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Summary

The objectives of this study were to investigate the defense mechanisms of
Atlantic cod (Gadus morhua L.) with special emphasis on intestinal mucosal
immunology.

Atlantic cod is becoming an important fish species for aquaculture in the
North Atlantic region, but it is not exempt from production problems including
juvenile losses and diseases. There is still limited information available on the defense
mechanisms of cod, especially on mucosal immunity. The mucosal immune system
provides the first line of defense against invading pathogens. In the case of fish,
environmental antigens or pathogens are encountered directly at skin or gill surfaces
or indirectly through normal physiological ingestion. As in higher vertebrates, fish
possess gut-associated lymphoid tissues (GALT) though to a lower extent than
mammals. The GALT contain many immune competent cells and have a strong
uptake capacity in the so-called second gut segment in a variety of fish species.
Interestingly, no clear morphological difference in the cod intestine, excluding the
rectum and no active antigen uptake was detected. On the other hand, the rectum of
cod has high numbers of IgM+ cells and myeloperoxidase containing granulocytes
and also showed receptor-mediated uptake of horseradish peroxidise or LTB-GFP. As
a consequence, rectum seems to be better equipped against pathogen invasion
compared to the intestine.

Vibriosis caused by Vibrio anguillarum has been the major bacterial disease in
cod, whereas francisellosis caused by facultative intracellular F. noatunensis is an
ever increasing problem. Investigation of immune responses and the components
involved during bacterial infection would help to shed light on how systemic and
local immunity are mounted in cod. Real-time quantitative PCR was used to measure
mRNA gene expressions of cytokines (/FN-y, IL-1§, IL-8 and IL-10), and
antimicrobials (BPI/LBP and hepcidin). During the early phase of V. anguillarum
infection fast and elevated expression of /L-1p, IL-8 and hepcidin were observed in
spleen, whereas rather late up-regulations were observed in foregut and hindgut.
Differential immune gene expressions were observed in both foregut and hindgut.
After intraperitoneal injection of live F. noatunensis bacteria a significant up-
regulation of /FN-y and IL-1f expression was observed from 15 to 60 days post
infection in spleen and head kidney. Up-regulation of /L-1f and /FN-y was observed



in spleen whereas intestine and rectum showed a down-regulation in cohabitant fish
after 60 days. We have observed that higher antibody responses were mounted in cod
compared to injection of inactivated bacteria after F. noatunensis challenge. In
addition, the immunopathology of francisellosis was investigated by classic histology,
immunohistochemistry, enzyme staining and in sifu hybridization. The granuloma-
like inflammatory foci were observed mostly in the spleen, head kidney and heart.
The dominant cell types located in the foci were macrophage-like cells, pleomorphic
proliferating cells and granulocyte-like cells. The presence of bacteria was seen in
macrophage-like cells of the inflammatory foci. With a new antiserum against cod g-
type lysozyme, native folded g-type lysozyme could be detected in lymphoid tissues,
such as spleen. During the development of inflammatory foci the g-type lysozyme
was co-located within the peroxidase positive cells but the identification of these cells

needs further attention.
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1 Introduction

Atlantic cod (Gadus morhua L.) belong to family Gadidae, distributed along the
continental shelf across most of the North Atlantic Ocean and Norway has long
traditions in fishing, eating and marketing of cod. After Atlantic salmon (Salmo salar
L.) farming, cod farming is considered as a second wave in aquaculture in Norway
(Pillay and Kutty, 2005). Farming of Atlantic cod has been commercialized since the
early 1980's but has been confronted with several difficulties. These include unsteady
market, low prices due to the availability of cheaper wild-caught fish, early sexual
maturation and bacterial diseases like vibriosis and more recently francisellosis. For
further improvement of the health status of cultured cod a proper knowledge of the
cod immune system is required, in particular of the mucosal immune system that
provides a first line of defence against invading pathogens and that is also relevant to

vaccine development via mucosal route.

1.1 Immune system — Comparison between mammals and fish

All vertebrates have the innate and adaptive immune system to protect
themselves against a variety of pathogens (Janeway and Medzhitov, 2002). Innate
immunity is a non-specific and fast-reacting defense mechanism which includes
physical, cellular and chemical barriers. Microbes are also recognized by the adaptive
immune system, a highly specific and diverse system characterized by memory
formation. In mammals, the adaptive immune response is highly sophisticated and
very well studied.

About 450 million year ago, teleost fish diverged from the tetrapod lineage and
it has been hypothesized that evolution of the specific immune response occurred
suddenly as a result of gene duplication (Schluter et al., 1999). Although the immune
system of teleost is certainly different from that of mammals, there are also common
features. Many genes encoding molecules associated with defense mechanisms of fish
have counter parts in mammals, suggesting that they represent the evolutionary
precursors of key mediators of innate and adaptive immunity (Plouffe et al., 2005).

Antimicrobial peptides play an important role in the first line of defense against
invading pathogens (Boman, 2003; Hancock and Diamond, 2000; Zasloff, 2002).

They are located in the epithelial cells and mucosal surfaces of the host and contribute



to the inflammatory responses in addition to their direct antibacterial effects.
Compared to mammals fish have a relatively smaller diversity of antimicrobial
peptides but other innate defense molecules are also found at mucosal surfaces, such
as natural antibodies, apolipoproteins, lysozyme, fish specific TLRs (i.e. TLR 22;
(Rebl et al., 2010) etc. For instance lysozymes are widely characterized in vertebrates
as well as invertebrates (Jolles and Jolles, 1984). In vertebrates including fish, two
kinds of lysozyme (chicken-type and goose-type) are reported (Saurabh and Sahoo,
2008).

Cytokines are the key regulators of both innate and adaptive immunity and can
be produced by macrophages, T cells and by many other cells (Murphy et al., 2008).
Recently, fish genome information is more widely available due to the improvement
of sequencing facilities. Whole genome sequencing of fugu (7akifugu rubripes) and
zebrafish (Danio rerio), and numerous fish EST databases have led to the detailed
studies and identification of fish cytokines. Recently, the cod genome has been fully
sequenced and this will in the near future hopefully lead to increased knowledge
about the cod immune system (Jakobsen and Lie, 2009).

In general, fish have a similar repertoire of cytokines as mammals, but the
function of each fish cytokine is not so well established as for mammalian cytokines
(Secombes et al., 1996). Interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) are the best characterized cytokines in fish (Scapigliati et al., 2000;
Secombes et al., 1996) but also other interleukins, chemokines and interferons are
reported in fish (Robertsen, 2006; Seppola, 2008). Several immune genes have been
characterized and analysed from cod in the recent years, including cytokines,
chemokines and interferon stimulated genes (Borza et al., 2010; Feng et al., 2009a;
Furnes et al., 2009; Seppola et al., 2008; Seppola et al., 2007).

