possible to move to adjuvants with more specific mechanisms of 

action. Compounds like beta-glucans, cytokines and different PAMPs (e.g. TLR ligands), 

alone or in combination, are now studied as possible adjuvant candidates in fish vaccines 

(Tafalla et al., 2013, Dalmo and Bøgwald, 2008, Thim et al., 2014, Thim et al., 2012, 

Carrington and Secombes, 2006, Fredriksen and Grip, 2012, Rivas-Aravena et al., 2015). 

TLR ligands as potential vaccine adjuvants are covered in section 4.4.  

3. Fish immune system  
Fish is the largest class of vertebrates and can be divided into jawless fish and jawed fish, 

and the latter can be further divided in to cartilaginous fish (e.g. sharks) and bony fish (e.g. 

teleosts) (Hitzfeld, 2005). Bony fish (Osteichthyes) possess most of the components in the 

immune system associated with the mammals. Teleosts are a branch of bony fish to which 

most of the economically important species belong (e.g. salmonid, carp, and tilapia 

species). Zebrafish (Danio rerio), a species important in research, also belongs to the 

teleosts. In contrast to higher vertebrates, fish are free-living organisms from early 

embryonic stages of life in which they depend on  their innate immune system for survival 

(Uribe et al., 2011).  

3.1. Fish immune organs and cells  
The immune organs of teleost fish differ from other vertebrates. Thymus, head kidney, and 

spleen are the main lymphoid organs in teleost, while bone marrow and lymph nodes are 

lacking. The head kidney (anterior part of the kidney) performs important immune function 

and is considered equivalent to the bone marrow in mammals. It also functions as a 

secondary lymphoid organ along with the spleen (Kaattari and Irwin, 1985, Kibenge et al., 

2012). Gut-associated lymphoid tissue (GALT) is well developed in teleosts (Salinas, 

2015), and a unique interbranchial lymphoid tissue (ILT) has been identified in salmonids 

(Koppang et al., 2010). 

Teleost fish possess most of the immune cells known from the mammalian immune 

system; neutrophils, monocytes/macrophages, eosinophils, non-specific cytotoxic cells 

(similar to mammalian natural killer cells), and T and B lymphocytes (Rauta et al., 2012, 
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Secombes, 1996, Whyte, 2007). Epithelial cells may also be involved in innate defence in 

fish (Whyte, 2007). Dendritic-like cells have also been found in some fish species and may 

together with macrophages and B cells act as antigen-presenting cells (Bassity and Clark, 

2012, Lugo-Villarino et al., 2010, Rauta et al., 2012). The main phagocytic cells in in fish 

are neutrophils and macrophages (Secombes and Fletcher, 1992). Respiratory burst and 

nitric oxide have been demonstrated in fish phagocytes (similar to homologous responses 

induced in mammalian phagocytes) and have been shown to be critical effector 

mechanisms in limiting the growth of fish pathogens (Neumann et al., 2001).  

3.2. Components of fish innate immune system  
The innate immunity is a fundamental defence mechanism in fish due to limitations of the 

adaptive immune system (Whyte, 2007). The physical barriers consist of skin, scales, and 

gills and represent the first line of defence against pathogens. The mucus covering the skin 

contains various components (e.g. lysozymes, IgM, antibacterial peptides, complement 

proteins, and lectins) which inhibit entry of pathogens (Uribe et al., 2011).  

Fish secrete a wide range of antimicrobial peptides (i.e. in the saliva, mucus, and 

circulatory system) that play major roles in the innate immune system and protect against a 

variety of pathogens (Rajanbabu and Chen, 2011). The complement system of fish seems 

to have all of the three complement activation pathways known from the mammalian 

system. Compared to other vertebrates, fish possess a number of genes encoding several 

complement components that are structurally and functionally diverse, indicating the 

importance of this system in a rapid response against invading pathogens (Plouffe et al., 

2005, Zhu et al., 2013) 

A number of TLRs have been identified in teleosts, and a more detailed description of 

mammalian and fish TLRs is presented in section 4. Other PPRs found in fish are RLR and 

NLR families. The three mammalian members of the RLR have been identified in several 

fish species (e.g. rainbow trout, Atlantic salmon, and zebrafish); RIG-1 (Biacchesi et al., 

2009, Nie et al., 2015), melanoma differentiation-associated gene 5 (MDA5) (also known 

as IFIH) (Sun et al., 2009, Chen et al., 2015, Chang et al., 2011a), and laboratory  of 

genetics and physiology 2 (LGP2) (Chang et al., 2011a, Chen et al., 2015). In mammals, 

RLRs are responsible for detection of cytoplasmic viral RNA and they appear to be 

involved in antiviral immune responses in fish as well (Kawai and Akira, 2008, Poynter et 

al., 2015). NLRs are also cytoplasmic receptors and sense bacterial cell wall components in 
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mammals (Kanneganti et al., 2007). They are also present in several fish species (e.g. 

rainbow trout and zebrafish) and are most likely involved in antibacterial and antiviral 

defences (Laing et al., 2008, Chang et al., 2011b, Zhu et al., 2013). In zebrafish, the 

intracellular peptide glycan (PGN) recognition proteins (PGRPs) have been identified and 

may work together with TLR2 in recognition of PGN from bacteria (Chang and Nie, 

2008). 

Cytokines are a family of low molecular weight proteins that are secreted from immune 

cells (e.g. macrophages and lymphocytes) upon pathogen encounter to modulate 

inflammation and cope with pathogen infection. They can be divided into interferons 

(IFNs), interleukins (ILs), tumor necrosis factors (TNFs), colony stimulating factors, and 

chemokines (Savan and Sakai, 2006). In general, fish possess a repertoire of cytokines 

similar to mammals (Reyes-Cerpa et al., 2012) and the most characterised ones in fish are 

the pro-inflammatory cytokines IL-1β and TNF-α (Plouffe et al., 2005). 

IL-1β is a pro-inflammatory cytokine, one of the first cytokines to be upregulated during 

an infection, and has been found in many fish species (Secombes et al., 2011). The fish IL-

1β share many of the characteristics with the mammalian counterpart, e.g. increases 

phagocytosis, chemotaxis, superoxide production, expression of important immune 

transcripts, leucocyte proliferation, and resistance to infection (Savan and Sakai, 2006, 

Plouffe et al., 2005, Hong et al., 2001, Peddie et al., 2001, Secombes et al., 2011). IL-1β 

activates target cells by binding to IL-1 receptors (IL-1R). Genes similar to the human IL-

1R gene have been identified in rainbow trout and Atlantic salmon and were upregulated 

during LPS treatment (Sangrador-Vegas et al., 2000, Subramaniam et al., 2002). TNF-α 

has also been identified in numerous fish species and differ from the mammalian 

counterpart in the presence of multiple isoforms in some species (e.g. zebrafish and 

rainbow trout) (Reyes-Cerpa et al., 2012). Expression of TNF-α has been shown to 

increase during LPS stimulation in several fish species (Plouffe et al., 2005). While 

recombinant trout TNF-α has been shown to induce increased migration and phagocytic 

activity in trout head kidney leukocytes (Zou et al., 2003), in several other fish species the 

in vitro effects of TNF-α were surprisingly weak (Reyes-Cerpa et al., 2012). IL-6 is 

another important pro-inflammatory cytokine in the early mammalian immune response 

against pathogens, but little is known about its functions in fish. IL-6 can be upregulated 

by mimics of infection and seems to have similar effects as IL-1β in rainbow trout and 
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zebrafish (Costa et al., 2011, Varela et al., 2012). However, IL-6 downregulated IL-1β and 

TNF-α in trout head kidney macrophages, suggesting a potential role in limiting host 

damage during inflammation (Costa et al., 2011). IL-10 is known to be anti-inflammatory 

in humans and the gene is associated with suppression of Th1 response (Brocker et al., 

2010). IL-10 has been identified in many fish species and while its role is not clear, it has 

been associated with mechanisms of immune evasion by IPNV in Atlantic salmon (Reyes-

Cerpa et al., 2014). Chemokines are chemotactic cytokines that are involved in recruiting 

immune cells to the infection site. The most studied fish chemokine is IL-8, which has 

shown chemo-attractant properties in rainbow trout (Omaima Harun et al., 2008) and has 

been tested as an adjuvant in a VHSV DNA vaccine (Jimenez et al., 2006).  

In mammals, interferons (IFNs) are the first line defence against viral infections. The large 

number of IFNs identified in vertebrates are grouped in type I (e.g. IFN-α and IFN-β), II 

(IFN-γ), and III (IFN-λ). Type I and III induce specific antiviral immune defences, while 

type II is involved in promoting cell-mediated immunity (Zou and Secombes, 2011). The 

nomenclature of fish IFNs has been controversial and several names and classifications 

exist. The type I IFN family of fish contains at least the four subtypes IFNa, IFNb, IFNc, 

and IFNd (Zou and Secombes, 2011). Atlantic salmon possess 11 virally induced IFN 

genes in a multiple gene cluster: two IFNa (IFNa1 and IFNa3), four IFNb (IFNb1–b4), and 

five IFNc (IFNc1–c5) (Sun et al., 2009). In addition, IFNa2 and IFNd has been found in 

Atlantic salmon, but outside the multiple gene cluster (Svingerud et al., 2012). Zebrafish 

also has an IFN gene cluster encoding IFNa1 (also called IFNϕ1/IFN1), IFNc1 and IFNc2 

(also called IFNϕ2/IFN2 and IFNϕ3/IFN3, respectively), but no IFNb. In addition, a 

zebrafish IFNd1 (also called IFNϕ4) has been identified (Zou and Secombes, 2011, 

Hamming et al., 2011). Fish also possess homologues of mammalian type IIs (IFNγ) and 

these might be involved in both antiviral and –bacterial responses (Zou and Secombes, 

2011). IFN expression is modulated by a family of transcription factors called interferon-

regulatory factors (IRFs) which has been shown to exist in all vertebrates (Zhu et al., 

2013). Type I IFNs work through IFN receptors to activate the Jak-Stat signalling pathway, 

of which all components have been identified in fish (Zhang and Gui, 2012, Levraud et al., 

2007, Sun et al., 2014). This signalling pathway leads to expression of IFN-stimulated 

genes (ISGs) that exert numerous antiviral effector functions (Schoggins and Rice, 2011). 

Multiple ISGs have been identified in fish (e.g. ISG15 and Mx) that have shown to be 

virus-induced and exert antiviral activity in several fish species (Altmann et al., 2004, 
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Robertsen et al., 1997, Røkenes et al., 2007, Langevin et al., 2013, Jensen et al., 2002, 

Zhang and Gui, 2012). Furthermore, members of the ISG protein family IFIT (interferon-

induced proteins with tetratricopeptide repeats) have shown antiviral function in zebrafish 

(Varela et al., 2014). 

3.3. Brief overview of adaptive immunity in fish  
The adaptive immunity can be divided into cell-mediated and humoral immunity. Fish 

seem to have lymphocyte subpopulations similar to the mammalian B and T cells and 

possess many important genes related to an adaptive immune response: MHC class I and 

II, T-cell receptor, CD4, CD8, and immunoglobulins. The presence of cytotoxic T cells 

(CD8+ cells) has been suggested (Nakanishi et al., 2011). Moreover, cytokines that in 

mammals are considered signature cytokines for Th1, Th2, and Th17 responses, have been 

identified in fish, and thus suggest the presence of Th1, Th2, and Th17 cells (Laing and 

Hansen, 2011). The main immunoglobulin in teleost is IgM, which has a heavy chain 

similar to the mammalian B cells. Fish IgM has a tetrameric structure (as opposed to the 

mammalian IgM pentameric structure) and is the primary antibody in fish serum (Solem 

and Stenvik, 2006). Additional immunoglobulin isotypes have also been identified in fish: 

IgD and IgT/IgZ (called IgT in rainbow trout (Hansen et al., 2005) and IgZ in zebrafish 

(Danilova et al., 2005)). IgT may be important in the GALT of rainbow trout, thus perhaps 

representing a functional analogue to IgA (Zhang et al., 2010). The existence of B cells 

with phagocytic and bactericidal activity has been suggested (Sunyer, 2012). Isotype 

switch has not been described in fish and the antibody response is generally known for 

being slow, having low affinity, and being temperature dependent (Sunyer, 2012). 

However, there are several examples showing that fish are able to induce specific and 

strong antibody responses after pathogen challenge or vaccination, and that antibody levels 

can be used as a correlate of protection (Munang’andu et al., 2013, Solem and Stenvik, 

2006, Fjalestad et al., 1996, Steine et al., 2001, Thim et al., 2012).  

4. Toll-like receptors (TLRs) 

4.1. Mammalian TLRs and their ligands 
In human vaccinology, the TLRs and their ligands have been extensively studied. TLRs 

are, as previously mentioned, important receptors that sense invading pathogens (O'Neill et 

al., 2013). TLRs appeared in the early stages of evolution and have been conserved in both 
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invertebrate and vertebrate lineages (Medzhitov and Janeway, 2000). The first evidence of 

the Toll NF-κB-like signalling pathway was discovered when the Toll protein was found to 

be required for fungal resistance in fruit flies (Drosophila melanogaster) (Lemaitre et al., 

1996) and a short time later the human homolog of Toll was found (Medzhitov et al., 

1997). Since then, TLRs have been described in a wide variety of vertebrate species. Six 

major TLR families (TLR1, TLR3, TLR4, TLR5, TLR7, and TLR11) have been identified, 

and TLRs within a family recognise a general class of PAMPs associated with the family 

(Roach et al., 2005). TLRs are transmembrane proteins containing an extracellular 

recognition domain composed of multiple leucine-rich region (LRR) motifs, a 

transmembrane region, and an intracellular Toll/interleukin-1 receptor (TIR) signalling 

domain (named TIR because the similarity of the IL-1R signalling domains) (Botos et al.). 

Upon binding a ligand, the TLRs are relocated into the lipid raft fraction of the cell 

membrane (Sadikot, 2012) before two TLRs dimerise (either heterodimerisation or 

homodimerisation) for firm ligand binding (Jin and Lee, 2008). The close proximity of the 

TIR domains of paired TLRs allows recruiting of TIR domain-containing adaptor proteins. 

These adaptors are Myeloid differentiation primary response gene (88) (MyD88), Mydd88-

adaptor-like (MAL, also known as TIRAP), TIR-domain-containing adaptor protein 

inducing IFN-β (TRIF, also known as TICAM1), TRIF-related adaptor molecule (TRAM, 

also known as TICAM2), or sterile α-and armadillo-motif-containing protein (SARM) 

(O'Neill and Bowie, 2007). The engagement of the adaptor molecules stimulates 

downstream intracellular signalling pathways. These pathways involve interactions 

between IL-1R-associated kinases (IRAKs) and TNF-receptor-associated factors (TRAFs) 

and will eventually lead to activation of transcription factors (nuclear factor kappa B (NF-

κB), interferon regulatory factors (IRFs), cyclic AMP-responsive element-binding protein 

(CREB), or activator protein 1 (AP1)) that control hundreds of different immune-relevant 

genes. The intracellular signalling cascade is complex and several other factors are 

involved; however, not all of them can be described in detail here. The adaptor molecules 

involved, the signalling pathway induced, and the cytokine expression profile following 

stimulation of a TLR, depend on the type of pathogen and the TLRs recognising the 

pathogen, as shown in Figure 2 (O'Neill et al., 2013). The transcription factors activated 

lead to upregulation of pro-inflammatory cytokines (e.g. IL-β, TNF-α, and IL-6) involved 

in inflammation and/or Type I IFNs (IFN-α, IFN-β) involved in antiviral immune response 

(see Figure 2). 
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Figure 2: Overview of mammalian TLR signalling pathways. Figure from (O'Neill et al., 2013). 

 

The diversity of the LRR folding defines the TLR binding specificities and will orchestrate 

the appropriate innate and adaptive immune responses against the specific pathogen. 

TLR1, TLR2, TLR4, TLR5, and TLR6 are localised on the cell surface (TLR4 can also be 

found in endosomes) and recognise cell wall PAMPs, while TLR3, TLR7, TLR8, and 

TLR9 are localised in membranes of intracellular compartments (like endosomes) and 

recognise nucleic acids. Bacterial PAMPs are mainly sensed by TLR1, TLR2, TLR4, 

TLR5, TLR6, and TLR9, while viral PAMPs are sensed by TLR3, TLR7, TLR8, and 

TLR9 (Jin and Lee, 2008, Werling et al., 2009). An overview of mammalian TLRs and 

their ligands is presented in Table 2.  
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Table 2: Mammalian TLRs and their ligands 
TLR Species Localisation Ligand examples  
TLR1/TLR2 Human 

Mouse 
Plasma membrane Bacterial triacylated lipopeptides 

Mycobacterial products 
Porins 
Synthetic triacylated lipopeptides  
(e.g. Pam3CSK4) 

TLR2/? Human 
Mouse 

Plasma membrane Bacterial lipoproteins 
Staphylococcus peptidoglycan 
Viral proteins (from certain viruses) 

TLR3 Human 
Mouse 

Endosomal membrane Viral double stranded RNA 
PolyI:C 

TLR4 
(+ MD-2 and 
CD14) 

Human 
Mouse 

Plasma and  
endosomal membrane 

Lipopolysaccharide (LPS) 
Lipid A derivatives (e.g. monophosphoryl A (MPL)) 
Viral proteins (from certain viruses) 

TLR5 Human 
Mouse 

Plasma membrane Bacterial flagellin 
Recombinant flagellin 

TLR2/TLR6 Human 
Mouse 

Plasma membrane Bacterial diacylated lipopeptides 
Lipoteichoic acid 
Synthetic diacylated lipopeptides (e.g. FSL-1, Pam2CSK4)) 
Zymosan 

TLR7 Human 
Mouse 

Endosomal membrane Viral and bacterial single stranded RNA 
Thiazoquinolines 
Imidazoquinolines (e.g. imiquimod) 

TLR8 Human 
Mouse 

Endosomal membrane Viral and bacterial single stranded RNA 
Thiazoquinolines 
Imidazoquinolines (e.g. resiquimod) 

TLR9 Human 
Mouse 

Endosomal membrane Viral and bacterial CpG DNA 
DNA:RNA hybrids 
Class A, B and C CpG oligodeoxynucleotides (e.g.ODN2006) 

TLR10 Human Plasma membrane Unknown 
TLR11 Mouse Endosomal membrane Profilin, flagellin 
TLR12 Mouse Endosomal membrane Profilin 
TLR13 Mouse Endosomal membrane Bacterial ribosomal RNA, vesicular stomatitis virus  
References (De Nardo, 2015, Oliviera-Nascimento et al., 2012, Bowie and Haga, 2005, Shi et al., 2011) 

 

Mammalian TLR2 requires heterodimerisation with TLR1 or TLR6 and is involved in 

recognition of bacterial and fungal cell wall components. Homodimerisation of TLR2 has 

been suggested, but not confirmed (Oliviera-Nascimento et al., 2012). Several synthetic 

compounds that mimic bacterial lipoproteins (e.g. Pam3CSK3 and FSL-1) are well 

established agonists for mammalian TLR1/2 and TLR2/6 (Okusawa et al., 2004, Aliprantis 

et al., 1999, Ozinsky et al., 2000). TLR4 recognises Gram-negative bacteria via the lipid A 

part of LPS (Poltorak et al., 1998). The recognition of LPS also requires the co-receptors 

MD-2 and CD14, and the LPS-binding protein (LBP) facilitates the transfer of LPS to 

CD14 (Park and Lee, 2013). TLR4 is unique in being able to signal trough both 

Myd88/MAL and TRIF/TRAM. It uses the adaptor TRAM to recruit TRIF and induce 

IRF3 activation and IFN-β expression, but can also use MAL to recruit Myd88, which 
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leads to activation of NF-κB and AP-1 that will induce pro-inflammatory cytokines 

(Thompson and Locarnini, 2007). In addition, TLR2 and TLR4 have been shown to 

interact with viral components (e.g. viral glycoproteins) and may participate in in viral 

detection (Bowie and Haga, 2005). 

