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Preface

In its widest sense the term defense refers to all the mechanisms used by
living organisms as protection against foreign environmental agents such
as microorganisms and their products, chemicals, drugs, animal actions,
etc. Among these, immunity is the main endogenous mechanism of
defense which helps to distinguish between self and non self. This
recognition mechanism originated with the formation of cell markers
probably involving cell surface molecules that were able to specifically
bind and adhere to other molecules present on opposing cell surfaces. This
simple method seems to have evolved into the full complexity of what we
call an immune response.

The greatest complexity of the immune response is shown by
vertebrates which are endowed with innate and acquired immunity,
although, increasingly, evidence for types of acquired immunity is coming
to light within the invertebrates. Immunological studies performed mostly
in mammals have been the reference for studies in other vertebrates.
However, the efforts of research scientists around the world have now
produced findings that allow us to identify significant differences among
the immune system of the major vertebrate groups. Fish immunity,
particularly, shows striking differences from that observed in
homoeothermic animals.

The study of immunological fish defenses has advanced considerably
in recent decades. This has been due to the key position of fish in terms
of the evolution of acquired immunity and to the rapid expansion of
aquaculture over this period, where disease control is of prime concern. In

“…in MozartMozartMozartMozartMozart the Nature has produced exceptional, an unrepeatable
one, in any case never more repeated, masterpiece.”

WolfgangWolfgangWolfgangWolfgangWolfgang     HildesheimerHildesheimerHildesheimerHildesheimerHildesheimer
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addition, some fish species are seen as powerful scientific models for
different field of study.

The objective of this book is to present a compilation of some of the
main findings that reflect current thinking on fish immune defenses.

Two chapters are devoted to fish innate immunity: the antimicrobial
peptides and the cellular processes involved in macrophage-mediated host
defense. Also, two chapters look at adaptive immunity in fish and review
current knowledge on the molecular organization of antibody genes, the
structural and functional features of the antibody molecule, the
development of antibody-producing cells and the organization and
function of the system which leads to an antibody response. The discovery
of a new immunoglobulin class and the characterization of teleost IGH loci
are discussed. Another chapter is dedicated to the fish immune response
to eukaryotic parasites (immune responses to surface and internal
parasites) as well as the evasion and suppression of the immune response
by such pathogens (elusive parasite).

The fish cytokine network, immune regulatory peptides coordinating
innate and adaptive responses, is analysed in a further chapter, outlining
their discovery, activities and potential application. Two chapters are
devoted to immune-endocrine interactions in fish, namely, the effects of
estrogens as fish immunoregulators. Linked to this, the morpho-functional
features of leukocytes and cytokines present in the fish testis are also
described.

Finally, two chapters give up-to-date reviews on applied aspects of
manipulating fish immune defenses in aquaculture. Current knowledge of
the immune system of sea bass (Dicentrarchus labrax L.), a teleost species
of immense commercial interest for Mediterranean aquaculture, is
reported, and the potential use of CpG ODNs as immunostimulants in
aquaculture is presented, together with their possible use to improve
future vaccine formulations.
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C H A P T E R

Authors’ address: Scottish Fish Immunology Research Centre, University of Aberdeen,
Aberdeen, AB24 2TZ, Scotland.
*Corresponding author: E-mail: c.secombes@abdn.ac.uk

INTRODUCTION

Over the last few years, there has been a tremendous increase in our
knowledge of the fish cytokine network, largely due to the increasing
number of EST sequences in the databases and the availability of
sequenced fish genomes. This chapter will highlight some of these
advances in terms of genes discovered and, where elucidated, the role of
the proteins in the immune system of fish. The potential applications of
these molecules in studies to improve fish health in aquaculture will also
be discussed.

Fish Cytokines: Discovery,
Activities and Potential

Applications

C.J. Secombes*, J. Zou and S. Bird
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CYTOKINES INVOLVED IN INNATE IMMUNITY

Cytokines are the key regulators of the immune system. Their role in
initiating inflammatory events in response to bacterial exposure is well
known in mammals, where a cytokine cascade leads to the attraction of
particular leucocyte types and activation of their antimicrobial pathways.
Tumor necrosis factor-a (TNF-a) is the first cytokine released in this
cascade and leads to the downstream expression of interleukin-1b (IL-1b)
and chemokines such as IL-8. Following infection with viruses, cytokines
can again activate various cellular pathways but also have direct effects on
cells that lead to an antiviral state, as seen with the interferons (IFN).
Such molecules represent a crucial component of the innate defences,
although cross talk and activation of adaptive (specific) immunity may
also be triggered in the medium term.