Phagocytes such as macrophages, neutrophils and monocytes play an essential
role in the activation of both the innate and adaptive immune system. In mammals,
macrophages arise from a common precursor in the bone marrow, circulating in the
blood stream as monocytes and migrating into the organs transformed into various
types of tissue macrophages. Already decades ago macrophages in fish have been
described and reviewed (Ellis, 1977; Secombes and Fletcher, 1992) . They are shown
to have a long life compared to neutrophils and play a crucial role in innate immune

responses. In many cases macrophages appear to be the most common cell type with
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inflammations frequently described as granulomas in fish such as Atlantic cod and
Atlantic halibut (Hippoglossus hippoglossus) (Gudmundsdoéttir et al., 2006; Roberts,
2001). In addition, these phagocytic cells secrete a diverse array of cytokines to
initiate innate and adaptive responses (Djaldetti et al., 2002; Kapetanovic and
Cavaillon, 2007). Recently, B cells are suggested to have phagocytic activity in
rainbow trout (Oncorhynchus mykiss Walbaum), Atlantic salmon and Atlantic cod (Li
et al., 2006; Overland et al., 2010).

Two essential features of the adaptive immune system are immunoglobulins and
the major histocompatibility complex (MHC) (Schluter et al., 1999). In humans,
MHC class I and II genes are linked and located on the same chromosome, but in
teleost they are found on separate chromosomes (Flajnik et al., 1999). Interestingly,
the MHC class II molecule is speculated to be absent in Atlantic cod (Pilstrom et al.,
2005) whereas the MHC class I genes were expressed in unusually high amounts in
cod (Persson et al., 1999). Also, the recent sequencing of the cod genome has revealed
that cod seem to have a very unique immune system that is clearly distinct from other
sequenced species (Jakobsen and Lie, 2009). Mammals have five types of
immunoglobulin (IgA, IgD, IgE, IgG and IgM), whereas in fish only IgM and IgD
have been described (Flajnik, 2002). Teleost IgM is found mainly in tetramic form,
but some fish species have it as a monomer, dimmer or even half-meric form (Bang et
al., 1996; Lobb and Clem, 1981; Szalai et al., 1994), and in sheephead
(Semicossyphus pulcher) a dimeric mucosal IgM with secretory component has been
reported (Lobb and Clem, 1981), whereas in mammals IgM forms pentamers joined
by a J chain. In teleosts J chains are not described yet, but recently a new isotype of
immunoglobulin was reported in cyprinids, rainbow trout and fugu, and named IgZ in
zebrafish (Danilova et al., 2005; Flajnik, 2005 ) and carp (Cyprinus carpio) (Savan et
al., 2005a), IgT in trout (Hansen et al., 2005) and IgH in fugu (Savan et al., 2005b).
Trout IgT claims to be specialized in mucosal immunity and IgT responses to a gut
parasite are restricted to the intestine (Zhang et al., 2010). On the other hand, not
every teleost species, like channel catfish (Ictalurus punctatus) (Bengtén et al., 2006),
seem to have the sequence of IgZ or IgT.

One of the largest differences between the mammalian and piscine adaptive
immune system is memory formation. Compared to mammals the memory response is
modest in fish. The presence of enhanced secondary responses in mammals is closely

related to the logarithmic increase in IgG during the class switch from IgM to IgG. On
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the contrary, IgG is not found in fish and no class switch seems to be possible (Magor
et al., 1999). This does not mean that piscine immune system is per definition less
effective than that of mammals, but it might be that fish do not require a better or
more sophisticated immune system (Kaattari, 1994). The ambient temperature is a
critical factor affecting the immune system in cold-blooded animals like fish. Low
temperature for the individual species are immunosuppressive (Bly and Clem, 1992)
and may even induce tolerance in some fish species (Wishkovsky and Avtalion, 1987).
Fish in aquaculture systems may be even more affected by temperature because they

are not able to migrate from suboptimal temperatures (Watts et al., 2001).

1.2 Mucosal immune system

The mucosal immune system is a part of the immune system that responds to
and protects against microbes that enter the body through mucosal surfaces. The
mucosal immune system is composed of collections of lymphoid cells and antigen-
presenting cells in the epithelia and lamina propria of mucosal surface. It provides
three main functions: protecting the mucus membrane against infection, preventing
the uptake of antigens, microorganisms, and other foreign materials, and moderating
the organism's immune response to that material (Holmgren and Czerkinsky, 2005).
In the case of fish, environmental antigens or pathogens are encountered directly at
skin or gill surfaces or indirectly through normal physiological ingestion. As in higher
vertebrates, fish possess mucosa-associated lymphoid tissues (MALT), but are less
organised than described for mammals. The gut-associated lymphoid tissues (GALT)
contain many immune-competent cells and have been well studied in carp, salmonids
(Atlantic salmon and trout), European sea bass (Dicentrarchus labrax) and gilt-head
sea bream (Sparus aurata L.) (Rombout et al., 2010). However, not much is known

yet about functional aspects of the mucosal immune system of fish.

1.2.1 Mucosal immunity in mammals

The mucosal tissues of the body, such as the intestine, are exposed
continuously to enormous amounts of different antigens, such as food, commensal
organisms and pathogens. Potential immune responses to the antigen load are

controlled by distinct components of the mucosal immune system, which is the largest
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immune system in the body and processes many unique features (Brandtzaeg and
Pabst, 2004). This includes M cells that are found in the follicle-associated epithelium
of the organised lymphoid nodules, known as Peyer's patches (Fig. 1). M cells have
the ability to take up antigen from the lumen of the small intestine via endocytosis or
phagocytosis, and then deliver it via transcytosis to the underlying antigen presenting-
(dendritic), B and T cells. Lymphocytes primed in the MALT acquire specific homing
receptors, allowing them to redistribute preferentially back to mucosal surfaces as
effector cells. The MALT also generate mucosa-specific effector responses. The
adaptive immune responses in mucosal tissues is characterized by the secretory
dimeric IgA, and by the presence of distinct populations of effector T cells whose
functional and phenotypic properties are highly influenced by their anatomical

location.