TLR3 is responsible for sensing viral double-stranded RNA (dsRNA) (Alexopoulou et al., 

2001) and is the only TLR that works via the Myd88-independent pathway. The adaptor 

TRIF is instead essential for TLR3-mediated signalling. TRIF interacts with TRAF3 to 

activate a kinase cascade that leads to the activation of IRF3, which induces expression of 

IFN-β. TRIF can also interact with TRAF6 to induce a late phase NF-κB and pro-

inflammatory cytokine response (Thompson and Locarnini, 2007, Jensen and Thomsen, 

2012). Polyinosine–polycytidylic acid (poly I:C) is a synthetic analogue of dsRNA that 

binds TLR3 and is extensively used to mimic a viral infection (Fortier et al., 2004). The 

natural ligand for human TLR7 and TLR8 is single-stranded RNA (ssRNA) (Heil et al., 

2004, Lund et al., 2004). In addition, a group of synthetic antiviral-RNA-like compounds 

(e.g. imiquimod) work by binding TLR7 and TLR8 (Hemmi et al., 2002, Lee et al., 2003a). 

Human TLR9 recognises bacterial and viral DNA, which typically contain un-methylated 

CpG oligodeoxynucleotides (ODNs) in higher frequencies than human DNA (Hemmi et 

al., 2000). TLR7, TLR8, and TLR9 signal trough Myd88 and TRAF6 that lead to 

activation of both NF-κB to upregulate pro-inflammatory cytokines and IRF7 to upregulate 

IFN-α and IFN-β (Thompson and Locarnini, 2007, Jensen and Thomsen, 2012). 

4.2. TLRs in fish 
The advances in fish genomic research during the last decade have led to the discovery of 

TLR genes in many species of bony fish. Ever since the first teleost TLR was discovered in 

goldfish macrophages (Stafford et al., 2003), about 20 TLR types (TLR1, 2, 3, 4, 5M, 5S, 

7, 8, 9, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25, and 26) have been identified in more than a 

dozen of teleost species (Rauta et al., 2014). The fish TLRs and the factors involved in 

their signalling cascade have high structural similarity to the mammalian TLR system. 

Figure 3 shows a phylogenetic tree comparing full-length TLR amino acids sequences 

from Atlantic salmon, rainbow trout, and zebrafish with the human and mice TLRs. The 

tree shows the homology of the different TLRs between the different species, and that the 

TLRs make up six TLR families. Most vertebrate genomes are actually found to have at 

least one gene representing each of the six major TLR families (Roach et al., 2005). 
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Although fish TLRs have high structural similarity with mammalian TLRs and possess 

many homologues of the mammalian TLRs, they also have distinct features and 

differences. Some mammalian TLRs have yet to be found in fish and several non-

mammalian and fish-specific TLRs have been identified (Palti, 2011). In many fish species 

(e.g. Atlantic salmon and rainbow trout), a soluble form of TLR5 (TLR5S) has been 

identified in addition to the membrane-bound form (TLR5M). Two putative soluble forms 

of TLR20 have also been found in Atlantic salmon (Lee et al., 2014). Other non-

mammalian TLR genes found in several fish species are TLR14 and TLR18 that branches 

with the TLR1 family, and TLR19-26 that belongs to the TLR11 family alongside mouse 

TLR11-13 (see Figure 3). Some of these TLRs are unique to fish (e.g. TLR22), while 

others have only been found in aquatic animals (e.g. TLR14) (Rauta et al., 2014). 

Orthologues of TLR6 and TLR10 seem to be absent from fish genomes, but TLR14 and 

TLR18 have been proposed as possible substitutes (Zhang et al., 2014). Zebrafish is one of 

the few fish species in which TLR4 has been identified (Meijer et al., 2004, Jault et al., 

2004). Fish TLR21 has shown similarity to chicken TLR21, which is considered a 

functional homologue to mammalian TLR9 (Brownlie et al., 2009). Genome- and gene 

duplication events have been contributors to the diversity of the TLRs in fish and a number 

of duplicate multi-copy TLRs have been identified (e.g. Atlantic salmon TLR8a1, TLR8a2, 

TLR8b1, and TLR8b2) (Palti, 2011).  

Unc93B1 is a chaperone that appears to be important for the trafficking of endosomal 

TLRs (TLR3, TLR7, TLR8, TLR9, and TLR11-13) within the mammalian cell (Gay et al., 

2014). The gene has been identified in Atlantic salmon and zebrafish, and is thought to 

have a role in fish TLR signalling (Yeh et al., 2013, Lee et al., 2015). Most of the 

downstream molecules involved in TLR signalling have also been identified in fish and the 

pathways seem to be conserved. However, information on the functional importance of 

many of these genes is lacking (Rebl et al., 2010, Kanwal et al., 2014). Myd88 has been 

identified in Atlantic salmon, rainbow trout, and zebrafish, and seems to function similarly 

to the mammalian counterpart (Skjæveland et al., 2009, van der Sar et al., 2006, Iliev et al., 

2011, Rebl et al., 2009). Furthermore, MAL, TRIF, IRAK4, TRAF6, NF-κB, IRF3, and 

IRF7 have also been identified in fish (Phelan et al., 2005, Brietzke et al., 2014, Iliev et al., 

2011, Meijer et al., 2004, Kanwal et al., 2014, Purcell et al., 2006); but TRAM has not 

been identified in any fish to date (Zhang et al., 2014).  
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Figure 3: Circular phylogenetic tree of full-length TLR amino acid sequences of Atlantic salmon 
(Salmo salar, Ss), Rainbow trout (Oncorhynchus mykiss, Om), Zebrafish (Danio rerio, Dr), human 
(Homo sapiens, Hs) and mouse (Mus musculus, Mm). Bootstrap values based on 100 replicates are 
indicated on each branch. Accession numbers of sequences used to build the three are as follows: 
Danio rerio (TLR1: AAI63271, TLR2: NP_997977, TLR3: NP_001013287, TLR4ba: 
NP_001124523, TLR4bb: NP_997978, TLR5a: XP_001919052, TLR5b: NP_001124067, TLR7: 
XP_003199309, TLR8a: XP_001920594, TLR8b: XP_003199440, TLR9: NP_001124066, TLR18: 
AAI63840, TLR19: AAQ91317, TLR20a: AAI63786, TLR20f: AAQ91319, TLR21: NP_001186264, 
TLR22: NP_001122147); Homo sapiens (TLR1: NP_003254, TLR2: NP_003255, TLR3: 
NP_003256, TLR4: NP_612564, TLR5: NP_003259, TLR6: NP_006059, TLR7: NP_057646, 
TLR8: NP_619542, TLR9: NP_059138, TLR10: NP_001017388); Mus musculus (TLR1: 
NP_109607, TLR2: NP_036035, TLR3: NP_569054, TLR4: NP_067272, TLR5: NP_058624, 
TLR6: NP_035734, TLR7: NP_573474, TLR8: NP_573475, TLR9: NP_112455, TLR11: 
NP_991388, TLR12: NP_991392, TLR13: NP_991389); Oncorhynchus mykiss (TLR1: 
NP_001159573, TLR2: CCK73195, TLR3: NP_001118050, TLR5S: NP_001118216, TLR5S: 
P_001117680, TLR7: ACV41797, TLR8a1: ACV41799, TLR8a2: ACV41798, TLR9: ACC93939, 
TLR19: CCW43211, TLR22a1: NP_001117884, TLR22a2: CAI48084);  Salmo salar (TLR1: 
AEE38252, TLR3: AKE14222, TLR5M: AEE38253, TLR5S: AEE38254, TLR7: CCX35457, 
TLR8a1: NP_001155165, TLR8a2: CCX35458, TLR8b1: CCX35459, TLR8b2: CCX35460, TLR9: 
ABV59002, TLR13: NP_001133860, TLR18: CDK60413, TLR19: CDH93609, TLR20a: 
CDH93610, TLR20d: CDH93613, TLR21: CDH93614, TLR22a: CAJ80696, TLR22a2: 
CAR62394).Figure made by M.Arnemo with CLC Main Workbench7. 
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4.3. Ligand specificity of fish TLRs  
Many functional studies have failed to detect ligand specificities for fish TLRs.  Direct 

ligand specificity has only been reported for a few TLRs, using in vitro reporter assays to 

detect ligand recognition (Ribeiro et al., 2010, Matsuo et al., 2008, Tsujita et al., 2004, Yeh 

et al., 2013). However, numerous published stimulation and gene expression analyses 

discuss possible ligand specificities and roles of fish TLRs during infection. The studies 

concerning Atlantic salmon, rainbow trout, and zebrafish will be reviewed here.  

Since TLR6 has yet to be found in most fish genomes, TLR1 is the most likely partner for 

heterodimerisation with TLR2 in fish (Pietretti and Wiegertjes, 2013). Few reports are 

available on salmonid TLR1 and TLR2, but bacterial infection has shown to upregulate 

TLR1 in vitro (Salazar et al., 2015), while Pam2CSK4 and Pam3CSK4 (classical ligands 

for human TLR2/6 and TLR1/2, respectively) seemed to have a lower potential for 

inducing TLR and cytokine expression (Palti et al., 2010b, Purcell et al., 2006). Zebrafish 

TLR18 branches with the TLR1 family and was upregulated together with TLR1 and 

TLR2 during M.marinum infection (Meijer et al., 2004). Atlantic salmon, rainbow trout, 

and zebrafish TLR3 have been cloned and characterised by expression analysis, which 

demonstrated upregulation of TLR3 and type I IFNs following infection with aquatic 

viruses or poly I:C stimulation (Phelan et al., 2005, Vidal et al., 2015, Svingerud et al., 

2012, Purcell et al., 2006, Rodriguez et al., 2005, Jensen et al., 2002, Dios et al., 2010). 

This indicates conservation of TLR3-signalling pathways as well as involvement in 

antiviral immunity and binding of dsRNA.  

The high tolerance of LPS in fish was for a long time explained by the lack of TLR4 in 

most fish genomes (e.g. Atlantic salmon and rainbow trout). This explanation was 

challenged when two TLR4 genes (TLR4ba and TLR4bb) were identified in zebrafish 

(Meijer et al., 2004, Jault et al., 2004). However, the apparent absence of CD14, MD-2, 

and LBP from all fish genomes may play a role (Pietretti and Wiegertjes, 2013). Although 

zebrafish tolerate high doses of LPS, LPS has been shown to exert multiple biological 

effects (Novoa et al., 2009, Swain et al., 2008). It seems that zebrafish are responsive to 

LPS through a TLR4-independent pathway, thus suggesting an alternative LPS induction 

pathway in fish (Sullivan et al., 2009, Sepulcre et al., 2009). Aedo et al. (2015) proposed 

that TLR5M and TLR9 may play a role in detecting LPS in rainbow trout (Aedo et al., 

2015). Conservation of flagellin binding by TLR5 has been suggested in rainbow trout, 
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Atlantic salmon, and zebrafish. Both forms of rainbow trout TLR5 (soluble and membrane-

bound), in a chimeric form with TIR domain from human TLR5, stimulated NF-κB 

activation in vitro after exposure to flagellin (Tsujita et al., 2004). Flagellin has also been 

shown to induce upregulation of pro-inflammatory cytokines and both TLR5 forms in vitro 

and in vivo in salmonids (Hynes et al., 2011, Purcell et al., 2006, González-Stegmaier et 

al., 2015). In zebrafish, the two TLR5 isoforms (TLR5a and TLR5b) were upregulated in 

several studies during bacterial infections and flagellin stimulation (Meijer et al., 2004, 

Stockhammer et al., 2009, van der Sar et al., 2009, Yang et al., 2013). Additionally, 

morpholino-induced TLR5 zebrafish knockdowns led to a reduction of flagellin-induced 

inflammation (Yang et al., 2015).  

Upregulation of type I interferons and pro-inflammatory cytokines have been demonstrated 

by stimulation with TLR7 and TLR8 ligands in rainbow trout (in vitro) and Atlantic 

salmon (in vitro and in vivo) (Purcell et al., 2006, Kileng et al., 2008, Palti et al., 2010a, 

Svingerud et al., 2012). Type I interferons upregulated TLR7 and TLR8 variants in 

Atlantic salmon (Lee et al., 2013), while in vivo viral infections both induced or not 

affected TLR8 expression (Skjæveland et al., 2009, Skjesol et al., 2011). Stimulation by 

CpG ODNs has been studied a lot in salmonids, both in vivo and in vitro. CpG ODNs have 

been shown to both upregulate and not affect TLR9 expression (Ortega-Villaizan et al., 

2009, Skjæveland et al., 2008, Strandskog et al., 2008), while pro-inflammatory cytokines, 

type I IFN, and ISGs  usually are upregulated by these PAMPs (Strandskog et al., 2008, 

Jørgensen et al., 2001, Jørgensen et al., 2003, Carrington and Secombes, 2006). Bacterial 

infections have been shown to induce zebrafish TLR9 expression (Meijer et al., 2004, Uma 

et al., 2012) and TLR9 has been demonstrated to recognise CpG ODNs in a NF-κB-

reporter assay (Yeh et al., 2013). 

The non-mammalian TLRs have also been investigated in several infection and stimulation 

studies. It has been proposed that TLR3 may not be the only TLR that senses viral dsRNA 

in fish, as fugu TLR22 was demonstrated to recognise long-sized dsRNA when tested for 

IFN-β activation in an in vitro reporter assay (Matsuo et al., 2008). Binding of dsRNA has 

also been suggested for zebrafish TLR22 (Sahoo et al., 2014). Bacterial infections have 

been shown to upregulate TLR22 in rainbow trout and zebrafish (Meijer et al., 2004, Rebl 

et al., 2007). In addition, poly I:C, PGN, and LPS have been shown to upregulate zebrafish 

TLR22 (Sundaram et al., 2012). In the same study, these TLR ligands also upregulated 



Introduction
 

 

35 
 

zebrafish TLR21, which later was shown to recognise CpG ODNs in a NF-κB-reporter 

assay (Yeh et al., 2013). TLR20 has been suggested a role in immune response to 

protozoan parasites in fish, similar to the murine TLR11 and TLR12 (Pietretti et al., 2014, 

Zhang et al., 2014). However, Atlantic salmon TLR18-21 were mostly unaffected or 

downregulated during ISAV infection (Lee et al., 2014), thus the functional role of many 

of these TLRs is not yet clear. 

4.4. TLR ligands as vaccine adjuvants 
Due to the TLR ligands’ ability to induce inflammatory cytokines and important immune 

mediators, these ligands are extensively explored for their adjuvant properties in human 

vaccines, and the list of TLR ligands in clinical trials is long (Toussi and Massari, 2014, 

Steinhagen et al., 2011, Tomai and Vasilakos, 2012). With more knowledge about the 

existence of fish TLRs, research on these ligands in fish vaccinology is also increasing 

(Tafalla et al., 2013). 

The TLR4 ligand LPS and its derivatives are the most widely tested TLR ligands in human 

vaccines. Due to LPS toxicity, its use in human vaccines was limited until detoxified 

variants were developed. The TLR4 agonist MPL, a low-toxicity derivative of LPS, is a 

component that together with aluminium hydroxide is included in the GSK adjuvant AS04. 

Aluminium salt adjuvants are known for inducing Th2-dominating immune responses, but 

when combined with MPL, Th1 responses are induced. This makes AS04 especially useful 

for vaccines against intracellular pathogens (Duthie et al., 2011, Didierlaurent et al., 2009). 

Poly I:C and CpG ODNs, ligands for TLR3 and TLR9, respectively, have proven effective 

as vaccine adjuvants in clinical trials. Because of poly I:C’s potent antiviral activity and 

mimicking of viral infection, there are numerous studies on its immunostimulatory 

potential in therapeutics or vaccines available (Hafner et al., 2013). Similar to other 

dsRNA complexes, poly I:C leads to induction of IL-12 and type I IFN, and it can promote 

Th1 based immunity, development of CD8+ T cells, and enhance antibody production 

against several viral antigens (e.g. influenza, HIV, and hepatitis B) (Toussi and Massari, 

2014, Tomai and Vasilakos, 2012). Lipopeptides (e.g. Pam3CKS) and flagellin have also 

reached clinical trials, but most of the knowledge about these ligands results from pre-

clinical models. Their effect is characterised predominantly as Th2-biased and are typically 

tested out in bacterial vaccines. Agonists for TLR7 and TLR8, are less developed as 
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vaccine adjuvants, but are in use in topical formulations in antiviral and cancer 

immunotherapy (Toussi and Massari, 2014). 