Pro-inflammatory Cytokines

Discovery

One of the first cytokine genes discovered in fish was IL-1b, found in
rainbow trout by homology cloning (Zou et al., 1999a,b) and one of the key
pro-inflammatory cytokines known from mammalian studies. This quickly
led to the discovery of IL-1b in many other teleost fish species, including
carp (Fujiki et al., 2000), sea bass (Scapigliati et al., 2001), sea bream
(Pelegrin et al., 2001), goldfish (Bird, 2001), turbot (Low et al., 2003),
Japanese flounder (Emmadi et al., 2005), zebrafish (Pressley et al., 2005),
crocodile ice fish (Buonocore et al., 2006), Atlantic salmon (Ingerslev
et al., 2006), Nile tilapia (Lee et al., 2006), Japanese sea perch (Qiu et al.,
2006), channel catfish (Wang et al., 2006) and haddock (Corripio-Miyar
et al., 2007). Homology cloning of this molecule in cartilaginous fish was
also possible following this initial discovery (Bird et al., 2002a; Inoue et al.,
2003a). Further analysis has shown that in some species a second IL-1b
gene exists, especially in the salmonids (Pleguezuelos et al., 2000) and
cyprinids (Engelsma et al., 2003; Wang et al., 2006), and that even allelic
variation is detectable in fish (Wang et al., 2004). Curiously, the exon-
intron organization varies between different fish groups, with the classical
sevon exon arrangement seen in mammals present in cyprinids (Engelsma
et al., 2001), with six exons present in salmonids (Zou et al., 1999b) and
five present in more advanced acanthopterygian teleosts (Buonocore et al.,
2003a; Lee et al., 2006).

C-01.pmd 12/1/2008, 4:11 PM2
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Most conservation of the molecule, when translated into the amino
acid sequence, can be seen within the beta sheet regions that form the
secondary structure of IL-1b, that is a b-trefoil cytokine (Koussounadis
et al., 2004). Modelling of the receptor binding sites across species reveals
a high level of variability in terms of the positions involved but indicates
conservation of the overall shape of the ligand-receptor complex
(Koussounadis et al., 2004). However, analysis of the protein sequence fails
to find an obvious processing site for cleavage by interleukin converting
enzyme (ICE), required for generation of the bioactive mature peptide in
mammals. Nevertheless, evidence to date suggests that fish IL-1b is
processed (Hong et al., 2004).

A second major pro-inflammatory cytokine discovered in fish was
TNF-a. It was discovered during EST analysis of PMA/ConA stimulated
blood leucocytes from Japanese flounder (Hirono et al., 2000), and was the
first non-mammalian TNF discovered. Again, this was quickly followed
with the cloning of TNF by homology in several teleost fish species,
including brook trout (Bobe and Goetz, 2001), rainbow trout (Laing et al.,
2001), sea bream (Garcia-Castillo et al., 2002), carp (Saeij et al., 2003),
catfish (Zou et al., 2003a), pufferfish and zebrafish (Savan et al., 2005),
Atlantic salmon (Ingerslev et al., 2006), turbot (Ordás et al., 2007), ayu
(Uenobe et al., 2007) and sea bass (Nascimento et al., 2007a). As with IL-
1b, in certain teleost groups multiple isoforms were found to exist (Zou
et al., 2002; Savan and Sakai, 2003).

Subsequently, the teleost TNF-a gene was found to be adjacent to
another TNF family member in the genomes of pufferfish and zebrafish
(Savan et al., 2005), although the exact relationship to other known
TNFs, namely TNF-b and lymphotoxin-b (LT-b), was not entirely clear.
This allowed the cloning of two isoforms of the equivalent molecule from
rainbow trout (Kono et al., 2006), and further analysis revealed that this
was the teleost LT-b molecule. Thus, it is apparent that either TNF-b does
not exist in fish, as it is not adjacent to the other TNF family members in
fish genomes, or it resides in a different part of the genome to mammals.

Chemokines, or chemotactic cytokines, are a family of cytokines that
serve to attract leucocytes to particular sites (Laing and Secombes,
2004a). They are subdivided into two main groups, those that are involved
in lymphocyte trafficking and immune surveillance as part of homeostatic
mechanisms within the immune system, and those that are released during
an infection and direct leucocyte migration to an injured or infected site.