Mucosal inductive site Mucosal effactor site

Lymphatic

MALT
Peyer's patches
Isclated hymphoid

follicles (ILFs)
Appendix
Waldeyer's ring [NALT) >
2
= Endothelial
Peripheral blood gatekeaper
function

Figure 1 Depiction of the human mucosal immune system. Inductive sites for mucosal immunity
are constituted by regional MALT with their B-cell follicles and M-cell including dendritic cells,
macrophages, B cells, and follicular dendritic cells. The gut lamina propria contains few B
lymphocytes but many J-chain-expressing IgA (dimers/polymers) and IgM (pentamers)
plasmablasts and plasma cells. Additional features are the generation of secretory IgA (SIgA) and
SIgM via pIgR membrane secretory component mediated epithelial transport. The inset (lower left
corner) shows details of an M cell and its "pocket" containing various cell types (Brandtzaeg and
Pabst, 2004).
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1.2.2 Mucosal immunity in fish

In contrast to mammals fish do not possess organized lymphoid tissue such as
Peyer’s patches. In addition, M cells or secretory IgA (SIgA) have not been described
in fish. However, uptake of macromolecules by intestinal epithelial cells and many
diffusely distributed leucocytes including intraepithelial lymphocytes (IELs) are
described in a variety of fish species, such as carp (Abelli et al., 1997; Rombout et al.,
1989; Rombout et al., 1993; Temkin and McMillan, 1986), goldfish (Carassius
auratus) (Temkin and McMillan, 1986), rainbow trout (Joosten et al., 1996), sea bass
(Abelli et al., 1997; (Picchietti et al., 1997) and Atlantic salmon (Bakke-McKellep et
al., 2007; Uran et al., 2008). Not all but at least most fish species studied have a
special region of gut, the so-called second gut segment, that seems to be specialized in
antigen uptake (Bakke-McKellep et al., 2000; Rombout et al., 1985; Rombout and van
der Berg, 1989; Stroband et al., 1979). Macromolecules are taken up by epithelial
cells of this gut segment and are transferred from lumen to macrophages and the
blood stream, but this phenomenon may not be present in each fish species. In
addition, the uptake mechanisms may vary during the development of the fish as
active uptake of macromolecules is seen more often in juveniles than in adults
(Nakamura et al., 2001). The physiological function of the uptake mechanism is still
unclear. Except for juveniles, the amount of molecules transferred to the blood stream
is only a minor part of administrated molecules and the uptake in the second segment
may be more of immunological than nutritional value (Hernandez-Blazquez and Silva,
1998; Rombout and van der Berg, 1989).

Several studies have demonstrated the presence of IgM positive cells in
intestine of sea bass, turbot (Scophthalmus maximus), carp and cod (Abelli et al., 1997,
Fournier-Betz et al., 2000; Rombout et al., 1989; Rombout et al., 1993; Schroder et al.,
1998) and they were mainly present in the lamina propria. In general, fish IELs are
suggested to be [gM negative lymphoid cells and hence putative T cells (Rombout et
al., 2010). In Atlantic salmon, it has been reported that serum IgM was not detected in
mucus and administrated serum IgM was immediately degraded in intestinal mucus
(Hatten et al., 2001). These studies lead to a preconception that fish could have
alternative defense mechanisms in their intestine, like the recently described IgT
which is involved in the mucosal immunity in rainbow trout (Zhang et al., 2010).

Zhang et al (2010) reported that IgT is preferentially expressed at the mucosal
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epithelium in the trout gut, bind to local bacteria and are induced by mucosal
pathogen. In addition, IgT is transported by the polymeric Ig receptor (pIgR) which is
like mammalian IgA, and maintains a portion of pIgR as an associated secretory piece
but in the fish secretory component has not been evident so far (Flajnik, 2010; Zhang
et al., 2010). In mammals pIgR is an essential component for the mucosal immune
system, particularly for transportation of IgA. The pIgR expressed on the basolateral
membrane of the epithelial cells binds to polymeric Ig molecules and transport this Ig
through the cell to the mucosal surface by transcytosis. The pIgR amino acid
sequences of some fish species have been published (Feng et al., 2009b; Hamuro et al.,
2007; Rombout et al., 2008) and mammalian pIgR contains five Ig-like domains
(ILDs) whereas teleost contains two ILDs which correspond to the mammalian ILDI1
and ILDS.

Oral administration of proteins and peptides is a great potential method for
vaccination in aquaculture and some studies have already shown that some
physiologically active proteins, such as growth hormone (Hertz et al., 1991b; Le Bail
et al., 1989; McLean et al., 1990; Moriyama et al., 1990), insulin (Hertz et al., 1991a)
and antibody (Nakamura et al., 1990), were successfully delivered by the oral route.
Oral vaccination can reduce stress to fish and labour cost and can be applied on young
fish, but special and cost-effective vaccine delivery systems are required to make it

applicable for fish.

1.3 Defense mechanisms and diseases in cod

1.3.1 The immune system of cod

Cod has some special features in its immune system. Until recently it was
believed that cod could not respond to immunization or has poor responses against
pathogens (Pilstrom et al., 2005). The meager humoral responses against some
pathogens have led to the presumption that cod depend more on innate immunity than
adaptive immunity (Pilstrom et al., 2005; Renneseth et al., 2007). However, recent
studies have demonstrated high and specific antibody responses in cod after
immunization with inactivated Vibrio anguillarum, Aeromonas salmonicida, or
Francisella noatunensis (Lund et al., 2006; Schreder et al., 2009). It also has been

reported that cod i.p. immunized with V. anguillarum serotype O2b showed high
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individual differences in their antibody responses against LPS epitopes (Lund et al.,
2007). One possible hypothesis of limited humoral responses in cod is the absence of
MHC class II (Pilstrom et al., 2005). MHC class II is crucial for antigen presentation
to CD4+Th2 cells to start the antibody production (Murphy et al., 2008), and an
activating signal by CD4+Th2 cells, to initiate the differentiation of B cell into
antibody producing plasma cells. Renneseth et al (2007) support this hypothesis by
showing sufficient numbers of B cells in the cod leukocyte population but remarkably
only a few antibody producing plasma cells. In mammals negative selection of T cells
in thymus has been demonstrated and the numbers of MHC class I sequences
expressed have influences on the negative selection (Parham, 1994). If one could
speculate that cod have similar mechanisms of negative selection, the high number of
MHC class I molecules expressed could have a profound impact on the T cell
repertoire.

The extraordinary high concentration of natural antibodies in the serum
(Israelsson et al., 1991; Magnadottir et al., 1999a; Magnadéttir et al., 1999b; Solem
and Stenvik, 2006) and unusually high numbers of neutrophils in peripheral blood
leukocytes also support the theory that cod have a well-developed innate immune
system (Renneseth et al., 2007). The high respiratory burst activity (Nikoskelainen et
al., 2006) that corresponds with the high number of neutrophils in the blood is also
supportive for this hypothesis (Renneseth et al., 2007).