As reviewed in section 4.3., several TLR ligands seem to have immunostimulatory 

properties in fish. The non-specific antiviral effect has been tested for several TLR ligands 

in fish. For example, poly I:C and CpG have been shown to induce an antiviral state strong 

enough to confer resistance to viral challenge in several fish species (Ruyra et al., 2014, 

Jørgensen et al., 2003, Jensen et al., 2002, Kim et al., 2009, Nishizawa et al., 2009, Oh et 

al., 2012, Takami et al., 2010). Although several studies focus on the non-specific 

immunostimulatory properties of these ligands, there are few reports available on the 

adjuvant effect together with an antigen (Tafalla et al., 2013, Carrington and Secombes, 

2006). However, the combination of poly I:C and CpG as adjuvant in an inactivated SAV 

vaccine have shown promising results as adjuvant strategy (Thim et al., 2012, Thim et al., 

2014, Strandskog et al., 2008).  

5. Dietary n-3 fatty acids and immune responses 
Fish oil is the major source of the very long-chain n-3 polyunsaturated fatty acids 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Due to increasing demand 

for EPA and DHA as ingredients in human health products and fish feed, there is now a 

shortage of these fatty acids on the international markets. This has led to increased 

substitution of fish oil by plant oils in Atlantic salmon feed (Figure 4), thereby reducing the 

EPA and DHA content of salmon.  

EPA and DHA are well known to modulate inflammation and immune responses in 

humans and experimental animals, and their main effects are generally recognised to be 

anti-inflammatory (Hummell, 1993, Calder, 2013). The composition of fatty acids in 

membrane phospholipids of mammalian immune cells strongly correlate with the profile of 

dietary lipids (Calder, 2013). EPA and DHA have been suggested to modulate TLR 

function trough interfering with lipid rafts and signalling platforms in the cell membrane of 

mammalian immune cells (Calder, 2013, Lee et al., 2003b, Norris and Dennis, 2012). 

Also in fish, varying the dietary levels of EPA and DHA has been shown to alter the fatty 

acid composition in organs rich in immune cells like the head kidney (Bell et al., 1993, 

Hvattum et al., 2000, Ganga et al., 2005, Bell et al., 1998). Since membrane phospholipids 

are a part of the microenvironment for leucocyte transmembrane signalling receptors (e.g. 
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TLRs), the effects of dietary EPA and DHA may have consequences for leucocyte function 

and fish health (e.g. clearance of pathogens and vaccine effects).  

 

Figure 4: Nutrient sources in Norwegian salmon farming from 1990 to 2013. Each ingredient type 
is shown as its percentage of the total diet. In 2013, only 30% of the ingredients were of marine 
origin compared to 90% in 1990. Figure from (Ytrestøyl et al., 2015). 

 

Investigations of the effects of low n-3 fatty acid in diet or cell media have demonstrated 

varying results on immune cell function and diseases resistance in fish (Montero and 

Izquierdo, 2010). The replacement of fish oil by vegetable oil has demonstrated to impair 

macrophage function (e.g. phagocytosis and respiratory burst) in several studies (Kiron et 

al., 1995, Montero et al., 2003, Montero et al., 2008, Sheldon and Blazer, 1991). On the 

contrary, other papers reported no effects on immune cell function of this replacement 

(Seierstad et al., 2009, Gjøen et al., 2004). Regarding disease resistance in vivo, both 

decreased, increased and no effects on mortality have been demonstrated in fish 

(Thompson et al., 1996, Waagbø, 1994, Gjøen et al., 2004, Lødemel et al., 2001, Bransden 

et al., 2003). Dietary lipids can obviously affect immune functions in fish, however, it the 

role of these lipids on fish health is not clear. In addition, little is known about the 

molecular mechanisms.  
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Aims of the thesis 
In human vaccinology, the TLRs are studied in great detail and their ligands are explored 

for their adjuvant and immunostimulatory properties. This research has led to several new, 

efficient adjuvants. There is a need for new adjuvants in fish vaccines. To benefit what is 

known from human adjuvant research, a greater molecular understanding and functional 

description of the similarities and differences between mammalian and fish innate 

immunity is needed. Therefore, increased knowledge of fish TLR function is required 

before their ligands can be used in fish vaccines as adjuvants. 

Main objective: 

Contribute to a more detailed understanding of fish TLRs.  

Sub-objectives: 

1. Provide an overview over TLR expression and function in Atlantic salmon by 

investigating tissue distribution of TLRs, the impact of viral infection on TLR 

expression, and the cytokine induction potential of TLR ligands in primary 

leucocytes. 

2. Functionally validate ligand-specific activation of fish TLRs by using an in vitro 

reporter assay. 

3. Test the in vivo immunostimulatory potential of a TLR ligand in zebrafish. 

4. Test the adjuvant effects of a TLR ligand in virus vaccines in vivo in zebrafish. 

5. Investigate if various dietary levels of EPA and DHA can affect TLR signalling in 

Atlantic salmon.  
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Summary of papers 
Paper I: Effects of TLR agonists and viral infection on cytokine and TLR expression 

in Atlantic salmon (Salmo salar).  

Arnemo M, Kavaliauskis A, Gjøen T.  

Developmental and Comparative Immunology (2014) 

To provide an overview of TLR expression and function in Atlantic salmon, we used 

primers of all known Atlantic salmon TLRs at the time to investigate tissue distribution of 

TLRs, the immunostimulatory potential of classical TLR ligands in primary leucocytes (in 

vitro), and the impact of viral infection on TLR expression (in vivo). Head kidney and 

spleen were the main organs expressing TLRs in Atlantic salmon. Adherent head kidney 

leucocytes were isolated and stimulated with a panel of known ligands for human TLR1-9. 

The cells were able to respond to many of the ligands in terms of upregulating pro-

inflammatory cytokines, IFNs, and Mx. Poly I:C and imiquimod induced expression of 

IFNs and Mx, which are important in antiviral immunity. TLR3, TLR7, and TLR8a1 were 

upregulated in head kidney of ISAV infected fish.  

Paper II: Structurally diverse genes encode TLR2 in rainbow trout: The conserved 

receptor cannot be stimulated by classical ligands to activate NF-kappaB in vitro. 

Brietzke A, Arnemo M, Gjøen T, Rebl H, Korytář T, Goldammer T, Rebl A, Seyfert HM. 

Developmental and Comparative Immunology (2016)  

We wanted to establish a functional assay to screen for fish TLR ligand specificity. The 

mammalian TLR2 is important in recognition of bacterial cell wall components, but has 

also been demonstrated to sense certain viral proteins. Alexander Rebl and his group 

obtained the full-length cDNA sequence encoding TLR2 from rainbow trout 

(Oncorhynchus mykiss, Om). The primary structure of the encoded receptor complied with 

the domain structure and ligand-binding sites known from mammals and other fish species. 

OmTLR2a was expressed both in HEK-293 and salmon CHSE-214 cells together with an 

NF-kB luciferase reporter plasmid. Regarding the CHSE-214 cell assay, we first validated 

that poly I:C and flagellin, but not FSL-1 or Pam3CSK4 stimulation activated NF-kB in 

these cells. However, no significant ligand-dependent activation of NF-kB could be 

detected in TLR2a-transfected CHSE-214. Neither synthetic lipopeptides known to 
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stimulate mammalian TLR2, nor exposure to different bacteria induced OmTLR2-

mediated activation. 

Paper III: Use of poly I:C stabilised with chitosan as a vaccine-adjuvant against Viral 

Haemorrhagic Septicaemia Virus infection in zebrafish.  

Kavaliauskis A, Arnemo M, Kim SH, Ulanova L, Speth M, Novoa B, Dios S, Evensen Ø, 

Griffiths GW, Gjøen T.  

Zebrafish (2015). 

There is a need for new adjuvants and more efficient viral vaccines in fish farming. By 

using zebrafish as a model system, we could test the in vivo immunostimulatory and 

antiviral resistance properties of poly I:C. In addition, the adjuvant effect of poly I:C 

stabilised with chitosan could be tested in an inactivated VHSV vaccine. Poly I:C proved 

to be a strong inducer of the antiviral state, measured by transcriptional activation of the 

genes of viral sensors and effectors (TLRs, IFNs, and ISGs), and delayed VHSV-induced 

mortality when injected 24 hours pre-challenge. Poly I:C was stabilised with chitosan and 

co-injected with inactivated VHSV (CSpIC+iV vaccine) in adult zebrafish. The protective 

effect against VHSV was compared to a live attenuated VHSV vaccine (aV). Both 

CSpIC+iV and aV formulations provided protection against VHSV-induced mortality. 

However, when plasma from survivors was tested for neutralizing antibodies in an in vitro 

protection assay, we could not demonstrate any protective effect. Plasma from aV 

vaccinated fish enhanced cytopathic effects, indicating that antibody-dependent entry may 

play a role in this system. 

Paper IV: Chitosan-poly I:C nanoparticles: a novel adjuvant in aquaculture vaccines. 

A study of particle bio- distribution and immune response in zebrafish (Danio rerio). 

Kavaliauskis A, Arnemo M, Speth MT, Lagos Rojas LX, Rishovd AL, Estepa A, Griffiths 

G, Gjøen T.  

Manuscript submitted for publication. 

To further test the adjuvant effects of poly I:C, we made a subunit vaccine consisting of the 

recombinant VHSV glycoprotein G (rgpG). The protective effect of the rgpG compared to 

inactivated whole virus (iV) using chitosan-poly I:C nanoparticles as adjuvant was studied 

in zebrafish. Formulations containing free poly I:C + rgpG (pICrgpG) and free chitosan + 

rgpG (CSrgpG) were also compared. All vaccine formulations with poly I:C provided a 
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significant protection against VHSV; possibly through an early induction of an anti- viral 

state. Analysis of head kidney immune responses of all vaccine formulations 48 hours 

post-vaccination revealed that pICrgpG formulation conferred the highest induction of 

immune transcripts, upregulating TLR3, TLR8b1, TLR22, IFNs, and ISGs. All 

formulations containing poly I:C, upregulated Mx and ISG15 in zebrafish head kidney. 

Paper V: Effects of dietary n-3 fatty acids on Toll-like receptor activation in primary 

leucocytes from Atlantic salmon (Salmo salar).  

Arnemo M, Kavaliauskis A, Mira MB, Berge GM, Ruyter B, Gjøen T.  

Manuscript submitted for publication. 

The shortage of the n-3 fatty acids EPA and DHA on the international markets has led to 

increasing substitution of fish oil by plant oils in Atlantic salmon feed and thereby 

reducing the EPA and DHA content in the fish. EPA and DHA are known to modulate 

inflammation and immune responses in humans and experimental animals, but the 

minimum required dietary levels for securing fish health are unknown. Atlantic salmon 

were fed diets (growing from 50 to 400 gram) containing 0%, 1% or 2% EPA and DHA 

alone or in combination. Primary head kidney leucocytes were isolated and stimulated with 

TLR ligands to determine if EPA and DHA deficiency can affect expression of important 

immune transcripts and eicosanoid production. Several important genes related to a viral 

immune response did not vary between the groups. However, there was a tendency of the 

non-stimulated cells from high level EPA and DHA groups to express lower levels of IL-

1β. These leucocytes were also more responsive to the TLR agonists, inducing higher 

expression levels of IL-1β and Mx after stimulation. The levels of PGE2 and LTB4 in 

serum and in media from stimulated leucocytes were lowest in both low and high EPA and 

DHA groups. 
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Discussion of results 
The development of efficient and cheap vaccines against aquatic viruses is important for a 

sustainable aquaculture industry. Especially, there is a need for new fish vaccine adjuvants. 

TLRs are important receptors recognising pathogens, and TLR ligands are successfully 

used as adjuvants in human vaccines (Toussi and Massari, 2014, Steinhagen et al., 2011, 

Tomai and Vasilakos, 2012). To benefit the human adjuvant research, increasing the 

knowledge of fish TLR function and their ligands could provide valuable information 

leading to better adjuvant candidates in vaccines against viral diseases in fish. 

I. TLRs and antiviral responses in fish 
To provide overview of the immunostimulatory properties of TLR ligands in Atlantic 

salmon, we stimulated Atlantic salmon primary head kidney leucocytes with a range of 

classical TLR ligands (paper I). Although stimulatory effects in Atlantic salmon have been 

previously reported for certain TLR ligands (Jensen et al., 2002, Strandskog et al., 2008), 

no reports have compared a complete panel of classical ligands for all human TLRs 

(TLR1-9) on Atlantic salmon leucocytes. 

In mammals, TLR3, TLR7, TLR8 and, TLR9 are recognised as the virus-sensing TLRs. 

Trough activation of the transcription factor family IRFs, they induce expression of type I 

IFNs resulting in an antiviral state that provides a crucial first-line defence against viral 

infections (Levy et al., 2001). IFNs lead to expression of ISGs that exert numerous 

antiviral effector functions (Schoggins and Rice, 2011). A group of well-known and 

important ISGs are the Mx proteins, which for example block intracellular viral transport 

and inhibit viral replication (Haller and Kochs, 2002, Lee and Vidal, 2002). The classical 

TLR ligands poly I:C (TLR3) and imiquimod (TLR7) are both widely used as mimics of 

viral infections in mammals and fish. As shown in paper I, these ligands upregulated IFN-

α1, IFN-γ, and Mx expression in the Atlantic salmon leucocytes, suggesting induction of 

an antiviral state. This was confirmed in paper V as both ligands upregulated Mx in 

leucocytes from the “control group”. Additionally, the important pro-inflammatory 

cytokine IL-1β was upregulated in the leucocytes upon exposure to poly I:C and 

imiquimod. Mx and IL-1b were also upregulated by poly I:C in the zebrafish leucocytes 

(paper III). There were some differences in how the zebrafish and Atlantic salmon 
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leucocytes were affected by poly I:C. However, both poly I:C concentration and duration 

of exposure were different in these studies. In addition, the whole head kidney leucocyte 

population was used from zebrafish in paper III, not only the adherent ones as in paper I 

and V. CpG ODNs are well-known to induce antiviral responses in fish and upregulation 

of Mx in vivo (Jørgensen et al., 2003, Strandskog et al., 2008, Carrington and Secombes, 

2006, Jørgensen et al., 2001). Surprisingly, the CpG ODNs used in paper I and V did not 

upregulate Mx in Atlantic salmon head kidney leucocytes, but the IFN-α1 expression was 

increased. 

In paper I we showed that the TLR expression in Atlantic salmon head kidney leucocytes 

was not affected by TLR ligand exposure. However, when analysing the expression of all 

known Atlantic salmon TLRs (at the time) in head kidney from ISAV infected fish, TLR3, 

TLR7, and TLR8a1 were highly upregulated. Atlantic salmon TLR3 was recently shown to 

also be upregulated during IPNV infection (Vidal et al., 2015). In addition to the virus-

sensing TLRs, there are other possible sensors of viruses that may contribute to the 

induction of the antiviral state in the head kidney leucocytes in paper I and V. TLR13, 

TLR21, and TLR22 are also proposed as viral sensors in fish (Matsuo et al., 2008, Pietretti 

and Wiegertjes, 2013, Lee et al., 2014, Yeh et al., 2013, Poynter et al., 2015, Sahoo et al., 

2014), and may contribute to the detection of poly I:C, imiquimod, CpG ODN, or viral 

infection. Also, other viral sensing PRRs, like the RLRs, were not investigated in paper I 

or V, but are probably also involved in sensing dsRNA in fish (see Figure 5) (Kawai and 

Akira, 2008, Poynter et al., 2015). 

The zebrafish has emerged as a powerful model system for studying innate immune 

responses and infectious diseases (Novoa and Figueras, 2012). It is a simpler and cheaper 

model than Atlantic salmon and other aquaculture relevant species. In paper III, we tested 

the in vivo immunostimulatory effects of poly I:C in zebrafish. Six hours after poly I:C 

injection, Mx, TNF-α, and IFNϕ3 were upregulated, but the rest of the analysed genes were 

unchanged.  

Because of the ability of poly I:C to induce strong antiviral responses, it has been widely 

explored as inhibitor of viral infection in fish (e.g. Atlantic salmon, zebrafish, rainbow 

trout, and Japanese flounder). Several reports demonstrate that in vivo prophylactic 

treatment with poly I:C can protect against or delay mortality after challenge with 

important aquatic viruses such as VHSV (Takami et al., 2010), IHNV (Kim et al., 2009, 
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Eaton, 1990), ISAV (Jensen et al., 2002), IPNV (Lockhart et al., 2004) and NNV (Oh et 

al., 2012). The combination of poly I:C with other TLR ligands can also have synergistic 

effects in increasing viral resistance, as demonstrated for CpG ODNs + poly I:C in Atlantic 

salmon (Strandskog et al., 2008, Strandskog et al., 2011) and LPS + poly I:C in zebrafish 

(Ruyra et al., 2014). In paper III, we tested if pre-treatment with poly I:C affected VHSV 

resistance. Consistent with several of the above mentioned studies, poly I:C delayed VHSV 

mortality, probably due to the induction of several genes involved in sensing and 

combating viral infection (TLR3, MDA-5, IRF-3, and Mx).  

The immunostimulatory properties demonstrated in paper, I, III, and V, make poly I:C a 

promising candidate for a new adjuvant in fish virus vaccines. However, the protective 

effect of poly I:C combined with antigen needs to be quantified and compared to existing, 

commonly used vaccines. 

 

Figure 5: Proposed fish nucleic acid PRR signalling pathways. Figure from (Poynter et al., 2015). 
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II. Detecting TLR ligand specificity 
Numerous papers discuss possible TLR ligand specificity in fish, however, the majority of 

the reports are based on gene expression analysis and there are very few functional studies. 

These analyses are often based on the assumption that TLR specificity is conserved 

between mammalian and fish TLRs, hence the use of one or two ligands when studying a 

specific TLR. Some of these receptors may have a wider specificity, and a complete range 

of ligands for mammalian TLRs should be used for initial screening. For the non-

mammalian TLRs, ligands from fish pathogens could be used to detect putative natural 

ligands. It is also difficult to compare available reports since experimental design, 

pathogens, ligands, exposure time, dose of stimulant, and model system (e.g. cell lines, 

primary cells or in vivo) vary.  