Some antimicrobial peptides and proteins involved in innate immunity have
been identified and characterized in cod, and include bactericidal permeability-
increasing protein/ lipopolysaccharide-binding protein (BPI/LBP), g-type lysozyme,
hepcidin (Solstad, 2008), cathelicidin (Maier et al., 2008) and piscidin (Fernandes et
al., 2010). For instance Atlantic cod have two variants of g-type lysozyme, codg! and
codg? (Larsen et al.,, 2009). By comparing the transcription of the two g-type
lysozyme variants it was found that codg? was significantly more expressed than
codgl in head kidney, whereas an opposite profile was observed in gills. The codg?
transcript is significantly upregulated in the peritoneum and gills after i.p. injection of
inactivated Vibrio anguillarum, indicating a role of g-type lysozyme in immunity of
Atlantic cod (Larsen et al., 2009). However, mRNA levels do not necessarily correlate
with the amount of protein expressed in a given cell or tissue, and studies on the
protein level are required to further characterize the cellular and tissue expression and

localisation of g-type lysozyme(s) in cod.
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Many important immune cells such as macrophages, B cells, plasma cells,
granulocytes and neutrophils are found in cod head kidney (Renneseth et al., 2007,
Serensen et al., 1997b; Steiro et al., 1998). In addition, scavenger endothelial cells
isolated from heart are also suggested to be important in the innate immune system of
cod and contribute to the clearance of waste macromolecules (Serensen et al., 1997a).
It has been reported that cod scavenger endothelial cells have displayed both uptake
of LPS (Seternes et al., 2001) and a response to poly I:C treatment (Martin-Armas et
al., 2008).

Recently a significant amount of cod functional genomic data has been
accumulated, such as microarray platforms (Booman et al., 2010; Edvardsen et al.,
2011; Lie et al., 2009), full genome project (Johansen et al., 2009), and single
nucleotide polymorphism (SNP) linkage map (Hubert et al., 2010). Despite the
abundant genomic data currently available, applicable tools for cod immunology
studies and immune-competence monitoring are still very limited. Currently only few
antibodies are available for cod, namely anti-cod IgM (Aquatic Diagnostics Ltd,
Institute of Aquaculture, University of Stirling), anti-cytochrome p450 (Aquatic
Diagnostics Ltd, Institute of Aquaculture, University of Stirling), anti-CRP
(Gisladottir et al., 2009) and anti-C3 beta chain (Lange et al., 2004). The development

of new markers is crucial for advanced studies of cod immunology.

1.3.2 Diseases in cod

In cod farming, most losses occur during the larval and juvenile stages when
their immune system has not been fully developed. Vibriosis has been the major
bacterial disease in cod, whereas francisellosis is an increasing problem. Besides
vibriosis and francisellosis atypical furunculosis caused by Aeromonas salmonicida is
also registered as a serious disease problem in cod farming. According to our
knowledge, viral diseases such as IPN (infectious pancreatic necrosis) has not yet
been reported in cod farming in Norway whereas VNN (viral nerve necrosis) are

reported a few times (reviewed in Samuelsen et al., 2006, Borng et al., 2009).
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1.3.2.1 Vibriosis

Classical vibriosis caused by Vibrio anguillarum is one of the major bacterial
diseases in Norwegian cod farming and is also known in a wide range of fish species
such as Atlantic halibut, Atlantic salmon, common wolfish (4narhichas lupus) and
turbot (VESO, 2007). More than 23 serotypes of V. anguillarum have been described
and serotypes O2a and O2b are most commonly associated with cod (Larsen et al.,
1994; Pedersen et al., 1999). Lately deviating sero-subtypes other than O2a and O2b
have been isolated from diseased cod (Mikkelsen et al., 2007). The feature of clinical
vibriosis is the level of anaemia. Haemorrhages in the head region, especially in and
around the eyes (exopthalmia) in small fish, and haemorrhages and wounds on the
skin and fins in adult fish are often observed (Samuelsen et al., 2006). The mortality is
high in juveniles and in acute and severe epizootics most of fish die without showing
external signs. High temperature of rearing water and stress enhance the risk of
disease. Currently water-based and oil-based vaccines for vibriosis are available in

Norway (http://www.pharmaq.no/).

1.3.2.2 Francisellosis

Francisella noatunensis (previously named as Francisella philomiragia subsp.
noatunensis and Francisella piscicida) is a facultative intracellular Gram-negative
bacterium causing francisellosis. Francisellosis was first reported in Norway in 2004
(Nylund et al., 2006; Olsen et al., 2006) and has become the most serious disease
problem in the cod farming industry (Mikalsen et al., 2007; Nylund et al., 2006; Olsen
et al., 2006; Ottem et al., 2007) but no efficient vaccine has been developed against
Fracicella yet. The fish suffering from this disease show loss of appetite reduced
swimming performance and dark pigmentation. The most prominent internal clinical
signs are swollen spleen and head kidney with white granuloma-like structures
(nodules) but the disease can also develop without clinical signs. In the terminal stage
of the disease the spleen may have grown to three times the normal size being
completely covered with and penetrated with granulomas, in addition to the presence
of granulomas in other organs as skin, gills and mouth cavity (Nylund et al., 2006;
Olsen et al., 2006). The target cells for this pathogen seem to be cells with phagocyte
functions (i.e. phagocytes). In the early stage of the disease bacteria are always

present in phagocytes in the spleen and head kidney, but can also be found in
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endothelial cells lining in the heart chambers and leucocytes attached to the blood
vessel walls in the liver, pseudobranch and gills (Nylund et al., 2006). Recently, the
intracellular lifestyle of Francisella has been displayed in adherent cod leucocytes
(mainly monocytes and macrophages) containing numerous intracellular F.
noatunensis following an in vitro infection (Furevik et al., 2011). Bacteria were
initially observed grouped together and located near the nucleus, and later they were

found spread within the cytoplasm.
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2 Aims of study

The objectives of this study were to investigate the defense mechanisms of
Atlantic cod with special emphasis on intestinal mucosal immunology. The mucosal
immune system provides the first line of defense against invading pathogens but still
not much is known from this system in cod. Information on anatomic functional
characteristics would help the understanding of how it induces and regulates immune
responses. In addition, investigation of immune responses and the components
involved during bacterial infection would help to shed light on how systemic and

local immunity are mounted in cod.

= Study the anatomy of cod intestine and characterize the antigen uptake
capacity.

* [nvestigate the immune components, cells and immune gene expression that
are involved in Vibrio anguillarum and Francisella noatunensis infections.

=  Develop new tools for immunological research and infection studies.

= Study immunopathological changes and inflammatory cells during Francisella

noatunensis infection.
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3 Abstract of papers

Paper |

Immune gene expression in the initial phase of Vibrio auguillarum infection in
cod (Gadus morhua L.)

Makoto Inami, Jan H.-W.M. Rombout, Viswanath Kiron and Merete Bjorgan Schreder

The aim of the present study was to investigate the expression of immune related
genes in foregut, hindgut and spleen of cod in the first days after intraperitoneal (i.p.)
injection of live V. anguillarum. Real-time quantitative PCR was used to measure the
mRNA expression of cytokine (/L-1£ and IL-8) and antimicrobial (hepcidin and
BPI/LBP) genes. Significant increases of IL-1f expression were observed both in
foregut and hindgut (approximately 3-fold and 10-fold, respectively) at day 4. IL-§
showed similar expression patterns as /L-1f, although /L-8 levels were observed to be
higher than 7L-I1f levels. In spleen a higher expression of /L-1§ and IL-8 was
observed from 1 day post infection. The foregut and hindgut showed the highest
expression of hepcidin at day 4 (approximately 23-fold and 70-fold, respectively)
whereas spleen showed the highest up-regulated expression at day 1 (approximately
55-fold). Elevated expressions of BPI/LBP in infected groups were observed in all
organs tested. In summary, fast and elevated expression of IL-15, IL-8 and hepcidin
was observed in spleen after infection with live V. anguillarum, whereas later up-
regulation was observed in foregut and hindgut. This study revealed higher expression
levels of immune genes in hindgut compared to foregut. Up-regulation of BPI/LBP
was observed in all organs from day 1 post infection but with variable expression

levels.
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Paper 11

Immunological differences in intestine and rectum of Atlantic cod (Gadus
morhua L.).
Makoto Inami, Anja J. Taverne-Thiele, Merete Bjorgan Schreder, Viswanath Kiron

and Jan H.W.M. Rombout

The defence system of the distal gut (hindgut and rectum) of Atlantic cod, (Gadus
morhua L.) was studied using (immuno)histochemical, electron microscopical and
real-time quantitative PCR techniques. The uptake and transport of macromolecules
in the intestinal epithelium was also investigated. In this study we observed that cod
has many and large goblet cells in its intestinal epithelium and that IgM+ cells are
present in the lamina propria and their number is considerably higher in the rectum
than in the intestine. Myeloperoxidase staining revealed low numbers of granulocytes
in and under the epithelium of the distal intestine, whereas high numbers were found
clustered in the submucosa of the rectum. Electron microscopy not only confirmed
these observations, but also revealed the presence of lymphoid cells and macrophages
within the intestinal epithelium. Acid phosphatase staining demonstrated more
positive macrophage-like cells in the rectum than in the distal intestine. Antigen
uptake studies showed a diffused absorption of horse radish peroxidase (HRP) and
LTB-GFP, whereas ferritin uptake could not be detected. Basal gene expression of
cytokines (/L-1p, IL-8 and IL-10) and immune relevant molecules (4epcidin and
BPI/LPB) were compared in both the intestine and rectum and revealed approximately
2-9 times higher expression in the rectum, of which IL-1f expression showed the
most prominent difference. The present results clearly indicate that intestinal

immunity is very prominent in the rectum of cod.
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Paper 111

Francisella noatunensis in Atlantic cod (Gadus morhua L.); waterborne
transmission and immune responses.

Terje Ellingsen’, Makoto Inami , Mona Cecilie Gjessing, Koen Van Nieuwenhove,
Rannveig Larsen, Marit Seppola, Vera Lund and Merete Bjorgan Schreder

" contributed equally

This is the first report that confirms horizontal waterborne transmission of
francisellosis in Atlantic cod. To investigate the transmission of disease, particle
reduced water was transferred from a tank with intraperitoneally infected cod to a
tank with healthy cod. Waterborne transmission was confirmed in the effluent group
using immunohistochemistry and real-time quantitative PCR (RT-qPCR) detecting
Francisella noatunensis. The bacteria were located inside of accumulated
macrophage-like cells. In addition, specific and high antibody responses against live
and inactivated bacteria were observed in which the live bacteria gave the highest
antibody titres. Oil adjuvant had no effect on the antibody responses against
inactivated F. noatunensis. The antigen epitope was a 20-25 kDa component
suggested to be a lipopolysaccharide detected with Western blot, Coomassie blue,
Sypro Ruby and Silver staining. Systemic immune reactions were investigated by
measuring the expression of /FN-y, IL-1f and IL-10 genes with RT-qPCR. After i.p.
injection of live bacteria, a significant up-regulation of /FN-y and IL-1f expression
was observed from 15 to 60 days post infection in spleen and head kidney. In intestine,
IFN-y was significantly up-regulated after 60 days whereas rectum showed no
significant differences in expression. Elevated expression of /L-1() was observed in all
the organs tested but was only significantly up-regulated at 60 days post infection in
intestine from 1i.p. infected fish. Up-regulation of /L-1f and IFN-y was observed in
spleen whereas intestine and rectum showed a down-regulation in cohabitant fish after
60 days. IL-10 was up-regulated in intestine of cohabitant fish from day 30 to day 60.
These results indicate that F. noatunensis infection provokes both specific antibody
responses and long term inflammatory responses in cod. The present study provides
new knowledge about infection routes and shows that both humoral and cellular

defence mechanisms are triggered by F. noatunensis in cod.
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Paper IV

Characterization of an antiserum against Atlantic cod (Gadus morhua L.) g-type
lysozyme.

Makoto Inami, Sein Tore Solem, Trond @ Jergensen and Atle N Larsen

In this study we describe the production and characterization of an antiserum against
recombinant g-type lysozyme derived from Atlantic cod. This is also the first initial
analyses of g-type lysozyme protein expression in tissues of Atlantic cod.
Recombinant expression and purification of cod g-type lysozyme was used for
immunization to rabbit and the rabbit sera were analysed for anti g-type lysozyme
antibodies using enzyme-linked immunosorbent assay (ELISA), Western blot and
immunohistochemistry. ELISA results showed that antibody titres were mounted
between 12,800 and 25,600 as measured at an optical density corresponding to 50%
of the maximal level. By Western blot analysis of both spleen and head kidney
homogenates from the Atlantic cod, the rabbit immune serum detected a single ~ 23
kDa band representing the size of the injected antigen. Immunohistochemisrty
detected the native folded g-type lysozyme in tissues and revealed that g-type
lysozyme immunoreactive cells were observed in haematopoietic tissue of the head
kidney and in red pulp of spleen. In conclusion, the rabbit anti g-type lysozyme
immune sera developed can effectively utilized for ELISA, Western analysis as well
as for immunohistochemistry. This has allowed us to obtain new knowledge about

this protein regarding localization and distribution in cod tissue.
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Paper V

Presence and interaction of inflammatory cells in the spleen of Atlantic cod infected
with Francisella noatunensis