Although upregulation of a specific TLR or important immune genes following exposure 

to a TLR ligand, pathogen, or cytokine has been observed, this does not imply receptor-

ligand binding. Many papers report no or only minor changes in TLR expression during 

pathogen, cytokine, or TLR ligand (e.g. in our paper I) (Langevin et al., 2012, Salazar et 

al., 2015, Strandskog et al., 2008, Brietzke et al., 2015, Lee et al., 2014, Palti et al., 2010a). 

The recruitment of cellular factors of innate immunity, rather than induced expression of 

the TLR itself, may be a key role for initiating the immune defence against a pathogen 

(Brietzke et al., 2015). In addition, several studies demonstrate upregulation of a TLR after 

few hours of stimulation with inflammatory cytokines (Lee et al., 2013, Skjæveland et al., 

2009, Skjæveland et al., 2008). It seems that cytokines induce a more rapid upregulation of 

TLRs than the TLR ligands themselves, which suggests that this is an effect of kinetics and 

time of sampling. Cytokines are downstream effector molecules of the TLR signalling 

pathways, and upregulation of TLRs may be a secondary effect of the cytokine induction 

following recognition of the ligands or pathogen tested. 

A direct correlation between ligand or pathogen binding and upregulation of a specific 

TLR is hard to demonstrate, but the upregulation can be considered an indication of a 

functional role for the TLR in recognition of the specific ligand or immune response to a 

certain pathogen.  

The few available molecular tools for studying fish proteins (e.g. antibodies) limit fish 

immunology research; hence the extensive number of gene expression analyses by real-
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time PCR. Although real-time PCR is specific and reproducible for mRNA quantification, 

correlation between mRNA and functional protein levels can vary due to several biological 

factors (e.g. translational efficiency and protein half-life) (Maier et al., 2009). The 

weakness of using real-time PCR as a single method therefore needs to be taken into 

consideration when interpreting gene expression data. 

A common way of detecting ligand specificities for the mammalian TLRs has been in vitro 

reporter assays (Alexopoulou et al., 2001, Hemmi et al., 2002). In these assays, 

transcriptional activity can be measured in cells transfected with the TLR of interest and a 

genetic construct containing  a reporter gene (e.g. luciferase) under the control of a 

promoter of interest (e.g. NF-κB) (Dellacasagrande, 2009). Signalling from all mammalian 

TLRs has been reported to ultimately activate NF-kB factors, and promoters for NF-κB are 

commonly used in reporter plasmids (Kawai and Akira, 2007).  

Our goal was to establish a screening system for ligand specificities of fish TLRs. 

However, this turned out to be difficult, and in paper II we failed to activate rainbow trout 

TLR2 signalling when overexpressed in HEK-293 and salmon CHSE-214 cells. TLR2 

transfected into HEK-293 quenched rather than increased the NF-κB activation in a ligand-

independent fashion, as it has been shown for rainbow trout IRAK4 (Brietzke et al., 2014). 

Although fish TLRs and downstream factors of the TLR cascade seem evolutionary well 

conserved, there are pitfalls when expressing fish TLRs in mammalian cells (e.g. improper 

folding, lack of auxiliary factors or dimerization partner, and sub-optimal temperature). 

However, our efforts to establish the assay in a salmonid cell line did not reconstitute 

robust TLR signalling. Low transfection efficiency and lack of dimerization partners are 

possible explanations for lack of NF-κB activation in the fish cell line. To confirm TLR 

expression in HEK-293 and CHSE-214 when antibodies are not available, TLRs need to be 

tagged, which can interfere with signalling (Pang et al., 2009).  

The literature reveals very few reports that successfully confirm ligand-dependent TLR 

activation of NF-κB or other relevant transcription factors in fish. Fugu TLR3 and TLR22 

were successfully expressed in both HEK-293 and a rainbow trout cell lines, and relayed 

signals to activate IFN expression upon stimulation with dsRNA (Matsuo et al., 2008). The 

rainbow trout TLR5S activated NF-κB in HeLa cells; however, the extracellular domain 

was fused with the intracellular TIR domain of human TLR5 (Tsujita et al., 2004). 

Zebrafish TLR9 and TLR21 have been shown to activate NF-κB in HEK-293 cells, and 
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this activation was increased by co-transfection of Unc93B1, indicating the importance of 

accessory proteins in the reporter assays (Yeh et al., 2013). European common carp TLR2 

could be expressed in HEK-293 and activated by PGN, LTA, and Pam3CSK4 when using 

p38-MAPK phosphorylation as a measure for responsiveness (Ribeiro et al., 2010). 

Although these few reports demonstrate activation of fish TLR in relevant reporter assays, 

from our own and others’ experience, detection of ligand binding of fish TLRs in these 

assays appear very challenging. 

The use of knockout mice is another way of investigating the role of TLRs during infection 

and possible ligand specificity in mammalian TLR research (Akira, 2000). A recent report 

demonstrated that TLR3 and MDA-5 knockdowns in Japanese flounder reduced poly I:C 

mediated antiviral activity (Zhou et al., 2014). In addition, zebrafish embryo TLR2 and 

TLR5 knockdowns displayed inhibited Pam3CK4 and flagellin responses, respectively 

(Yang et al., 2015). The reports demonstrate the importance of these PRRs in immune 

responses induced by the ligands tested. Increased number of tools for laboratory methods 

in fish (e.g. mutants and antibodies) will enhance the future functional studies of fish 

TLRs, their ligands, and signalling pathways. 

III. Poly I:C as vaccine adjuvant   
Adjuvants can be divided into two groups, delivery systems (e.g. emulsions) and 

immunostimulatory components (e.g. PAMPs), and often a combination of the two is 

required. The principle of using PAMPs like poly I:C or other TLR ligands as adjuvants is 

not new to mammalian vaccine research and there are several reviews of their effects 

available (Hafner et al., 2013, Steinhagen et al., 2011, Toussi and Massari, 2014, Tomai 

and Vasilakos, 2012, Martins et al., 2015).  

Poly I:C stimulation in mammals induces a strong type I and III IFN and Th1 cytokine 

response. Poly I:C is a strong Th1-inducing adjuvant that makes it attractive for use in 

vaccines against viruses and other intracellular pathogens, but the responses vary 

depending on cell types, receptors, and cytokines surrounding the administration site 

(Martins et al., 2015).  

Poly I:C has successfully been tested as prophylactic treatment against several important 

aquatic viruses. However, there are only few reports considering the adjuvant effects in a 

fish vaccine. In this thesis, the adjuvant effects of poly I:C in two different VHSV vaccines 



Discussion of results
 

 

48 
 

were tested; one inactivated whole virus vaccine (Paper III) and one subunit vaccine (Paper 

IV). We established the previously described zebrafish cold-water system (Novoa et al., 

2006) to test our vaccine formulations. 

There is no doubt that poly I:C is a strong and efficient antiviral immunostimulant in both 

humans and fish. However, experience from experimental animals and clinical trials shows 

that it can trigger autoimmunity and toxic effects when used systemically and in high 

dosages. In addition, free poly I:C is rapidly degraded by serum nucleases, thus effectively 

reducing the concentration (De Clercq, 1979). More stable derivatives of poly I:C (e.g. 

poly I:C12U and poly ICLC) have been developed in attempts to modulate toxicity, 

immunogenicity and half-life. A commonly used strategy to balance immunogenicity and 

safety is to use a delivery system to optimise activation of antigen presenting cells (without 

excessive systemic effects) at the lowest dosage possible (Hafner et al., 2013, Martins et 

al., 2015). Multiple delivery systems exist (e.g. liposomes, emulsions, alginate, chitosan, 

and PLGA) for use in vaccines (Reed et al., 2013, Hafner et al., 2013). In such a delivery 

system, the antigen and/or immunostimulatory adjuvant (e.g. poly I:C) is encapsulated in a 

nano- or microparticle made up of a biodegradable polymer that allows a slower release of 

the antigen and/or immunostimulatory adjuvants (Griffiths et al., 2010). Several reports 

have demonstrated that the effects of immunostimulants can be enhanced by macrophage 

targeting, using micro- or nanoparticles (Singh et al., 2007). Therefore we tested chitosan-

encapsulated poly I:C in our VHSV vaccines.  

In paper III, chitosan-encapsulated poly I:C was co-injected with inactivated whole VHSV. 

The expression profiles of antiviral TLRs, cytokines, and antiviral proteins in zebrafish 

head kidney suggested strong induction of an antiviral state 48 hours post-vaccination. The 

fish were challenged 31 days later with live VHSV virus (and re-challenged 20 days later). 

The vaccine provided a significant protection against VHSV-induced mortality.  

In paper IV, we tested vaccines containing the VHSV glycoprotein G with either poly I:C 

or chitosan, or a combination of both. The average size of the chitosan-encapsulated poly 

I:C particles was 368 nanometres, thus the name nanoparticles. The early immune 

responses (48 hours post-vaccination) to vaccination was strongest for the vaccine group 

injected with glycoprotein G and free poly I:C. This formulation increased expression of 

antiviral sensors (TLR3, TLR8a1, and TLR22) and IFNs. This is probably due to increased 

free poly I:C leaving the site of injection by the blood stream, whereas the chitosan-
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encapsulated  poly I:C formulation possibly has a depot effect that promotes sustained 

release of poly I:C. All formulations containing poly I:C increased expression of Mx and 

ISG15, and conferred significant protection against VHSV-induced mortality. 

Encapsulating poly I:C in chitosan clearly delayed mortalities compared to free poly I:C, 

although the final mortality was similar in both groups. Poly I:C in combination with CpG 

ODNs has previously been reported to increase the immunogenicity and protection of a 

low dose inactivated SAV vaccine in Atlantic salmon (Thim et al., 2012, Thim et al., 

2014). These studies, combined with results from our vaccination trials, suggest that poly 

I:C is a promising adjuvant candidate for future vaccine formulations containing antigens 

with low immunogenicity. Further, our results also suggest that zebrafish is a valuable 

model for aquaculture-relevant vaccination studies. However, we need to take into account 

that challenge by injection is different from the natural route of viral infection. Future 

studies need to focus on possible adverse effects in the fish upon use of TLR ligands as 

adjuvants.  

Although the injection vaccines have several advantages (e.g. direct delivery of antigen, 

low antigen dose needed, concentrated antigen, protected in highly purified format, and 

refrigerator storage), the method is stressful for the animals, can cause tissue injury, are 

labour intensive, cannot be repeated multiple times during the production cycle (for 

economic reasons), and requires anaesthesia. The ideal vaccine should induce long lasting 

protection starting at an early age and protect the fish throughout the production cycle. 

Compared to injections, oral administration is non-invasive, fish do not need to be handled, 

can be given to fish at any age, will reduce labour cost, and can be repeated (i.g. booster 

dose). However, oral vaccines have proven difficult to develop, and challenges such as low 

immunogenicity, antigen formulation, and storage in high temperature and humidity need 

to be solved.  Mucosal vaccines are beginning to appear for human use, for which chitosan 

seems to be a promising delivery system (Amidi et al., 2010, Smith et al., 2014, van der 

Lubben et al., 2001). Although the vaccine formulation containing chitosan and 

glycoprotein G without poly I:C proved not to be protective in paper IV, several other 

reports have demonstrated chitosan as a potential carrier for antigens delivered via the oral 

route in fish  (Rajesh Kumar et al., 2008, Tian et al., 2008, Rivas-Aravena et al., 2015). 

Since the knowledge of mucosal immunity in fish is increasing (Beck and Peatman, 2015), 

future studies should aim to investigate whether encapsulated TLR ligands (e.g. in 

chitosan) could be used in oral vaccines. 
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IV. Dietary influence on immune responses 
The composition of fatty acids in membrane phospholipids of mammalian immune cells 

strongly correlate with the profile of dietary lipids (Calder, 2013). Membrane 

phospholipids are a part of the microenvironment for leucocyte transmembrane signalling 

receptors and are important substrates for enzymes of eicosanoid metabolism. Due to the 

reduced EPA and DHA content in Atlantic salmon feed, and the subsequent reduction of 

these n-3 fatty acids in the animals, it is important to investigate if the decreased EPA and 

DHA levels can affect immune function and further influence disease resistance and 

vaccine response. Therefore, in paper V, we investigated the effects of EPA and DHA on 

primary head kidney leucocytes from Atlantic salmon. This project is a part of a bigger 

project (“Minimum requirements for omega-3 fatty acids in modern production of Atlantic 

salmon”) in which other partners are investigating the effects of EPA and DHA on growth 

and quality. 

The head kidney is the principal immune organ for phagocytosis and antigen processing in 

fish (Rauta et al., 2012); hence it is rich in immune cells. Our analysis of the head kidney 

confirmed that the EPA and DHA levels in this tissue correlated with the dietary levels of 

these fatty acids. This correlation is widely recognised in mammals (Calder, 2013), but has 

also previously been demonstrated in several fish species (Bell et al., 1993, Bell et al., 

1992, Bell et al., 1996, Bell et al., 1998, Ganga et al., 2005). In order to investigate the role 

of altered fatty acid composition in head kidney on immune function, we isolated head 

kidney leucocytes from Atlantic salmon that had been fed various levels of EPA and DHA. 

The leucocytes were stimulated with TLR ligands (as in paper I) or infected with viruses 

(ISAV and IPNV) and analysed for expression of important immune genes. The majority 

of the genes analysed in non-stimulated leucocytes were not affected by dietary EPA and 

DHA, but IL-1β was expressed at lower levels in the high EPA and DHA dietary groups, 

thus indicating anti-inflammatory effects (like widely recognised in mammals (Calder, 

2013)). However, after stimulation with TLR ligands, leucocytes from fish that had been 

fed low EPA and DHA were unable to upregulate the important immune transcripts IL-1β 

and Mx1, which indicates that the absence of dietary EPA and DHA may have 

immunosuppressive effects. The reduced response to the mimics of bacterial and viral 

infection could potentially make these fish more prone to infections. In addition, vaccine 

effects in these fish can potentially be reduced (e.g. if poly I:C is used as adjuvant).  
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Even though replacement of fish oil by vegetable oil is an important topic, there are few 

studies focussing on its effect on disease resistance and vaccine effects (most studies focus 

on the effects on growth and quality). There are a few studies on Atlantic salmon, where 

partial or full replacement of fish oil by vegetable oils did not appear to affect vaccination 

efficacy (Montero and Izquierdo, 2010). There is a disagreement in the existing literature 

about n-3 fatty acids and infectious disease resistance in mammals (Anderson and Fritsche, 

2002) and fish. Some in vitro studies indicate that low n-3 fatty acids decrease disease 

resistance in fish (decreased phagocytosis, bacterial clearance, and respiratory burst) 

(Kiron et al., 1995, Sheldon and Blazer, 1991, Montero et al., 2008, Montero et al., 2003), 

while others report no effect of low EPA and DHA on leucocyte activity (Seierstad et al., 

2009, Montero et al., 2003, Gjøen et al., 2004). In vivo experiments have also produced 

different outcomes, in which dietary vegetable oils have been demonstrated to decrease, 

increase, or show no effects on mortality after bacterial challenge (Waagbø, 1994, 

Thompson et al., 1996, Gjøen et al., 2004, Montero and Izquierdo, 2010). Since the study 

design and feed content varies highly among available reports, it is difficult to explain the 

contradictory results. Our data indicated that higher tissue levels of EPA and DHA confers 

increased sensitivity in leucocytes stimulated with TLR agonists. This supports the 

previous findings that demonstrate that n-3 fatty acids are important for diseases resistance. 

However, further research is required to understand the role of dietary fatty acids on 

resistance to pathogens and immunostimulants in fish. 
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Main conclusions 
 Head kidney and spleen are the main TLR expressing tissues in Atlantic salmon. 

Several TLR ligands induced expression of inflammatory cytokines in salmon head 

kidney leucocytes. The TLR3 ligand poly I:C, induced expression of antiviral 

transcripts in primary head kidney leucocytes. TLR3, TLR7, and TLR8a1 were 

induced in vivo after viral infection. 

 Although rainbow trout TLR2 domain structure and ligand-binding sites seemed to 

be evolutionarily conserved, classical TLR2 ligands failed to activate TLR2 

signalling in vitro. 

 Poly I:C induced expression of antiviral transcripts in zebrafish both in vitro and in 

vivo, and delayed mortality after VHSV challenge. 

 Poly I:C formulated with chitosan co-injected with inactivated VHSV provided 

protection against subsequent VHSV infection in zebrafish. Also, poly I:C alone or 

combined with chitosan co-injected with recombinant VHSV glycoprotein G 

provided protection against VHSV. 

 Although few genes were affected by EPA and DHA in the non-stimulated 

leucocytes, the ability of these leucocytes to respond to TLR ligand stimuli was 

reduced with low dietary and head kidney levels of EPA and DHA, thus indicating 

the importance of n-3 fatty acids in resistance to infection and response to vaccines. 

 

 



References
 

 

53 
 

References 
AEDO, J. E., REYES, A. E., AVENDAÑO-HERRERA, R., MOLINA, A. & VALDÉS, J. 

A. 2015. Bacterial lipopolysaccharide induces rainbow trout myotube atrophy via 
Akt/FoxO1/Atrogin-1 signaling pathway. Acta Biochimica et Biophysica Sinica. 

AKIRA, S. 2000. Toll-like receptors: lessons from knockout mice. Biochemical Society 
Transactions, 28, 551-556. 

ALEXOPOULOU, L., HOLT, A. C., MEDZHITOV, R. & FLAVELL, R. A. 2001. 
Recognition of double-stranded RNA and activation of NF-kappaB by Toll-like 
receptor 3. Nature, 413, 732-8. 

ALIPRANTIS, A. O., YANG, R.-B., MARK, M. R., SUGGETT, S., DEVAUX, B., 
RADOLF, J. D., KLIMPEL, G. R., GODOWSKI, P. & ZYCHLINSKY, A. 1999. 
Cell Activation and Apoptosis by Bacterial Lipoproteins Through Toll-like 
Receptor-2. Science, 285, 736-739. 

ALTMANN, S. M., MELLON, M. T., JOHNSON, M. C., PAW, B. H., TREDE, N. S., 
ZON, L. I. & KIM, C. H. 2004. Cloning and characterization of an Mx gene and its 
corresponding promoter from the zebrafish, Danio rerio. Developmental & 
Comparative Immunology, 28, 295-306. 

AMIDI, M., MASTROBATTISTA, E., JISKOOT, W. & HENNINK, W. E. 2010. 
Chitosan-based delivery systems for protein therapeutics and antigens. Advanced 
Drug Delivery Reviews, 62, 59-82. 

ANDERSON, M. & FRITSCHE, K. L. 2002. (n-3) Fatty acids and infectious disease 
resistance. The Journal of Nutrition, 132, 3566-76. 

AWATE, S., BABIUK, L. A. & MUTWIRI, G. 2013. Mechanisms of action of adjuvants. 
Frontiers in Immunology, 4. 

BASSITY, E. & CLARK, T. G. 2012. Functional Identification of Dendritic Cells in the 
Teleost Model, Rainbow Trout (Oncorhynchus mykiss). PLoS ONE, 7, e33196. 

BECK, B. H. & PEATMAN, E. 2015. Mucosal Health in Aquaculture, Academic Press. 
BELL, J., SARGENT, J. & RAYNARD, R. 1992. Effects of increasing dietary linoleic 

acid on phospholipid fatty acid composition and eicosanoid production in 
leucocytes and gill cells of Atlantic salmon (Salmo salar). Prostaglandins, 
Leukotrienes and Essential fatty acids, 45, 197-206. 

BELL, J. G., DICK, J. R., MCVICAR, A. H., SARGENT, J. R. & THOMPSON, K. D. 
1993. Dietary sunflower, linseed and fish oils affect phospholipid fatty acid 
composition, development of cardiac lesions, phospholipase activity and eicosanoid 
production in Atlantic salmon (Salmo salar). Prostaglandins, Leukotrienes and 
Essential Fatty Acids, 49, 665-673. 

BELL, J. G., FARNDALE, B., DICK, J. & SARGENT, J. 1996. Modification of 
membrane fatty acid composition, eicosanoid production, and phospholipase a 
activity in Atlantic Salmon (Salmo salar) gill and kidney by dietary lipid. Lipids, 
31, 1163-1171. 

BELL, J. G., TOCHER, D. R., FARNDALE, B. M. & SARGENT, J. R. 1998. Growth, 
mortality, tissue histopathology and fatty acid compositions, eicosanoid production 
and response to stress, in juvenile turbot fed diets rich in γ-linolenic acid in 
combination with eicosapentaenoic acid or docosahexaenoic acid. Prostaglandins, 
Leukotrienes and Essential Fatty Acids, 58, 353-364. 



References
 

 

54 
 

BERG, A., RØDSETH, O. M., TANGERÅS, A. & HANSEN, T. 2006. Time of 
vaccination influences development of adhesions, growth and spinal deformities in 
Atlantic salmon Salmo salar. Diseases of Aquatic Organisms, 69, 239-248. 

BIACCHESI, S., LEBERRE, M., LAMOUREUX, A., LOUISE, Y., LAURET, E., 
BOUDINOT, P. & BRÉMONT, M. 2009. Mitochondrial Antiviral Signaling 
Protein Plays a Major Role in Induction of the Fish Innate Immune Response 
against RNA and DNA Viruses. Journal of Virology, 83, 7815-7827. 

BLOOM, D. E., CANNING, D. & WESTON, M. 2005. The value of vaccination. WORLD 
ECONOMICS-HENLEY ON THAMES, 6, 15. 

BOTOS, I., SEGAL, DAVID M. & DAVIES, DAVID R. The Structural Biology of Toll-
like Receptors. Structure, 19, 447-459. 

BOWIE, A. G. & HAGA, I. R. 2005. The role of Toll-like receptors in the host response to 
viruses. Molecular Immunology, 42, 859-867. 

BRANSDEN, M. P., CARTER, C. G. & NICHOLS, P. D. 2003. Replacement of fish oil 
with sunflower oil in feeds for Atlantic salmon (Salmo salar L.): effect on growth 
performance, tissue fatty acid composition and disease resistance. Comparative 
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 135, 
611-625. 

BRIETZKE, A., GOLDAMMER, T., REBL, H., KORYTÁŘ, T., KÖLLNER, B., YANG, 
W., REBL, A. & SEYFERT, H.-M. 2014. Characterization of the interleukin 1 
receptor-associated kinase 4 (IRAK4)-encoding gene in salmonid fish: The 
functional copy is rearranged in Oncorhynchus mykiss and that factor can impair 
TLR signaling in mammalian cells. Fish & Shellfish Immunology, 36, 206-214. 

BRIETZKE, A., KORYTÁŘ, T., JAROS, J., KÖLLNER, B., GOLDAMMER, T., 
SEYFERT, H.-M. & REBL, A. 2015. Aeromonas salmonicida Infection Only 
Moderately Regulates Expression of Factors Contributing to Toll-Like Receptor 
Signaling but Massively Activates the Cellular and Humoral Branches of Innate 
Immunity in Rainbow Trout (Oncorhynchus mykiss). Journal of Immunology 
Research, 2015, 16. 

BROCKER, C., THOMPSON, D., MATSUMOTO, A., NEBERT, D. W. & VASILIOU, 
V. 2010. Evolutionary divergence and functions of the human interleukin (IL) gene 
family. Human Genomics, 5, 30-55. 

BROWNLIE, R., ZHU, J., ALLAN, B., MUTWIRI, G. K., BABIUK, L. A., POTTER, A. 
& GRIEBEL, P. 2009. Chicken TLR21 acts as a functional homologue to 
mammalian TLR9 in the recognition of CpG oligodeoxynucleotides. Molecular 
Immunology, 46, 3163-70. 

BRUDESETH, B. E., WIULSRØD, R., FREDRIKSEN, B. N., LINDMO, K., LØKLING, 
K.-E., BORDEVIK, M., STEINE, N., KLEVAN, A. & GRAVNINGEN, K. 2013. 
Status and future perspectives of vaccines for industrialised fin-fish farming. Fish 
& Shellfish Immunology, 35, 1759-1768. 

CALDER, P. C. 2013. n-3 fatty acids, inflammation and immunity: new mechanisms to 
explain old actions. Proceedings of the Nutrition Society, 72, 326-36. 

CARRINGTON, A. C. & SECOMBES, C. J. 2006. A review of CpGs and their relevance 
to aquaculture. Veterinary Immunology and Immunopathology, 112, 87-101. 

CHANG, M., COLLET, B., NIE, P., LESTER, K., CAMPBELL, S., SECOMBES, C. J. & 
ZOU, J. 2011a. Expression and Functional Characterization of the RIG-I-Like 
Receptors MDA5 and LGP2 in Rainbow Trout (Oncorhynchus mykiss). Journal of 
Virology, 85, 8403-8412. 

CHANG, M., WANG, T., NIE, P., ZOU, J. & SECOMBES, C. J. 2011b. Cloning of two 
rainbow trout nucleotide-binding oligomerization domain containing 2 (NOD2) 



References
 

 

55 
 

splice variants and functional characterization of the NOD2 effector domains. Fish 
& Shellfish Immunology, 30, 118-127. 

CHANG, M. X. & NIE, P. 2008. RNAi suppression of zebrafish peptidoglycan recognition 
protein 6 (zfPGRP6) mediated differentially expressed genes involved in Toll-like 
receptor signaling pathway and caused increased susceptibility to Flavobacterium 
columnare. Veterinary Immunology and Immunopathology, 124, 295-301. 

CHEN, W. Q., HU, Y. W., ZOU, P. F., REN, S. S., NIE, P. & CHANG, M. X. 2015. 
MAVS splicing variants contribute to the induction of interferon and interferon-
stimulated genes mediated by RIG-I-like receptors. Developmental & Comparative 
Immunology, 49, 19-30. 

CLEM, A. S. 2011. Fundamentals of Vaccine Immunology. Journal of Global Infectious 
Diseases, 3, 73-78. 

COFFMAN, R. L., SHER, A. & SEDER, R. A. 2010. Vaccine adjuvants: putting innate 
immunity to work. Immunity, 33, 492-503. 

COSTA, M. M., MAEHR, T., DIAZ-ROSALES, P., SECOMBES, C. J. & WANG, T. 
2011. Bioactivity studies of rainbow trout (Oncorhynchus mykiss) interleukin-6: 
Effects on macrophage growth and antimicrobial peptide gene expression. 
Molecular Immunology, 48, 1903-1916. 

COX, J. C. & COULTER, A. R. 1997. Adjuvants - a classification and review of their 
modes of action. Vaccine, 15, 248-56. 

CRANE, M. & HYATT, A. 2011. Viruses of Fish: An Overview of Significant Pathogens. 
Viruses, 3, 2025-2046. 

DALMO, R. A. & BØGWALD, J. 2008. ß-glucans as conductors of immune symphonies. 
Fish & Shellfish Immunology, 25, 384-396. 

DANILOVA, N., BUSSMANN, J., JEKOSCH, K. & STEINER, L. A. 2005. The 
immunoglobulin heavy-chain locus in zebrafish: identification and expression of a 
previously unknown isotype, immunoglobulin Z. Nature immunology, 6, 295-302. 

DE CLERCQ, E. 1979. Degradation of Poly(inosinic acid) · poly(cytidylic acid) [(I)n· 
(Cn)] by Human Plasma. European Journal of Biochemistry, 93, 165-172. 

DE NARDO, D. 2015. Toll-like receptors: Activation, signalling and transcriptional 
modulation. Cytokine, 74, 181-189. 

DELANY, I., RAPPUOLI, R. & DE GREGORIO, E. 2014. Vaccines for the 21st century. 
EMBO Molecular Medicine, 6, 708-720. 

DELLACASAGRANDE, J. 2009. Ligands, Cell-Based Models, and Readouts Required 
for Toll-Like Receptor Action. In: MCCOY, C. & O’NEILL, L. J. (eds.) Toll-Like 
Receptors. Humana Press. 

DHAR, A. K., MANNA, S. K. & THOMAS ALLNUTT, F. C. 2014. Viral vaccines for 
farmed finfish. VirusDisease, 25, 1-17. 

DIDIERLAURENT, A. M., MOREL, S., LOCKMAN, L., GIANNINI, S. L., BISTEAU, 
M., CARLSEN, H., KIELLAND, A., VOSTERS, O., VANDERHEYDE, N., 
SCHIAVETTI, F., LAROCQUE, D., VAN MECHELEN, M. & GARÇON, N. 
2009. AS04, an Aluminum Salt- and TLR-4 Agonist-Based Adjuvant System, 
Induces a Transient Localized Innate Immune Response Leading to Enhanced 
Adaptive Immunity. The Journal of Immunology. 

DIOS, S., ROMERO, A., CHAMORRO, R., FIGUERAS, A. & NOVOA, B. 2010. Effect 
of the temperature during antiviral immune response ontogeny in teleosts. Fish & 
Shellfish Immunology, 29, 1019-1027. 

DRAPER, S. J. & HEENEY, J. L. 2010. Viruses as vaccine vectors for infectious diseases 
and cancer. Nature Reviews Microbiology, 8, 62-73. 



References
 

 

56 
 

DUTHIE, M. S., WINDISH, H. P., FOX, C. B. & REED, S. G. 2011. Use of defined TLR 
ligands as adjuvants within human vaccines. Immunological Reviews, 239, 178-
196. 

EATON, W. 1990. Anti-viral activity in four species of salmonids following exposure to 
poly inosinic: cytidylic acid. Diseases of Aquatic Organisms, 9, 193-198. 

EINER-JENSEN, K., AHRENS, P., FORSBERG, R. & LORENZEN, N. 2004. Evolution 
of the fish rhabdovirus viral haemorrhagic septicaemia virus. Journal of General 
Virology, 85, 1167-1179. 

EVENSEN, Ø. & LEONG, J.-A. C. 2013. DNA vaccines against viral diseases of farmed 
fish. Fish & Shellfish Immunology, 35, 1751-1758. 

FJALESTAD, K. T., LARSEN, H. J. S. & RØED, K. H. 1996. Antibody response in 
Atlantic salmon (Salmo salar) against Vibrio anguillarum and Vibrio salmonicida 
O-antigens: Heritabilities, genetic correlations and correlations with survival. 
Aquaculture, 145, 77-89. 

FORTIER, M.-E., KENT, S., ASHDOWN, H., POOLE, S., BOKSA, P. & LUHESHI, G. 
N. 2004. The viral mimic, polyinosinic:polycytidylic acid, induces fever in rats via 
an interleukin-1-dependent mechanism. American Journal of Physiology - 
Regulatory, Integrative and Comparative Physiology, 287, R759-R766. 

FREDRIKSEN, B. N. & GRIP, J. 2012. PLGA/PLA micro- and nanoparticle formulations 
serve as antigen depots and induce elevated humoral responses after immunization 
of Atlantic salmon (Salmo salar L.). Vaccine, 30, 656-667. 

GANGA, R., BELL, J. G., MONTERO, D., ROBAINA, L., CABALLERO, M. J. & 
IZQUIERDO, M. S. 2005. Effect of dietary lipids on plasma fatty acid profiles and 
prostaglandin and leptin production in gilthead seabream (Sparus aurata). 
Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular 
Biology, 142, 410-418. 

GARÇON, N., CHOMEZ, P. & VAN MECHELEN, M. 2007. GlaxoSmithKline Adjuvant 
Systems in vaccines: concepts, achievements and perspectives. Expert Review of 
Vaccines, 6, 723-739. 

GAY, N. J., SYMMONS, M. F., GANGLOFF, M. & BRYANT, C. E. 2014. Assembly and 
localization of Toll-like receptor signalling complexes. Nature Reviews 
Immunology, 14, 546-558. 

GJØEN, T., OBACH, A., RØSJØ, C., HELLAND, B. G., ROSENLUND, G., HVATTUM, 
E. & RUYTER, B. 2004. Effect of Dietary Lipids on Macrophage Function, Stress 
Susceptibility and Disease Esistance in Atlantic Salmon (Salmo salar). Fish 
Physiology and Biochemistry, 30, 149-161. 

GONZÁLEZ-STEGMAIER, R., ROMERO, A., ESTEPA, A., MONTERO, J., MULERO, 
V. & MERCADO, L. 2015. Effects of recombinant flagellin B and its ND1 domain 
from Vibrio anguillarum on macrophages from gilthead seabream (Sparus aurata 
L.) and rainbow trout (Oncorhynchus mykiss, W.). Fish & Shellfish Immunology, 
42, 144-152. 

GRIFFITHS, G., NYSTRÖM, B., SABLE, S. B. & KHULLER, G. K. 2010. Nanobead-
based interventions for the treatment and prevention of tuberculosis. Nature 
Reviews Microbiology, 8, 827-834. 

GUTTORMSEN, A. 2015. Meld. St. 16 (2014-2015). Forutsigbar og miljømessig 
bærekraftig vekst i norsk lakse- og ørretoppdrett (in Norwegian). 

HAFNER, A. M., CORTHÉSY, B. & MERKLE, H. P. 2013. Particulate formulations for 
the delivery of poly(I:C) as vaccine adjuvant. Advanced Drug Delivery Reviews, 
65, 1386-1399. 



References
 

 

57 
 

HALLER, O. & KOCHS, G. 2002. Interferon-Induced Mx Proteins: Dynamin-Like 
GTPases with Antiviral Activity. Traffic, 3, 710-717. 

HAMMING, O. J., LUTFALLA, G., LEVRAUD, J.-P. & HARTMANN, R. 2011. Crystal 
Structure of Zebrafish Interferons I and II Reveals Conservation of Type I 
Interferon Structure in Vertebrates. Journal of Virology, 85, 8181-8187. 

HANSEN, J. D., LANDIS, E. D., PHILLIPS, R. B. & COOPER, M. D. 2005. Discovery of 
a Unique Ig Heavy-Chain Isotype (IgT) in Rainbow Trout: Implications for a 
Distinctive B Cell Developmental Pathway in Teleost Fish. Proceedings of the 
National Academy of Sciences of the United States of America, 102, 6919-6924. 

HAUGARVOLL, E., BJERKÅS, I., SZABO, N. J., SATOH, M. & KOPPANG, E. O. 
2010. Manifestations of systemic autoimmunity in vaccinated salmon. Vaccine, 28, 
4961-4969. 

HEIL, F., HEMMI, H., HOCHREIN, H., AMPENBERGER, F., KIRSCHNING, C., 
AKIRA, S., LIPFORD, G., WAGNER, H. & BAUER, S. 2004. Species-Specific 
Recognition of Single-Stranded RNA via Toll-like Receptor 7 and 8. Science, 303, 
1526-1529. 

HEMMI, H., KAISHO, T., TAKEUCHI, O., SATO, S., SANJO, H., HOSHINO, K., 
HORIUCHI, T., TOMIZAWA, H., TAKEDA, K. & AKIRA, S. 2002. Small anti-
viral compounds activate immune cells via the TLR7 MyD88-dependent signaling 
pathway. Nature Immunology, 3, 196-200. 

HEMMI, H., TAKEUCHI, O., KAWAI, T., KAISHO, T., SATO, S., SANJO, H., 
MATSUMOTO, M., HOSHINO, K., WAGNER, H., TAKEDA, K. & AKIRA, S. 
2000. A Toll-like receptor recognizes bacterial DNA. Nature, 408, 740-745. 

HITZFELD, B. 2005. Fish Immune System. In: VOHR, H.-W. (ed.) Encyclopedic 
Reference of Immunotoxicology. Springer Berlin Heidelberg. 

HONG, S., ZOU, J., CRAMPE, M., PEDDIE, S., SCAPIGLIATI, G., BOLS, N., 
CUNNINGHAM, C. & SECOMBES, C. J. 2001. The production and bioactivity of 
rainbow trout (Oncorhynchus mykiss) recombinant IL-1β. Veterinary Immunology 
and Immunopathology, 81, 1-14. 

HUMMELL, D. S. 1993. Dietary lipids and immune function. Progress in Food & 
Nutrition Science, 17, 287-329. 