Mona Cecilie Gjessing, Makoto Inami’, Simon Weli', Terje Ellingsen, Knut Falk,
Erling Olaf Koppang and Agnar Kvellestad

" contributed equally

Serious infectious diseases accompanied by macrophage-dominated chronic
inflammation, are common in farmed Atlantic cod. To increase knowledge relating to
morphological aspects of such inflammatory responses, cod were challenged with
Francisella noatunensis, an important bacterial pathogen of this fish species. Tissue
and cell dynamics in the spleen were examined sequentially over a period of 60 days.
Small clusters of mainly macrophage-like cells staining for non-specific esterase and
acid phosphatase, developed with time. These foci were transiently infiltrated by
pleomorphic proliferating cells of unknown nature and by granulocyte-like cells
staining for peroxidase and lysozyme. The latter cell-type, which appeared to be
resident in the red pulp of control fish, migrated into the inflammatory foci of infected
fish. Cells expressing genes encoding IFN-y and IL-8 increased in number during the
study period. Bacteria were detected only in the macrophage-like cells and their
number increased despite the extensive inflammation. Our results demonstrate an
intimate spatial relationship in inflammatory foci between at least three cell types.
The presence of granulocyte-like cells, together with macrophage-like cells, suggests
pyogranulomatous inflammation as a more appropriate descriptive term than

granulomatous inflammation.
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4 Discussion

4.1 Intestinal immunity in cod

4.1.1 Second gut segment in cod?

In most teleost species investigated the intestine can be divided in three
segments based on the microscopical anatomy of their mucosa (Rombout et al., 2010;
Stroband et al., 1979). Among these three segments, the second gut segment is
characterized by a strong antigen uptake capacity. The epithelial cells have large
supranuclear vacuoles (SNV) and show high apical pinocytotic activity. Interestingly,
in cod the appearance of the second gut segment is not obvious (paper II). The
microscopic observation revealed a rather homogeneous morphology in the entire
intestine and active pinocytosis (uptake of ferritin or horseradish peroxidase: HRP)
and SNV were not observed in any part of the intestine of adult cod (paper II). Instead,
the rectal part of the intestine, which is separated with a valve-like muscular structure
(Fig. 2), showed a clearly different morphology, especially in terms of distribution
and number of immune cells (paper II). In some studies cod rectum is also described
as a hindgut (fermentation) chamber (Morrison, 1987; Ringe et al., 2006) and it has
been suggested that this chamber is a part of the cod gastrointestinal tract, wherein
carnobacteria (able to inhibit the growth of pathogens) are the major bacterial group
(Ringe et al., 2006; Seppola et al., 2006). Whether the bacterial load and/or the
invasion of microbes via the anus is the reason for the higher amount of immune cells

in the rectum is still a matter of debate.

Esophagus
Cardiac stomach

Intestine

Pyloric stomach

. Rectum
Pyloric caeca

Figure 2 Schematic image of the digestive tract of cod which consists of the esophagus, stomach,
pyloric caeca, intestine and rectum. The intestine enters the rectum with a musculature valve.
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In paper II uptake of ferritin was not observed in the intestine or rectum
neither with light microscopy nor with electron microscopy, although uptake of
macromolecules, such as ferritin and HRP, were well described in species like carp,
grass carp, goldfish, barbs, perch, trout and salmon. (Gauthier and Landis, 1972;
Georgopoulou et al., 1988; Noaillac-Depeyre and Gas, 1973; Noaillac-Depeyre and
Gas, 1976; Noaillac-Depeyre and Gas, 1979; Rombout et al., 1985; Stroband and
Kroon, 1981; Stroband and van der Veen, 1981). Even though no ferritin uptake was
observed after anal administration to the rectum, some grouped enterocytes in the
rectal epithelium showed SNV-like structure possessing iron-containing molecules
(paper II). The function and nature of these iron-containing molecules observed in
rectal enterocytes are still unknown but this could be an indication of iron-
withholding or an iron-regulation system as a part of defence mechanisms against
microbes in rectal enterocytes. The higher basal expression of hepcidin, which has a
role in iron homeostasis in the rectum, compared to the intestine is in accordance with
this speculation. For cod, anal intubation of macromolecules to study uptake capacity
is physically difficult because of the valve-like structure between intestine and rectum
(paper II), that does not allow the passage from rectum to gut (Fig. 2). However in ex
vivo conditions LTB-GFP seemed to be absorbed well in both intestine and rectum
(paper II), and hence LTB may also be considered as a suitable intestinal delivery
system in cod, as is reported for other fish species (Rombout et al., 2010). In addition,
remarkably large numbers of myeloperoxidase (MPO) positive cells and granulocytes
were observed in the connective tissue of rectal submucosa (paper II). In the pearl
gouramy and carp a subpopulation of eosinophilic granular cells (ECGs) has been
suggested to have different stages of development (Leknes, 2007; Rombout et al.,
1989) and at present it cannot be excluded that these differences in maturation also
exist in cod granulocytes, based on the individual variation of the granule size. The
nature and function of these cells are not yet identified in cod. In Atlantic salmon,
antigen-sampling cells in intestine were described in the second gut segment and
suspected to be analogous to the mammalian M cells (Fuglem et al., 2010). As far as
we know from the anatomical investigation of cod intestine (paper II) this type of cell
was not detectable but further investigation is required to answer this issue in cod.

Overall, it can be concluded that the rectum of cod contain more immune cells
than the distal intestine and hence seems to be better equipped against pathogen

invasion compared to the intestine. Although the second gut segment in adult cod was
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not evident active pinocytosis and SNV was observed in the rectum of juvenile cod
(Fig. 3, preliminary results). Some early histological studies have reported that enteric
protein uptake mainly occurs in the larval stages and disappears during further
development of the digestive tract (Nakamura et al., 2001; Walford and Lam, 1993;
Watanabe, 1984). Our preliminary results on cod larvae also suggest that active
pinocytosis and SNV could be an age dependent phenomenon in cod. However, it
may also be diet dependent as each developmental stage of cod has its own diet. It has
been well demonstrated that apical pinocytosis and SNV can disappear under certain
dietary conditions (Urén et al., 2008; Uran et al., 2009). Uptake of intact antigen from
bacteria in the intestine of four- to six-day old cod larvae has been demonstrated and
it has been suggested that this uptake may play a role in the immune development or
in nutritional uptake (Olafsen and Hansen, 1992). In young fish attention has to be

paid to the development of the immune system to avoid oral tolerization of the antigen,

resulting in an undesirable negative memory formation.