HVATTUM, E., RØSJØ, C., GJØEN, T., ROSENLUND, G. & RUYTER, B. 2000. Effect 
of soybean oil and fish oil on individual molecular species of Atlantic salmon head 
kidney phospholipids determined by normal-phase liquid chromatography coupled 
to negative ion electrospray tandem mass spectrometry. Journal of 
Chromatography B: Biomedical Sciences and Applications, 748, 137-149. 

HYNES, N. A., FURNES, C., FREDRIKSEN, B. N., WINTHER, T., BOGWALD, J., 
LARSEN, A. N. & DALMO, R. A. 2011. Immune response of Atlantic salmon to 
recombinant flagellin. Vaccine, 29, 7678-87. 

HÅSTEIN, T., GUDDING, R. & EVENSEN, O. 2005. Bacterial vaccines for fish--an 
update of the current situation worldwide. Developments in biologicals, 55-74. 

ILIEV, D. B., SOBHKHEZ, M., FREMMERLID, K. & JØRGENSEN, J. B. 2011. MyD88 
interacts with interferon regulatory factor (IRF) 3 and IRF7 in Atlantic salmon 
(Salmo salar): transgenic SsMyD88 modulates the IRF-induced type I interferon 
response and accumulates in aggresomes. The Journal of Biological Chemistry, 
286, 42715-24. 

JAULT, C., PICHON, L. & CHLUBA, J. 2004. Toll-like receptor gene family and TIR-
domain adapters in Danio rerio. Molecular Immunology, 40, 759-771. 

JENSEN, I., ALBUQUERQUE, A., SOMMER, A. I. & ROBERTSEN, B. 2002. Effect of 
poly I:C on the expression of Mx proteins and resistance against infection by 



References
 

 

58 
 

infectious salmon anaemia virus in Atlantic salmon. Fish & Shellfish Immunology, 
13, 311-26. 

JENSEN, S. & THOMSEN, A. R. 2012. Sensing of RNA Viruses: a Review of Innate 
Immune Receptors Involved in Recognizing RNA Virus Invasion. Journal of 
Virology, 86, 2900-2910. 

JIMENEZ, N., COLL, J., SALGUERO, F. J. & TAFALLA, C. 2006. Co-injection of 
interleukin 8 with the glycoprotein gene from viral haemorrhagic septicemia virus 
(VHSV) modulates the cytokine response in rainbow trout (Oncorhynchus mykiss). 
Vaccine, 24, 5615-5626. 

JIN, M. S. & LEE, J.-O. 2008. Structures of the Toll-like Receptor Family and Its Ligand 
Complexes. Immunity, 29, 182-191. 

JØRGENSEN, J. B., JOHANSEN, A., STENERSEN, B. & SOMMER, A.-I. 2001. CpG 
oligodeoxynucleotides and plasmid DNA stimulate Atlantic salmon (Salmo salar 
L.) leucocytes to produce supernatants with antiviral activity. Developmental & 
Comparative Immunology, 25, 313-321. 

JØRGENSEN, J. B., JOHANSEN, L. H., STEIRO, K. & JOHANSEN, A. 2003. CpG 
DNA induces protective antiviral immune responses in Atlantic salmon (Salmo 
salar L.). Journal of Virology, 77, 11471-9. 

KAATTARI, S. L. & IRWIN, M. J. 1985. Salmonid spleen and anterior kidney harbor 
populations of lymphocytes with different B cell repertoires. Developmental & 
Comparative Immunology, 9, 433-444. 

KALLERUP, R. & FOGED, C. 2015. Classification of Vaccines. In: FOGED, C., RADES, 
T., PERRIE, Y. & HOOK, S. (eds.) Subunit Vaccine Delivery. Springer New York. 

KANNEGANTI, T.-D., LAMKANFI, M. & NÚÑEZ, G. 2007. Intracellular NOD-like 
Receptors in Host Defense and Disease. Immunity, 27, 549-559. 

KANWAL, Z., WIEGERTJES, G. F., VENEMAN, W. J., MEIJER, A. H. & SPAINK, H. 
P. 2014. Comparative studies of Toll-like receptor signalling using zebrafish. 
Developmental & Comparative Immunology, 46, 35-52. 

KAWAI, T. & AKIRA, S. 2007. Signaling to NF-κB by Toll-like receptors. Trends in 
Molecular Medicine, 13, 460-469. 

KAWAI, T. & AKIRA, S. 2008. Toll-like receptor and RIG-I-like receptor signaling. 
Annals of the New York Academy of Sciences, 1143, 1-20. 

KENNEY, R. T. & CROSS, A. S. 2009. Adjuvants for the future New generation vaccines 
4th edition. Tayler & Francis Group. 

KIBENGE, F. S. B., GODOY, M. G., FAST, M., WORKENHE, S. & KIBENGE, M. J. T. 
2012. Countermeasures against viral diseases of farmed fish. Antiviral Research, 
95, 257-281. 

KILENG, Ø., ALBUQUERQUE, A. & ROBERTSEN, B. 2008. Induction of interferon 
system genes in Atlantic salmon by the imidazoquinoline S-27609, a ligand for 
Toll-like receptor 7. Fish & Shellfish Immunology, 24, 514-522. 

KIM, H. J., OSEKO, N., NISHIZAWA, T. & YOSHIMIZU, M. 2009. Protection of 
rainbow trout from infectious hematopoietic necrosis (IHN) by injection of 
infectious pancreatic necrosis virus (IPNV) or Poly(I:C). Diseases of Aquatic 
Organisms, 83, 105-113. 

KIRON, V., FUKUDA, H., TAKEUCHI, T. & WATANABE, T. 1995. Essential fatty acid 
nutrition and defence mechanisms in rainbow trout Oncorhynchus mykiss. 
Comparative Biochemistry and Physiology Part A: Physiology, 111, 361-367. 

KOOL, M., PÉTRILLI, V., DE SMEDT, T., ROLAZ, A., HAMMAD, H., VAN 
NIMWEGEN, M., BERGEN, I. M., CASTILLO, R., LAMBRECHT, B. N. & 
TSCHOPP, J. 2008. Cutting Edge: Alum Adjuvant Stimulates Inflammatory 



References
 

 

59 
 

Dendritic Cells through Activation of the NALP3 Inflammasome. The Journal of 
Immunology, 181, 3755-3759. 

KOPPANG, E. O., FISCHER, U., MOORE, L., TRANULIS, M. A., DIJKSTRA, J. M., 
KÖLLNER, B., AUNE, L., JIRILLO, E. & HORDVIK, I. 2010. Salmonid T cells 
assemble in the thymus, spleen and in novel interbranchial lymphoid tissue. 
Journal of Anatomy, 217, 728-739. 

KOPPANG, E. O., HAUGARVOLL, E., HORDVIK, I., AUNE, L. & POPPE, T. T. 2005. 
Vaccine-associated granulomatous inflammation and melanin accumulation in 
Atlantic salmon, Salmo salar L., white muscle. Journal of Fish Diseases, 28, 13-22. 

KOPPANG, E. O., HAUGARVOLL, E., HORDVIK, I., POPPE, T. T. & BJERKÅS, I. 
2004. Granulomatous Uveitis Associated with Vaccination in the Atlantic Salmon. 
Veterinary Pathology Online, 41, 122-130. 

KUTZLER, M. A. & WEINER, D. B. 2008. DNA vaccines: ready for prime time? Nature 
Reviews Genetics, 9, 776-788. 

LAING, K., PURCELL, M., WINTON, J. & HANSEN, J. 2008. A genomic view of the 
NOD-like receptor family in teleost fish: identification of a novel NLR subfamily 
in zebrafish. BMC Evolutionary Biology, 8, 1-15. 

LAING, K. J. & HANSEN, J. D. 2011. Fish T cells: Recent advances through genomics. 
Developmental & Comparative Immunology, 35, 1282-1295. 

LANGEVIN, C., BLANCO, M., MARTIN, S. A. M., JOUNEAU, L., BERNARDET, J.-
F., HOUEL, A., LUNAZZI, A., DUCHAUD, E., MICHEL, C., QUILLET, E. & 
BOUDINOT, P. 2012. Transcriptional Responses of Resistant and Susceptible Fish 
Clones to the Bacterial Pathogen Flavobacterium psychrophilum. PLoS ONE, 7, 
e39126. 

LANGEVIN, C., VAN DER AA, L. M., HOUEL, A., TORHY, C., BRIOLAT, V., 
LUNAZZI, A., HARMACHE, A., BREMONT, M., LEVRAUD, J. P. & 
BOUDINOT, P. 2013. Zebrafish ISG15 Exerts a Strong Antiviral Activity against 
RNA and DNA Viruses and Regulates the Interferon Response. Journal of 
Virology, 87, 10025-10036. 

LAURING, A. S., JONES, J. O. & ANDINO, R. 2010. Rationalizing the development of 
live attenuated virus vaccines. Nature Biotechnology, 28, 573-579. 

LEE, J., CHUANG, T.-H., REDECKE, V., SHE, L., PITHA, P. M., CARSON, D. A., 
RAZ, E. & COTTAM, H. B. 2003a. Molecular basis for the immunostimulatory 
activity of guanine nucleoside analogs: Activation of Toll-like receptor 7. 
Proceedings of the National Academy of Sciences of the United States of America, 
100, 6646-6651. 

LEE, J. Y., PLAKIDAS, A., LEE, W. H., HEIKKINEN, A., CHANMUGAM, P., BRAY, 
G. & HWANG, D. H. 2003b. Differential modulation of Toll-like receptors by fatty 
acids: preferential inhibition by n-3 polyunsaturated fatty acids. Journal of Lipid 
Research, 44, 479-486. 

LEE, P. T., ZOU, J., HOLLAND, J. W., MARTIN, S. A. M., COLLET, B., KANELLOS, 
T. & SECOMBES, C. J. 2014. Identification and characterisation of TLR18-21 
genes in Atlantic salmon (Salmo salar). Fish & Shellfish Immunology, 41, 549-559. 

LEE, P. T., ZOU, J., HOLLAND, J. W., MARTIN, S. A. M., KANELLOS, T. & 
SECOMBES, C. J. 2013. Identification and characterization of TLR7, TLR8a2, 
TLR8b1 and TLR8b2 genes in Atlantic salmon (Salmo salar). Developmental & 
Comparative Immunology, 41, 295-305. 

LEE, P. T., ZOU, J., HOLLAND, J. W., MARTIN, S. A. M., SCOTT, C. J. W., 
KANELLOS, T. & SECOMBES, C. J. 2015. Functional characterisation of a TLR 



References
 

 

60 
 

accessory protein, UNC93B1, in Atlantic salmon (Salmo salar). Developmental & 
Comparative Immunology, 50, 38-48. 

LEE, S.-H. & VIDAL, S. M. 2002. Functional Diversity of Mx Proteins: Variations on a 
Theme of Host Resistance to Infection. Genome Research, 12, 527-530. 

LEMAITRE, B., NICOLAS, E., MICHAUT, L., REICHHART, J.-M. & HOFFMANN, J. 
A. 1996. The Dorsoventral Regulatory Gene Cassette spätzle/Toll/cactus Controls 
the Potent Antifungal Response in Drosophila Adults. Cell, 86, 973-983. 

LEVRAUD, J.-P., BOUDINOT, P., COLIN, I., BENMANSOUR, A., PEYRIERAS, N., 
HERBOMEL, P. & LUTFALLA, G. 2007. Identification of the Zebrafish IFN 
Receptor: Implications for the Origin of the Vertebrate IFN System. The Journal of 
Immunology, 178, 4385-4394. 

LEVY, D. E., GARCı, AMP, X & A-SASTRE, A. 2001. The virus battles: IFN induction 
of the antiviral state and mechanisms of viral evasion. Cytokine & Growth Factor 
Reviews, 12, 143-156. 

LIU, Y., OLAF OLAUSSEN, J. & SKONHOFT, A. 2011. Wild and farmed salmon in 
Norway—A review. Marine Policy, 35, 413-418. 

LOCKHART, K., GAHLAWAT, S. K., SOTO-MOSQUERA, D., BOWDEN, T. J. & 
ELLIS, A. E. 2004. IPNV carrier Atlantic salmon growers do not express Mx 
mRNA and poly I:C-induced Mx response does not cure the carrier state. Fish & 
Shellfish Immunology, 17, 347-352. 

LUGO-VILLARINO, G., BALLA, K. M., STACHURA, D. L., BAÑUELOS, K., 
WERNECK, M. B. F. & TRAVER, D. 2010. Identification of dendritic antigen-
presenting cells in the zebrafish. Proceedings of the National Academy of Sciences 
of the United States of America 107, 15850-15855. 

LUND, J. M., ALEXOPOULOU, L., SATO, A., KAROW, M., ADAMS, N. C., GALE, N. 
W., IWASAKI, A. & FLAVELL, R. A. 2004. Recognition of single-stranded RNA 
viruses by Toll-like receptor 7. Proceedings of the National Academy of Sciences of 
the United States of America, 101, 5598-5603. 

LØDEMEL, J. B., MAYHEW, T. M., MYKLEBUST, R., OLSEN, R. E., ESPELID, S. & 
RINGØ, E. 2001. Effect of three dietary oils on disease susceptibility in Arctic 
charr (Salvelinus alpinus L.) during cohabitant challenge with Aeromonas 
salmonicida ssp. salmonicida. Aquaculture Research, 32, 935-945. 

MAIER, T., GÜELL, M. & SERRANO, L. 2009. Correlation of mRNA and protein in 
complex biological samples. FEBS Letters, 583, 3966-3973. 

MARRACK, P., MCKEE, A. S. & MUNKS, M. W. 2009. Towards an understanding of 
the adjuvant action of aluminium. Nature Reviews Immunology, 9, 287-93. 

MARTINS, K. A. O., BAVARI, S. & SALAZAR, A. M. 2015. Vaccine adjuvant uses of 
poly-IC and derivatives. Expert Review of Vaccines, 14, 447-459. 

MATSUO, A., OSHIUMI, H., TSUJITA, T., MITANI, H., KASAI, H., YOSHIMIZU, M., 
MATSUMOTO, M. & SEYA, T. 2008. Teleost TLR22 Recognizes RNA Duplex to 
Induce IFN and Protect Cells from Birnaviruses. The Journal of Immunology, 181, 
3474-3485. 

MEDZHITOV, R. 2007. Recognition of microorganisms and activation of the immune 
response. Nature, 449, 819-826. 

MEDZHITOV, R. & JANEWAY, C., JR. 2000. Innate immune recognition: mechanisms 
and pathways. Immunological Reviews, 173, 89-97. 

MEDZHITOV, R., PRESTON-HURLBURT, P. & JANEWAY, C. A. 1997. A human 
homologue of the Drosophila Toll protein signals activation of adaptive immunity. 
Nature, 388, 394-397. 



References
 

 

61 
 

MEIJER, A. H., GABBY KRENS, S. F., MEDINA RODRIGUEZ, I. A., HE, S., BITTER, 
W., EWA SNAAR-JAGALSKA, B. & SPAINK, H. P. 2004. Expression analysis 
of the Toll-like receptor and TIR domain adaptor families of zebrafish. Molecular 
Immunology, 40, 773-83. 

MICOL, V., CATURLA, N., PÉREZ-FONS, L., MÁS, V., PÉREZ, L. & ESTEPA, A. 
2005. The olive leaf extract exhibits antiviral activity against viral haemorrhagic 
septicaemia rhabdovirus (VHSV). Antiviral Research, 66, 129-136. 

MIDTLYNG, P. & LILLEHAUG, A. 1998. Growth of Atlantic salmon Salmo salar after 
intraperitoneal administration of vaccines containing adjuvants. Diseases of 
Aquatic Organisms, 32, 91-97. 

MINOR, P. D. 2015. Live attenuated vaccines: Historical successes and current challenges. 
Virology, 479–480, 379-392. 

MONTERO, D., GRASSO, V., IZQUIERDO, M. S., GANGA, R., REAL, F., TORT, L., 
CABALLERO, M. J. & ACOSTA, F. 2008. Total substitution of fish oil by 
vegetable oils in gilthead sea bream (Sparus aurata) diets: Effects on hepatic Mx 
expression and some immune parameters. Fish & Shellfish Immunology, 24, 147-
155. 

MONTERO, D. & IZQUIERDO, M. 2010. Welfare and health of fish fed vegetable oils as 
alternative lipid sources to fish oil. In: GIOVANNI TURCHINI, WING-KEONG 
NG & DOUGLAS TOCHER (eds.) Fish oil replacement and alternative lipid 
sources in aquaculture feeds. CRC Press. 

MONTERO, D., KALINOWSKI, T., OBACH, A., ROBAINA, L., TORT, L., 
CABALLERO, M. J. & IZQUIERDO, M. S. 2003. Vegetable lipid sources for 
gilthead seabream (Sparus aurata): effects on fish health. Aquaculture, 225, 353-
370. 

MUNANG’ANDU, H. M., FREDRIKSEN, B. N., MUTOLOKI, S., DALMO, R. A. & 
EVENSEN, Ø. 2013. Antigen dose and humoral immune response correspond with 
protection for inactivated infectious pancreatic necrosis virus vaccines in Atlantic 
salmon (Salmo salar L). Veterinary Research, 44, 7-7. 

NAKANISHI, T., TODA, H., SHIBASAKI, Y. & SOMAMOTO, T. 2011. Cytotoxic T 
cells in teleost fish. Developmental & Comparative Immunology, 35, 1317-1323. 

NEUMANN, N. F., STAFFORD, J. L., BARREDA, D., AINSWORTH, A. J. & 
BELOSEVIC, M. 2001. Antimicrobial mechanisms of fish phagocytes and their 
role in host defense. Developmental & Comparative Immunology, 25, 807-825. 

NIE, L., ZHANG, Y.-S., DONG, W.-R., XIANG, L.-X. & SHAO, J.-Z. 2015. Involvement 
of zebrafish RIG-I in NF-κB and IFN signaling pathways: Insights into functional 
conservation of RIG-I in antiviral innate immunity. Developmental & Comparative 
Immunology, 48, 95-101. 

NISHIZAWA, T., TAKAMI, I., KOKAWA, Y. & YOSHIMIZU, M. 2009. Fish 
immunization using a synthetic double-stranded RNA Poly(I:C), an interferon 
inducer, offers protection against RGNNV, a fish nodavirus. Diseases of Aquatic 
Organisms 83, 115-22. 