Figure 3 Microscopic pictures of cod juvenile (100 day post hatcing). Left: semi-thin Epon
sections stained with toluidin-blue showing the clear SNV in the apex of the epithelial cells. Bar is
10 um. Right: Transmission electron micrograph showing that rectal epithelial cells in 100 dpf
cod show strong endocytoic capacity and large SNV in the apex of the enterocytes. Bar is 1 pm.
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4.1.2 Gene expression in cod intestine

As discussed above, the features of the second gut segment reported for some
fish species were not clearly noticeable in adult cod, but instead the rectum appeared
to contain more immune related components compared to hindgut (paper II). In paper
[-III immune gene expression in different regions of the gut were investigated and
even though cod has no morphological changes throughout the intestine, the immune
genes seem to have a differential expression in the intestine. The difference of basal
expression of IL-1f, IL-8, IL-10, hepcidin and bactericidal/permeability increasing
protein/ LPS-binding protein (BPI/LBP) between hindgut and rectum was obvious
probably due to the high numbers of immune cells in the rectum (paper II). Relatively
low expressions of immune genes in the gut were observed when compared to the
spleen (paper I and III), but this may also be explained by the strong difference in the
number of immune cells observed in these organs. A tendency that the hindgut
showed higher expression level of cytokines and antibacterial genes compared to the
foregut after a Vibrio infection was observed (paper I). The immune gene expression
study in trout second gut segment after 4. salmonicida bath challenge was reported
and the expression of IL-1f, IL-8, TNF-a and IFN-y was increased in the proximal
intestine whereas TGF-f was significantly decreased in the distal intestine (Mulder et
al., 2007). In Atlantic salmon (Baeverfjord and Krogdahl, 1996; Bakke-McKellep et
al., 2000; Uran et al., 2008; van den Ingh et al., 1991) and carp (Uran et al., 2008)
induction of enteritis in the distal intestine was observed and in carp up-regulation of
cytokine genes, such as IL-1f, TNF-o, TGF-f and IL-10 were observed after soy bean
meal (SBM) feeding. The higher expression of these cytokines is probably related to
the SBM-induced eneritis process observed. On the other hand, it has been reported
that cod do not show patho-morphological changes in its digestive tract after SBM
feeding, and some peptides such as cytochrome P450 3A40 (oxidative metabolism of
drugs, environmental chemicals and endogenous compounds) and ras-related nuclear
protein (regulation of cell cycle) showed the increased expressions after SBM feeding,
but no transcriptional study regarding immune related genes has been reported yet
(Lilleeng et al., 2007). In paper L, Il and V i.p. injection of inactivated or live bacteria
was used as the antigen delivery route and mainly the systemic immune system was
studied. However, the waterborne transmission of francisellosis in paper III may

occur via the mucosal route (intestine, skin, mouth and/or gills). Even though i.p.
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injection was not the most suitable method to study local immunity up- and/or down-
regulation of immune genes were observed in both intestine and rectum (paper I and
IIT). For instance in paper III significant down-regulation of /L-/0 was observed in
infected fish in cohabitant and effluent groups. In mammals IL-10 has been reported
to be active in mucosal surfaces to counterbalance inflammatory cytokines and protect
the tissue from inflammatory reactions. One could speculate that the significant
changes of IL-10 gene expression in the rectum of cod might indicate the chronical
infection caused by F. noatunensis. In conclusion, the responses to V. anguillarum
and F. noatunensis in the intestine of cod are probably the result of differential
expression of numerous cytokines and this could indicate an involvement of local

immunity in cod gut provoked by the bacterial challenge.

4.2 Immune responses in cod during infection and immunization

During bacterial challenge, immune gene expression in spleen (paper I and III)
and head kidney (paper III) were monitored. High expression of /L-1f and IL-8 was
observed in spleen at 1 day post injection (d.p.i.) of live V. anguillarum (paper I). This
result is in accordance with the previous gene expression study after immunization
with inactivated V. anguillarum, where quick and high up-regulation of certain
cytokines genes (IL-1f, IL-8 and IL-10) were reported in spleen and head kidney
(Seppola et al., 2008). Seppola et al (2008) concluded that cod display comparable
inflammatory responses as described for other fish species (Chai et al., 2006; Chen et
al., 2005; Corripio-Miyar et al., 2007; Inoue et al., 2005; Lee et al., 2001; Lopez-
Castejon et al., 2007; Pinto et al., 2007; Rojo et al., 2007; Scapigliati et al., 2001;
Seppola, 2008). Up-regulation of /FN-y, IL-1f and other cytokines genes were
described after 3 h in gill epithelial cells infected with V. anguillarum and A.
salmonicida (Caipang et al., 2010). Compared to this fast response, the elevation of
gene expression was observed rather late (after day 15 to 60) in spleen, head kidney
and gut (paper III) and after 1-4 days in foregut and hind gut (paper I). This could be
due to the different administration routes, but also to the condition (inactivated and
live) and dose of the pathogen used. In paper IIl high expression of [FN-y was
observed at 60 days post infection and in paper V many cells expressing genes
encoding /FN-y were observed at day 60. Taken together, the increasing number of

bacteria, despite increased number of /FN-y expressing cells in spleen (paper V),
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suggest predominate macrophage phagocytosis as has been described in mammals
(Parsa et al., 2008) and thus an unsuccessful elimination of the pathogen. Recently,
the intracellular lifestyle of F. moatunensis was reported and the bacteria were
localized within adherent leucocytes, consisting mainly of monocytes and
macrophages (Furevik et al., 2011). It may be hypothesised that bacteria somehow
avoid the potent intracellular killing mechanisms in cod phagocytes and escape to
cytoplasm. In addition, an approximately 100-fold increase of BPI/LBP expression
was observed in spleen after live V. anguillarum injection (paper I). Solstad et al
(2007) reported an approximately 4-fold increase of BPI/LBP expression in head
kidney after inactivated V. anguillarum injection (Solstad et al., 2007). They also
displayed high expression of BPI/LBP using in situ hybridization in spleen and head
kidney, where the difference between stimulated fish and control fish was more
drastic in spleen than in head kidney tissue. This could indicate that the spleen may
play an important role in the early phase of inflammatory responses by this pathogen.
In paper III antibody responses during infection and immunization with F.
noatunensis were investigated. Although Atlantic cod is known to show low
responsiveness against Vibrio salmonicida (Schreder et al., 1992), V. anguillarum
(Espelid et al., 1991) and protein antigens or hapten-carriers (Magnadéttir et al., 2001,
Pilstrdm and Petersson, 1991), F. noatunensis antigen seem to provoke constant and
specific antibody responses with less individual differences (Schrader et al., 2009).
This is confirmed in paper III and lead to the conclusions that 1) cod can mount a
comparable amount of antibody against this pathogen as other fish species, 2) oil
adjuvant is not the key factor to provoke the immune responses in the case of this
pathogen, and 3) low individual differences in immune responses are evoked (paper
III). Interestingly, the injection of live bacteria gives higher antibody titre than
inactivated bacteria (paper III). This may be due to the fact that the bacteria
continuously grow in the fish body and keep the immune response going. The
increase of IFN-y observed in paper III and V may be produced by CD8+ T cells that
binds with the protein antigen present on MHC class I molecules. This may result in
the strong antibody responses against live F. noatunensis. This hypothesis may be in
accordance with the speculation that cod lack the MHC class II molecules that are
essential for CD4+ T cell activation and hence cod might not rely on T cell dependent
antibody responses. On the other hand, some reports have shown weak responses