NORM/NORM-VET2013 2013. Usage of Antimicrobial Agents and Occurrence of 
Antimicrobial Resistance in Norway. Tromsø / Oslo 2014. ISSN:1502-2307 (print) 
/ 1890-9965 (electronic). This report is available at www.vetinst.no and 
www.antibiotikaresistens.no. Tromsø / Oslo  

NORRIS, P. C. & DENNIS, E. A. 2012. Omega-3 fatty acids cause dramatic changes in 
TLR4 and purinergic eicosanoid signaling. Proceedings of the National Academy of 
Sciences of the United States of America, 109, 8517-22. 



References
 

 

62 
 

NOVOA, B., BOWMAN, T. V., ZON, L. & FIGUERAS, A. 2009. LPS response and 
tolerance in the zebrafish (Danio rerio). Fish & shellfish immunology, 26, 326-331. 

NOVOA, B. & FIGUERAS, A. 2012. Zebrafish: model for the study of inflammation and 
the innate immune response to infectious diseases. Advances in Experimental 
Medicine and Biology, 946, 253-75. 

NOVOA, B., ROMERO, A., MULERO, V., RODRIGUEZ, I., FERNANDEZ, I. & 
FIGUERAS, A. 2006. Zebrafish (Danio rerio) as a model for the study of 
vaccination against viral haemorrhagic septicemia virus (VHSV). Vaccine, 24, 
5806-16. 

O'NEILL, L. A. J. & BOWIE, A. G. 2007. The family of five: TIR-domain-containing 
adaptors in Toll-like receptor signalling. Nature Reviews Immunology, 7, 353-364. 

O'NEILL, L. A. J., GOLENBOCK, D. & BOWIE, A. G. 2013. The history of Toll-like 
receptors - redefining innate immunity. Nature Reviews Immunology, 13, 453-460. 

OH, M. J., TAKAMI, I., NISHIZAWA, T., KIM, W. S., KIM, C. S., KIM, S. R. & PARK, 
M. A. 2012. Field tests of Poly(I:C) immunization with nervous necrosis virus 
(NNV) in sevenband grouper, Epinephelus septemfasciatus (Thunberg). Journal of 
Fish Diseases, 35, 187-191. 

OKUSAWA, T., FUJITA, M., NAKAMURA, J.-I., INTO, T., YASUDA, M., 
YOSHIMURA, A., HARA, Y., HASEBE, A., GOLENBOCK, D. T., MORITA, 
M., KUROKI, Y., OGAWA, T. & SHIBATA, K.-I. 2004. Relationship between 
Structures and Biological Activities of Mycoplasmal Diacylated Lipopeptides and 
Their Recognition by Toll-Like Receptors 2 and 6. Infection and Immunity, 72, 
1657-1665. 

OLIVIERA-NASCIMENTO, L., MASSARI, P. & WETZLER, L. M. 2012. The Role of 
TLR2 in Infection and Immunity. Frontiers in Immunology, 3. 

OMAIMA HARUN, N., ZOU, J., ZHANG, Y.-A., NIE, P. & SECOMBES, C. J. 2008. 
The biological effects of rainbow trout (Oncorhynchus mykiss) recombinant 
interleukin-8. Developmental & Comparative Immunology, 32, 673-681. 

ORTEGA-VILLAIZAN, M., CHICO, V., FALCO, A., PEREZ, L., COLL, J. M. & 
ESTEPA, A. 2009. The rainbow trout TLR9 gene and its role in the immune 
responses elicited by a plasmid encoding the glycoprotein G of the viral 
haemorrhagic septicaemia rhabdovirus (VHSV). Molecular Immunology, 46, 1710-
1717. 

OZINSKY, A., UNDERHILL, D. M., FONTENOT, J. D., HAJJAR, A. M., SMITH, K. D., 
WILSON, C. B., SCHROEDER, L. & ADEREM, A. 2000. The repertoire for 
pattern recognition of pathogens by the innate immune system is defined by 
cooperation between Toll-like receptors. Proceedings of the National Academy of 
Sciences, 97, 13766-13771. 

PALTI, Y. 2011. Toll-like receptors in bony fish: from genomics to function. 
Developmental & Comparative Immunology, 35, 1263-72. 

PALTI, Y., GAHR, S. A., PURCELL, M. K., HADIDI, S., REXROAD III, C. E. & 
WIENS, G. D. 2010a. Identification, characterization and genetic mapping of 
TLR7, TLR8a1 and TLR8a2 genes in rainbow trout (Oncorhynchus mykiss). 
Developmental & Comparative Immunology, 34, 219-233. 

PALTI, Y., RODRIGUEZ, M. F., GAHR, S. A., PURCELL, M. K., REXROAD III, C. E. 
& WIENS, G. D. 2010b. Identification, characterization and genetic mapping of 
TLR1 loci in rainbow trout (Oncorhynchus mykiss). Fish & Shellfish Immunology, 
28, 918-926. 



References
 

 

63 
 

PANG, J., ZENG, X., XIAO, R.-P., LAKATTA, E. G. & LIN, L. 2009. Design, 
generation, and testing of mammalian expression modules that tag membrane 
proteins. Protein Science : A Publication of the Protein Society, 18, 1261-1271. 

PARK, B. S. & LEE, J.-O. 2013. Recognition of lipopolysaccharide pattern by TLR4 
complexes. Experimental & Molecular Medicine, 45, e66. 

PEDDIE, S., ZOU, J., CUNNINGHAM, C. & SECOMBES, C. J. 2001. Rainbow trout 
(Oncorhynchus mykiss) recombinant IL-1β and derived peptides induce migration 
of head-kidney leucocytes in vitro. Fish & Shellfish Immunology, 11, 697-709. 

PHELAN, P. E., MELLON, M. T. & KIM, C. H. 2005. Functional characterization of full-
length TLR3, IRAK-4, and TRAF6 in zebrafish (Danio rerio). Molecular 
Immunology, 42, 1057-71. 

PIETRETTI, D., SCHEER, M., FINK, I., TAVERNE, N., SAVELKOUL, H. J., SPAINK, 
H., FORLENZA, M. & WIEGERTJES, G. 2014. Identification and functional 
characterization of nonmammalian Toll-like receptor 20. Immunogenetics, 66, 123-
141. 

PIETRETTI, D. & WIEGERTJES, G. F. 2013. Ligand specificities of Toll-like receptors 
in fish: Indications from infection studies. Developmental & Comparative 
Immunology. 

PLANT, K. P. & LAPATRA, S. E. 2011. Advances in fish vaccine delivery. 
Developmental & Comparative Immunology, 35, 1256-1262. 

PLOTKIN, S. A. 2005. Vaccines: past, present and future. Nature Medicine. 
PLOUFFE, D. A., HANINGTON, P. C., WALSH, J. G., WILSON, E. C. & BELOSEVIC, 

M. 2005. Comparison of select innate immune mechanisms of fish and mammals. 
Xenotransplantation, 12, 266-277. 

POLTORAK, A., HE, X., SMIRNOVA, I., LIU, M.-Y., HUFFEL, C. V., DU, X., 
BIRDWELL, D., ALEJOS, E., SILVA, M., GALANOS, C., FREUDENBERG, M., 
RICCIARDI-CASTAGNOLI, P., LAYTON, B. & BEUTLER, B. 1998. Defective 
LPS Signaling in C3H/HeJ and C57BL/10ScCr Mice: Mutations in Tlr4 Gene. 
Science, 282, 2085-2088. 

POPPE, T. T. & BRECK, O. 1997. Pathology of Atlantic salmon Salmo salar 
intraperitoneally immunized with oil-adjuvanted vaccine. A case report. Diseases 
of Aquatic Organisms, 29, 219-226. 

POYNTER, S., LISSER, G., MONJO, A. & DEWITTE-ORR, S. 2015. Sensors of 
Infection: Viral Nucleic Acid PRRs in Fish. Biology, 4, 460-493. 

PURCELL, M. K., SMITH, K. D., HOOD, L., WINTON, J. R. & ROACH, J. C. 2006. 
Conservation of Toll-Like Receptor Signaling Pathways in Teleost Fish. 
Comparative Biochemistry and Physiology Part D: Genomics and Proteomics, 1, 
77-88. 

RAJANBABU, V. & CHEN, J.-Y. 2011. Applications of antimicrobial peptides from fish 
and perspectives for the future. Peptides, 32, 415-420. 

RAJESH KUMAR, S., ISHAQ AHMED, V. P., PARAMESWARAN, V., 
SUDHAKARAN, R., SARATH BABU, V. & SAHUL HAMEED, A. S. 2008. 
Potential use of chitosan nanoparticles for oral delivery of DNA vaccine in Asian 
sea bass (Lates calcarifer) to protect from Vibrio (Listonella) anguillarum. Fish & 
Shellfish Immunology, 25, 47-56. 

RAPPUOLI, R. 2007. Bridging the knowledge gaps in vaccine design. Nature 
Biotechnology, 25, 1361-1366. 

RAPPUOLI, R., DOUGAN, G. & DELANY, I. 2009. Developing vaccines in the era of 
reverse vaccinology. New generation vaccines. 



References
 

 

64 
 

RAUTA, P. R., NAYAK, B. & DAS, S. 2012. Immune system and immune responses in 
fish and their role in comparative immunity study: A model for higher organisms. 
Immunology Letters, 148, 23-33. 

RAUTA, P. R., SAMANTA, M., DASH, H. R., NAYAK, B. & DAS, S. 2014. Toll-like 
receptors (TLRs) in aquatic animals: Signaling pathways, expressions and immune 
responses. Immunology Letters, 158, 14-24. 

REBL, A., GOLDAMMER, T., FISCHER, U., KÖLLNER, B. & SEYFERT, H.-M. 2009. 
Characterization of two key molecules of teleost innate immunity from rainbow 
trout (Oncorhynchus mykiss): MyD88 and SAA. Veterinary Immunology and 
Immunopathology, 131, 122-126. 

REBL, A., GOLDAMMER, T. & SEYFERT, H. M. 2010. Toll-like receptor signaling in 
bony fish. Veterinary Immunology and Immunopathology, 134, 139-50. 

REBL, A., SIEGL, E., KOLLNER, B., FISCHER, U. & SEYFERT, H. M. 2007. 
Characterization of twin toll-like receptors from rainbow trout (Oncorhynchus 
mykiss): evolutionary relationship and induced expression by Aeromonas 
salmonicida salmonicida. Developmental & Comparative Immunology, 31, 499-
510. 

REED, S. G., ORR, M. T. & FOX, C. B. 2013. Key roles of adjuvants in modern vaccines. 
Nature Medicine, 19, 1597-1608. 

REYES-CERPA, S., MAISEY, K., REYES-LÓPEZ, F., TORO-ASCUY, D., SANDINO, 
A. M. & IMARAI, M. 2012. Fish Cytokines and Immune Response. 

REYES-CERPA, S., REYES-LÓPEZ, F., TORO-ASCUY, D., MONTERO, R., MAISEY, 
K., ACUÑA-CASTILLO, C., SUNYER, J. O., PARRA, D., SANDINO, A. M. & 
IMARAI, M. 2014. Induction of anti-inflammatory cytokine expression by IPNV in 
persistent infection. Fish & Shellfish Immunology, 41, 172-182. 

RIBEIRO, C. M. S., HERMSEN, T., TAVERNE-THIELE, A. J., SAVELKOUL, H. F. J. 
& WIEGERTJES, G. F. 2010. Evolution of Recognition of Ligands from Gram-
Positive Bacteria: Similarities and Differences in the TLR2-Mediated Response 
between Mammalian Vertebrates and Teleost Fish. The Journal of Immunology, 
184, 2355-2368. 

RIEDEL, S. 2005. Edward Jenner and the history of smallpox and vaccination. 
Proceedings (Baylor University. Medical Center), 18, 21-25. 

RIMSTAD, E. 2011. Examples of emerging virus diseases in salmonid aquaculture. 
Aquaculture Research, 42, 86-89. 

RIMSTAD, E. 2014. Vaccination against Infectious Pancreatic Necrosis. Fish Vaccination, 
303-312. 

RIVAS-ARAVENA, A., FUENTES, Y., CARTAGENA, J., BRITO, T., POGGIO, V., LA 
TORRE, J., MENDOZA, H., GONZALEZ-NILO, F., SANDINO, A. M. & 
SPENCER, E. 2015. Development of a nanoparticle-based oral vaccine for Atlantic 
salmon against ISAV using an alphavirus replicon as adjuvant. Fish & Shellfish 
Immunology, 45, 157-166. 

ROACH, J. C., GLUSMAN, G., ROWEN, L., KAUR, A., PURCELL, M. K., SMITH, K. 
D., HOOD, L. E. & ADEREM, A. 2005. The evolution of vertebrate Toll-like 
receptors. Proceedings of the National Academy of Sciences of the United States of 
America, 102, 9577-9582. 

ROBERTSEN, B. 2011. Can we get the upper hand on viral diseases in aquaculture of 
Atlantic salmon? Aquaculture Research, 42, 125-131. 

ROBERTSEN, B., TROBRIDGE, G. & LEONGT, J.-A. 1997. Molecular cloning of 
double-stranded RNA inducible MX genes from atlantic salmon (Salmo salar l.). 
Developmental & Comparative Immunology, 21, 397-412. 



References
 

 

65 
 

RODRIGUEZ, M., WIENS, G., PURCELL, M. & PALTI, Y. 2005. Characterization of 
Toll-like receptor 3 gene in rainbow trout (Oncorhynchus mykiss). 
Immunogenetics, 57, 510-519. 

ROLDÃO, A., MELLADO, M. C. M., CASTILHO, L. R., CARRONDO, M. J. T. & 
ALVES, P. M. 2010. Virus-like particles in vaccine development. Expert Review of 
Vaccines, 9, 1149-1176. 

RUYRA, A., CANO-SARABIA, M., GARCÍA-VALTANEN, P., YERO, D., GIBERT, I., 
MACKENZIE, S. A., ESTEPA, A., MASPOCH, D. & ROHER, N. 2014. 
Targeting and stimulation of the zebrafish (Danio rerio) innate immune system with 
LPS/dsRNA-loaded nanoliposomes. Vaccine, 32, 3955-3962. 

RØKENES, T. P., LARSEN, R. & ROBERTSEN, B. 2007. Atlantic salmon ISG15: 
Expression and conjugation to cellular proteins in response to interferon, double-
stranded RNA and virus infections. Molecular Immunology, 44, 950-959. 

SADIKOT, R. T. 2012. The Role of Cholesterol and Lipid Rafts in Regulation of TLR 
Receptors. Cholesterol Regulation of Ion Channels and Receptors. John Wiley & 
Sons, Inc. 

SAHOO, B., DIKHIT, M., BHOI, G., MAHARANA, J., LENKA, S., DUBEY, P. & 
TIWARI, D. 2014. Understanding the distinguishable structural and functional 
features in zebrafish TLR3 and TLR22, and their binding modes with fish dsRNA 
viruses: an exploratory structural model analysis. Amino Acids, 1-20. 

SALAZAR, C., HAUSSMANN, D., KAUSEL, G. & FIGUEROA, J. 2015. Molecular 
cloning of Salmo salar Toll-like receptors (TLR1, TLR22, TLR5M and TLR5S) 
and expression analysis in SHK-1 cells during Piscirickettsia salmonis infection. 
Journal of Fish Diseases. 

SALGADO-MIRANDA, C., LOZA-RUBIO, E., ROJAS-ANAYA, E. & GARCÍA-
ESPINOSA, G. 2013. Viral vaccines for bony fish: past, present and future. Expert 
Review of Vaccines, 12, 567-578. 

SALINAS, I. 2015. The Mucosal Immune System of Teleost Fish. Biology, 4, 525-539. 
SANDERS, B., KOLDIJK, M. & SCHUITEMAKER, H. 2015. Inactivated Viral Vaccines. 

In: NUNNALLY, B. K., TURULA, V. E. & SITRIN, R. D. (eds.) Vaccine 
Analysis: Strategies, Principles, and Control. Springer Berlin Heidelberg. 

SANGRADOR-VEGAS, A., MARTIN, S. A. M., O’DEA, P. G. & SMITH, T. J. 2000. 
Cloning and characterization of the Rainbow trout (Oncorhynchus mykiss) type II 
interleukin-1 receptor cDNA. European Journal of Biochemistry, 267, 7031-7037. 

SAVAN, R. & SAKAI, M. 2006. Genomics of fish cytokines. Comparative Biochemistry 
and Physiology Part D: Genomics and Proteomics, 1, 89-101. 

SCHOGGINS, J. W. & RICE, C. M. 2011. Interferon-stimulated genes and their antiviral 
effector functions. Current opinion in virology, 1, 519-525. 

SECOMBES, C. 1996. The nonspecific immune system: cellular defenses. The fish 
immune system: organism, pathogen and environment, 63-103. 

SECOMBES, C. J. & FLETCHER, T. C. 1992. The role of phagocytes in the protective 
mechanisms of fish. Annual Review of Fish Diseases, 2, 53-71. 

SECOMBES, C. J., WANG, T. & BIRD, S. 2011. The interleukins of fish. Developmental 
& Comparative Immunology, 35, 1336-1345. 

SEIERSTAD, S. L., HAUGLAND, Ø., LARSEN, S., WAAGBØ, R. & EVENSEN, Ø. 
2009. Pro-inflammatory cytokine expression and respiratory burst activity 
following replacement of fish oil with rapeseed oil in the feed for Atlantic salmon 
(Salmo salar L.). Aquaculture, 289, 212-218. 

SEPULCRE, M. P., ALCARAZ-PEREZ, F., LOPEZ-MUNOZ, A., ROCA, F. J., 
MESEGUER, J., CAYUELA, M. L. & MULERO, V. 2009. Evolution of 



References
 

 

66 
 

lipopolysaccharide (LPS) recognition and signaling: fish TLR4 does not recognize 
LPS and negatively regulates NF-kappaB activation. The Journal of Immunology, 
182, 1836-45. 