against the A-layer protein of A. salmonicida (Lund et al., 2008; Lund et al., 2000).
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The A-layer is composed of regularly arranged surface subunit proteins, making it
possible to activate the antibody response in a T-cell independent manner. The
mammalian pathogen Francisella tularensis, which is related to F. noatunensis,
escapes acidification and degradation by disrupting the phagosomes of the phagocytes,
and then reaches to the cytoplasm (Clemens et al., 2004; Golovliov et al., 2003).
Phagocytes and epithelial cells have also been suggested to be the host cells for F.
noatunensis in cod (Olsen 2006, Nylund 2006), which is also supported by the results
in paper III and a recent study that confirms the migration of F. noatunensis from
phagosomes to the cytoplasm in cod leukocytes (Furevik et al., 2011). Taken together,
the observations in paper III and V indicate that both the cellular and humoral
immune system seem to be stimulated during F. noatunensis infection and should be

taken into account when vaccines are developed against this pathogen.

4.3 Immunopathology in cod

In paper V the development of inflammatory foci and the morphology of infected
spleen was studied after intraperitoneal injection of live F. noatunensis. Fifteen days
after injection, very small foci-like structures in spleen were visually observable, and
necrotic damage was confirmed by microscopy. At a later stage of the infection
granuloma-like inflammatory foci developed mostly in the spleen, head kidney and
heart. The dominant cell types located in the foci were macrophage-like cells (MLCs),
pleomorphic proliferating cells and granulocyte-like cells. Immunohistochemical
studies using anti-F. noatunensis antibodies revealed that the bacteria were located in
accumulated MLCs. This finding is in accordance with a recent study on the
intracellular lifestyle of F. noatunensis (Furevik 2011). Both studies showed that the
bacteria were present in the cytoplasm of macrophages/monocytes. The human
pathogen F. tularensis was also present in the phagosome of macrophages during the
infection and appear to replicate in the cytosol (Santic et al., 2008). These findings
lead to the theory that F. noatunensis also possess cytoplasmic replication
mechanisms and that antigen presentation should be through the MHC class I pathway.
Lymphocyte-like cells expressing IFN-y were observed in the red pulp of the spleen
and the numbers of [FN-y expressing cells increased after infection (paper V). IFN-y
is a powerful activator of microbicidal functions of phagocytes, but the Francisella

bacterium somehow suppresses downstream events initiated by IFN-y, at least in
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mammalian francisellosis (Parsa et al., 2008). It is tempting to speculate that F.
noatunensis would have similar strategies to escape from the cod immune system.
Due to the lack of the specific cell markers for cod leukocytes, functional studies on
cod macrophages and granulocytes in vitro or in vivo are scarce and not
straightforward. For mammals non-specific esterase (NSE) is considered as a reliable
macrophage marker and NSE has also been described in cod lymphocytes (Serensen
et al., 1997b). However, NSE is more generally detected in monocytes and
macrophages of other teleosts (Afonso et al., 1997; Grove et al., 2006; Press et al.,
1994; Tavares-Dias, 2006). In paper II and V MLCs were detected by acid
phosphatase and NSE staining, whereas granulocyte-like cells were stained by MPO
and anti-cod g-type lysozyme antiserum. The combination of different staining
procedures may contribute to a better identification of leukocyte subpopulations, but
needs further investigation to determine nature and function of these immune cells.
We have developed an anti-cod g-type lysozyme antiserum that is useful for
immunohistochemistry, ELISA and western blot analysis (paper IV). For the
development of anti-cod g-type lysozyme antiserum in paper IV the antigen was
produced recombinantly in Escherichia coli (Larsen et al., 2009). In paper V this
antibody was used to characterize the cell types which are involved in F. noatunensis
infection. The cells showed positive staining for g-type lysozyme and seemed to be
granulocyte-like cells, although electron microscopy is required to determine the
exact nature of the g-type lysozyme-immunoreactive cells. For some fish species
commercial antibodies against human CD3¢ (DAKO) is reactive and useful, but it did
not reliably react with cod T cells (unpublished data). In conclusion, for a better
understanding of the function of cod immune cells and molecules, much more and

reliable markers are essential than presently available.
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Main conclusions

In the intestine of adult cod a second gut segment was not detectable by light and
electron microscopy, whereas active pinocytosis and supranuclear vacuoles were
observed in the juvenile rectum. The uptake capacity of the cod gut may be
dependent on age and/or diet.

The distribution of immune cells in cod intestine and rectum was clearly
different; higher numbers of IgM positive cells and myeloperoxidase positive
cells were found in rectum compared to intestine. This indicates that cod rectum
seem to be better equipped for defence than the intestine.

HRP and plant derived LTB-GFP absorptions (probably receptor-mediated) were
observed in the cod gut. The use of HRP or LTB-GFP as antigen delivery
molecules may be interesting for intestinal immunization.

The immune genes, /L-1f, IL-10 and IFN-y, were expressed and regulated
differently in the distinct regions of cod gut and may be up- and/or down-
regulated after V. anguillarum and F. noatunensis challenge, indicating an
involvement of intestinal immunity.

Polyclonal antibodies developed against recombinant cod g-type lysozyme are
able to detect the granulocyte-like cells in inflammatory foci after F. noatunensis
infection.

During F. noatunensis infection chronic inflammatory responses were observed
by RT-qPCR, histology, immunohistochemistry and in situ hybridization. Both
systemic infections by i.p. injection of pathogen and water transmission provoke
the diseases. The waterborne transmission of francisellosis implies that the
infection may occur via the mucosal route.

Inflammatory foci in spleen were found after i.p.-injection of live F. noatunensis.
Within the foci macrophage-like cells, granulocyte-like cells and pleomorphic
cells with lysozyme and peroxidase were observed and bacteria were localized in
macrophage-like cells.

High and specific antibody responses were measured after i.p. injection of live or

inactivated F. noatunensis. Live bacteria resulted in higher antibody titres than
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inactivated bacteria. The stimulation of both cellular and humoral responses could

be very important in developing efficient vaccines against this pathogen.
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