SHELDON, W. M. & BLAZER, V. S. 1991. Influence of Dietary Lipid and Temperature 
on Bactericidal Activity of Channel Catfish Macrophages. Journal of Aquatic 
Animal Health, 3, 87-93. 

SHI, Z., CAI, Z., SANCHEZ, A., ZHANG, T., WEN, S., WANG, J., YANG, J., FU, S. & 
ZHANG, D. 2011. A Novel Toll-like Receptor That Recognizes Vesicular 
Stomatitis Virus. The Journal of Biological Chemistry, 286, 4517-4524. 

SHOEMAKER, C., XU, D.-H., LAFRENTZ, B. & LAPATRA, S. 2015. Overview of Fish 
Immune System and Infectious Diseases. Dietary Nutrients, Additives and Fish 
Health, 1. 

SINGH, M., CHAKRAPANI, A. & O’HAGAN, D. 2007. Nanoparticles and microparticles 
as vaccine-delivery systems. Expert Review of Vaccines, 6, 797-808. 

SKALL, H. F., OLESEN, N. J. & MELLERGAARD, S. 2005. Viral haemorrhagic 
septicaemia virus in marine fish and its implications for fish farming – a review. 
Journal of Fish Diseases, 28, 509-529. 

SKJESOL, A., SKJÆVELAND, I., ELNÆS, M., TIMMERHAUS, G., FREDRIKSEN, B. 
N., JØRGENSEN, S. M., KRASNOV, A. & JØRGENSEN, J. B. 2011. IPNV with 
high and low virulence: host immune responses and viral mutations during 
infection. Virology Journal, 8, 396. 

SKJÆVELAND, I., ILIEV, D. B., STRANDSKOG, G. & JØRGENSEN, J. B. 2009. 
Identification and characterization of TLR8 and MyD88 homologs in Atlantic 
salmon (Salmo salar). Developmental & Comparative Immunology, 33, 1011-1017. 

SKJÆVELAND, I., ILIEV, D. B., ZOU, J., JØRGENSEN, T. & JØRGENSEN, J. B. 2008. 
A TLR9 homolog that is up-regulated by IFN-γ in Atlantic salmon (Salmo salar). 
Developmental & Comparative Immunology, 32, 603-607. 

SMITH, A., PERELMAN, M. & HINCHCLIFFE, M. 2014. Chitosan: A promising safe 
and immune-enhancing adjuvant for intranasal vaccines. Human Vaccines & 
Immunotherapeutics, 10, 797-807. 

SOLEM, S. T. & STENVIK, J. 2006. Antibody repertoire development in teleosts—a 
review with emphasis on salmonids and Gadus morhua L. Developmental & 
Comparative Immunology, 30, 57-76. 

SOMMERSET, I., KROSSØY, B., BIERING, E. & FROST, P. 2005. Vaccines for fish in 
aquaculture. Expert Review of Vaccines, 4, 89-101. 

STAFFORD, J. L., ELLESTAD, K. K., MAGOR, K. E., BELOSEVIC, M. & MAGOR, B. 
G. 2003. A toll-like receptor (TLR) gene that is up-regulated in activated goldfish 
macrophages. Developmental & Comparative Immunology, 27, 685-698. 

STEINE, N. O., MELINGEN, G. O. & WERGELAND, H. I. 2001. Antibodies against 
Vibrio salmonicida lipopolysaccharide (LPS) and whole bacteria in sera from 
Atlantic salmon (Salmo salar L.) vaccinated during the smolting and early post-
smolt period. Fish & Shellfish Immunology, 11, 39-52. 

STEINHAGEN, F., KINJO, T., BODE, C. & KLINMAN, D. M. 2011. TLR-Based 
Immune Adjuvants. Vaccine, 29, 3341-3355. 

STOCKHAMMER, O. W., ZAKRZEWSKA, A., HEGEDÛS, Z., SPAINK, H. P. & 
MEIJER, A. H. 2009. Transcriptome Profiling and Functional Analyses of the 
Zebrafish Embryonic Innate Immune Response to Salmonella Infection. The 
Journal of Immunology, 182, 5641-5653. 



References
 

 

67 
 

STRANDSKOG, G., SKJÆVELAND, I., ELLINGSEN, T. & JØRGENSEN, J. B. 2008. 
Double-stranded RNA- and CpG DNA-induced immune responses in Atlantic 
salmon: comparison and synergies. Vaccine, 26, 4704-15. 

STRANDSKOG, G., VILLOING, S., ILIEV, D. B., THIM, H. L., CHRISTIE, K. E. & 
JØRGENSEN, J. B. 2011. Formulations combining CpG containing 
oliogonucleotides and poly I:C enhance the magnitude of immune responses and 
protection against pancreas disease in Atlantic salmon. Developmental & 
Comparative Immunology, 35, 1116-1127. 

SUBRAMANIAM, S., STANSBERG, C., OLSEN, L., ZOU, J., SECOMBES, C. J. & 
CUNNINGHAM, C. 2002. Cloning of a Salmo salar interleukin-1 receptor-like 
cDNA. Developmental & Comparative Immunology, 26, 415-431. 

SULLIVAN, C., CHARETTE, J., CATCHEN, J., LAGE, C. R., GIASSON, G., 
POSTLETHWAIT, J. H., MILLARD, P. J. & KIM, C. H. 2009. The gene history 
of zebrafish tlr4a and tlr4b is predictive of their divergent functions. The Journal of 
Immunology, 183, 5896-908. 

SUN, B., GREINER-TOLLERSRUD, L., KOOP, B. F. & ROBERTSEN, B. 2014. 
Atlantic salmon possesses two clusters of type I interferon receptor genes on 
different chromosomes, which allows for a larger repertoire of interferon receptors 
than in zebrafish and mammals. Developmental & Comparative Immunology, 47, 
275-286. 

SUN, B., ROBERTSEN, B., WANG, Z. & LIU, B. 2009. Identification of an Atlantic 
salmon IFN multigene cluster encoding three IFN subtypes with very different 
expression properties. Developmental & Comparative Immunology, 33, 547-558. 

SUNDARAM, A. M., CONSUEGRA, S., KIRON, V. & FERNANDES, J. O. 2012. 
Positive selection pressure within teleost toll-like receptors tlr21 and tlr22 
subfamilies and their response to temperature stress and microbial components in 
zebrafish. Molecular Biology Reports, 39, 8965-8975. 

SUNYER, J. O. 2012. Evolutionary and Functional Relationships of B Cells from Fish and 
Mammals: Insights into their Novel Roles in Phagocytosis and Presentation of 
Particulate Antigen. Infectious disorders drug targets, 12, 200-212. 

SVINGERUD, T., SOLSTAD, T., SUN, B., NYRUD, M. L. J., KILENG, Ø., GREINER-
TOLLERSRUD, L. & ROBERTSEN, B. 2012. Atlantic Salmon Type I IFN 
Subtypes Show Differences in Antiviral Activity and Cell-Dependent Expression: 
Evidence for High IFNb/IFNc–Producing Cells in Fish Lymphoid Tissues. The 
Journal of Immunology, 189, 5912-5923. 

SWAIN, P., NAYAK, S. K., NANDA, P. K. & DASH, S. 2008. Biological effects of 
bacterial lipopolysaccharide (endotoxin) in fish: A review. Fish & Shellfish 
Immunology, 25, 191-201. 

TAFALLA, C., BØGWALD, J. & DALMO, R. A. 2013. Adjuvants and immunostimulants 
in fish vaccines: Current knowledge and future perspectives. Fish & Shellfish 
Immunology, 35, 1740-1750. 

TAKAMI, I., KWON, S. R., NISHIZAWA, T. & YOSHIMIZU, M. 2010. Protection of 
Japanese flounder Paralichthys olivaceus from viral hemorrhagic septicemia (VHS) 
by Poly(I:C) immunization. Diseases of Aquatic Organisms, 89, 109-115. 

THIM, H. L., ILIEV, D. B., CHRISTIE, K. E., VILLOING, S., MCLOUGHLIN, M. F., 
STRANDSKOG, G. & JØRGENSEN, J. B. 2012. Immunoprotective activity of a 
Salmonid Alphavirus Vaccine: comparison of the immune responses induced by 
inactivated whole virus antigen formulations based on CpG class B 
oligonucleotides and poly I:C alone or combined with an oil adjuvant. Vaccine, 30, 
4828-34. 



References
 

 

68 
 

THIM, H. L., VILLOING, S., MCLOUGHLIN, M., CHRISTIE, K. E., GROVE, S., 
FROST, P. & JØRGENSEN, J. B. 2014. Vaccine Adjuvants in fish vaccines make 
a difference: comparing three adjuvants (Montanide ISA763A Oil, CpG/Poly I: C 
Combo and VHSV Glycoprotein) alone or in combination formulated with an 
inactivated whole salmonid alphavirus antigen. Vaccines, 2, 228-251. 

THOMPSON, A. J. V. & LOCARNINI, S. A. 2007. Toll-like receptors, RIG-I-like RNA 
helicases and the antiviral innate immune response. Immunology & Cell Biology, 
85, 435-445. 

THOMPSON, K. D., TATNER, M. F. & HENDERSON, R. J. 1996. Effects of dietary (n-
3) and (n-6) polyunsaturated fatty acid ratio on the immune response of Atlantic 
salmon, Salmo salar L. Aquaculture Nutrition, 2, 21-31. 

TIAN, J., YU, J. & SUN, X. 2008. Chitosan microspheres as candidate plasmid vaccine 
carrier for oral immunisation of Japanese flounder (Paralichthys olivaceus). 
Veterinary immunology and immunopathology, 126, 220-229. 

TOMAI, M. & VASILAKOS, J. 2012. TLR Agonists as Vaccine Adjuvants. In: 
BASCHIERI, S. (ed.) Innovation in Vaccinology. Springer Netherlands. 

TOUSSI, D. N. & MASSARI, P. 2014. Immune Adjuvant Effect of Molecularly-defined 
Toll-Like Receptor Ligands. Vaccines, 2, 323-353. 

TSUJITA, T., TSUKADA, H., NAKAO, M., OSHIUMI, H., MATSUMOTO, M. & 
SEYA, T. 2004. Sensing bacterial flagellin by membrane and soluble orthologs of 
Toll-like receptor 5 in rainbow trout (Onchorhynchus mikiss). The Journal of 
Biological Chemistry, 279, 48588-97. 

UMA, A., REBECCA, G. & SARAVANABAVA, K. 2012. EXPRESSION OF TOLL-
LIKE RECEPTOR9 (TLR9) IN ZEBRA FISH (DANIO RERIO) 
EXPERIMENTALLY EXPOSED TO AEROMONAS HYDROPHILA. 
International journal on pharma and biosciences, 3, 520-526. 

URIBE, C., FOLCH, H., ENRIQUEZ, R. & MORAN, G. 2011. Innate and adaptive 
immunity in teleost fish: a review. Veterinarni Medicina, 56, 486-503. 

VAN DER LUBBEN, I. M., VERHOEF, J. C., BORCHARD, G. & JUNGINGER, H. E. 
2001. Chitosan for mucosal vaccination. Advanced Drug Delivery Reviews, 52, 
139-144. 

VAN DER SAR, A. M., SPAINK, H. P., ZAKRZEWSKA, A., BITTER, W. & MEIJER, 
A. H. 2009. Specificity of the zebrafish host transcriptome response to acute and 
chronic mycobacterial infection and the role of innate and adaptive immune 
components. Molecular Immunology, 46, 2317-2332. 

VAN DER SAR, A. M., STOCKHAMMER, O. W., VAN DER LAAN, C., SPAINK, H. 
P., BITTER, W. & MEIJER, A. H. 2006. MyD88 Innate Immune Function in a 
Zebrafish Embryo Infection Model. Infection and Immunity, 74, 2436-2441. 

VARELA, M., DIAZ-ROSALES, P., PEREIRO, P., FORN-CUNÍ, G., COSTA, M. M., 
DIOS, S., ROMERO, A., FIGUERAS, A. & NOVOA, B. 2014. Interferon-Induced 
Genes of the Expanded IFIT Family Show Conserved Antiviral Activities in Non-
Mammalian Species. PLoS ONE, 9, e100015. 

VARELA, M., DIOS, S., NOVOA, B. & FIGUERAS, A. 2012. Characterisation, 
expression and ontogeny of interleukin-6 and its receptors in zebrafish (Danio 
rerio). Developmental and Comparative Immunology, 37, 97-106. 

VETERINÆRINSTITUTTET 2015. Fiskehelserapporten 2014 (In Norwegian). Harstad. 
VIDAL, R., GONZÁLEZ, R. & GIL, F. 2015. Characterization and expression analysis of 

Toll-like receptor 3 cDNA from Atlantic salmon (Salmo salar). Genetics and 
molecular research: GMR, 14, 6073-6083. 



References
 

 

69 
 

WAAGBØ, R. 1994. The impact of nutritional factors on the immune system in Atlantic 
salmon, Salmo salar L.: a review. Aquaculture Research, 25, 175-197. 

WERLING, D., JANN, O. C., OFFORD, V., GLASS, E. J. & COFFEY, T. J. 2009. 
Variation matters: TLR structure and species-specific pathogen recognition. Trends 
in Immunology, 30, 124-130. 

WHYTE, S. K. 2007. The innate immune response of finfish – A review of current 
knowledge. Fish & Shellfish Immunology, 23, 1127-1151. 

YANG, D., LIU, Q., NI, C., LI, S., WU, H., WANG, Q., XIAO, J. & ZHANG, Y. 2013. 
Gene expression profiling in live attenuated Edwardsiella tarda vaccine immunized 
and challenged zebrafish: Insights into the basic mechanisms of protection seen in 
immunized fish. Developmental & Comparative Immunology, 40, 132-141. 

YANG, S., MARÍN-JUEZ, R., MEIJER, A. & SPAINK, H. 2015. Common and specific 
downstream signaling targets controlled by Tlr2 and Tlr5 innate immune signaling 
in zebrafish. BMC Genomics, 16, 1-10. 

YEH, D.-W., LIU, Y.-L., LO, Y.-C., YUH, C.-H., YU, G.-Y., LO, J.-F., LUO, Y., 
XIANG, R. & CHUANG, T.-H. 2013. Toll-like receptor 9 and 21 have different 
ligand recognition profiles and cooperatively mediate activity of CpG-
oligodeoxynucleotides in zebrafish. Proceedings of the National Academy of 
Sciences of the United States of America, 110, 20711-20716. 

YTRESTØYL, T., AAS, T. S. & ÅSGÅRD, T. 2015. Utilisation of feed resources in 
production of Atlantic salmon (Salmo salar) in Norway. Aquaculture, 448, 365-
374. 

ZHANG, J., KONG, X., ZHOU, C., LI, L., NIE, G. & LI, X. 2014. Toll-like receptor 
recognition of bacteria in fish: Ligand specificity and signal pathways. Fish & 
Shellfish Immunology, 41, 380-388. 

ZHANG, Y.-A., SALINAS, I., LI, J., PARRA, D., BJORK, S., XU, Z., LAPATRA, S. E., 
BARTHOLOMEW, J. & SUNYER, J. O. 2010. IgT, a primitive immunoglobulin 
class specialized in mucosal immunity. Nature immunology, 11, 827-835. 

ZHANG, Y.-B. & GUI, J.-F. 2012. Molecular regulation of interferon antiviral response in 
fish. Developmental & Comparative Immunology, 38, 193-202. 

ZHOU, Z.-X., ZHANG, B.-C. & SUN, L. 2014. Poly(I:C) Induces Antiviral Immune 
Responses in Japanese Flounder (Paralichthys olivaceus) That Require TLR3 and 
MDA5 and Is Negatively Regulated by Myd88. PLoS ONE, 9, e112918. 

ZHU, L.-Y., NIE, L., ZHU, G., XIANG, L.-X. & SHAO, J.-Z. 2013. Advances in research 
of fish immune-relevant genes: A comparative overview of innate and adaptive 
immunity in teleosts. Developmental & Comparative Immunology, 39, 39-62. 

ZOU, J., PEDDIE, S., SCAPIGLIATI, G., ZHANG, Y., BOLS, N. C., ELLIS, A. E. & 
SECOMBES, C. J. 2003. Functional characterisation of the recombinant tumor 
necrosis factors in rainbow trout, Oncorhynchus mykiss. Developmental & 
Comparative Immunology, 27, 813-822. 

ZOU, J. & SECOMBES, C. J. 2011. Teleost fish interferons and their role in immunity. 
Developmental & Comparative Immunology, 35, 1376-1387. 

  



Scientific paper I-V
 

 

70 
 

Scientific paper I-V 
 

Paper I: Effects of TLR agonists and viral infection on cytokine and TLR expression in 

Atlantic salmon (Salmo salar).  

Arnemo M, Kavaliauskis A, Gjøen T. Developmental and Comparative Immunology 

(2014). 46, 139-145.  

 

Paper II: Structurally diverse genes encode Tlr2 in rainbow trout: The conserved receptor 

cannot be stimulated by classical ligands to activate NF-kappaB in vitro.  

Brietzke A, Arnemo M, Gjøen T, Rebl H, Korytář T, Goldammer T, Rebl A, Seyfert HM.  

Developmental and Comparative Immunology (2016). 54, 75-88.  

 

Paper III: Use of poly I:C stabilised with chitosan as a vaccine-adjuvant against Viral 

Haemorrhagic Septicaemia Virus infection in zebrafish.  

Kavaliauskis A, Arnemo M, Kim SH, Ulanova L, Speth M, Novoa B, Dios S, Evensen Ø, 

Griffiths GW, Gjøen T. Zebrafish (2015). 12, 421-431. 

 

Paper IV: Chitosan-poly I:C nanoparticles: a novel adjuvant in aquaculture vaccines. A 

study of particle bio- distribution and immune response in zebrafish (Danio rerio).  

Kavaliauskis A, Arnemo M, Speth MT, Lagos Rojas LX, Rishovd AL, Estepa A, Griffiths 

G, Gjøen T. Manuscript submitted for publication. 

 

Paper V: Effects of dietary n-3 fatty acids on Toll-like receptor activation in primary 

leucocytes from Atlantic salmon (Salmo salar).  

Arnemo M, Kavaliauskis A, Mira MB, Berge GM, Ruyter B, Gjøen T. Manuscript 

submitted for publication. 