C-01.pmd 12/1/2008, 4:11 PM3
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Based on the arrangement of the first two cysteines in the molecule they
are classified as CXC chemokines (a), CC chemokines (b), C chemokines
(g) or CX3C chemokines (d). Only members of these first two families have
been found in fish to date.

The first CXC chemokine discovered in fish was IL-8 (CXCL8),
initially found in the lamprey (Najakshin et al., 1999) and, subsequently,
cloned in Japanese flounder (Lee et al., 2001), rainbow trout (Laing et al.,
2002a), carp (Huising et al., 2003—referred to as CXCa by these authors),
banded dogfish (Inoue et al., 2003b), silver chimaera (Inoue et al., 2003c),
catfish (Chen et al., 2005) and haddock (Corripio-Miyar et al., 2007). An
important feature of the IL-8 molecule is the so-called ELR motif
immediately upstream of the CXC residues, and responsible for the ability
to attract and activate neutrophils. This motif has conservative
substitutions in most fish species (e.g., DLR in trout), although the
haddock molecule possesses an unsubstituted motif. The gene expression
is markedly induced upon stimulation with pro-inflammatory stimuli such
as LPS or IL-1b (Fig. 1.1). A second CXC chemokine discovered in fish
has clear homology to the gamma interferon-induced chemokines CXCL9,
CXCL10 and CXCL11, that all share a common receptor (CXCR3) and
are all ELR– CXC chemokines. This molecule was initially discovered in
trout (Laing et al., 2002b; O’Farrell et al., 2002) and, subsequently,
discovered in carp (Savan et al., 2003a—referred to as CXCb by Huising
et al., 2003) and channel catfish (Baoprasertkul et al., 2004). The trout
molecule is more CXCL10-like (based on analyses of individual exon
sequences) and is induced by trout recombinant interferon gamma

IL-8

CXCL10-like

�-actin

1 2 3 4 5 6 7

Fig. 1.1 Modulation of chemokine expression by the proinflammatory cytokines IL-1b and
IFN-g. Freshly isolated trout head kidney leucocytes were stimulated for 4 h with trout rIL-
1b (lanes 2-4) and rIFN-g (lanes 5-7) at doses of 1, 10 and 100 ng/ml respectively. Control
cells (lane 1) were incubated with an equal volume of elution buffer (20 mM Tris, 100 mM
KCl, 5 mM MgCl2, 10 mM mercaptoethanol, 0.1% NP40, 20% glycerol, 250 mM imidazole)
used to dissolve the recombinant proteins. Total RNA was extracted for semi-quantitative
RT-PCR analysis of gene expression for IL-8 and CXCL10-like chemokines.

C-01.pmd 12/1/2008, 4:11 PM4
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(IFN-g), as expected (Zou et al., 2005a; Fig. 1.1) and is, thus, a useful
marker of IFN-g action. CXC chemokines homologous to CXCL12 and 14
have also been identified in fish (Long et al., 2000; Huising et al., 2004;
Baoprasertkul et al., 2005) and are particularly highly conserved,
suggesting they have critical roles, potentially in development of the
organism (see section on Activities below). Two further CXC chemokines
have been reported that have less clear homology to known genes, a so-
called CXCd gene in trout (Wiens et al., 2006) and a CXCL2-like molecule
(17-24% amino acid identity to mammalian molecules) in catfish
(Baoprasertkul et al., 2005). CXCL2 is an ELR-containing chemokine in
mammals, but like the catfish CXCL8 molecule, the CXCL2-like gene does
not possess an ELR motif although, again, a related sequence (PDR) is
present. A recent study  in zebrafish and pufferfish suggests that molecules
with homology to CXCL5, CXCL9 and CXCL11 may also exist in fish
(DeVries et al., 2006), although further work is needed to verify this. In
some species multiple isoforms of CXC chemokines are present, as seen in
carp (Huising et al., 2004), trout (Wiens et al., 2006) and zebrafish
(DeVries et al., 2006). This appears to be related to ancient genome
duplication events or more recent tandem gene duplications, including the
duplication of multiple genes by duplication of chromosomal segments in
the case of zebrafish.

Lastly, many CC chemokines have been identified in fish, especially in
trout (Dixon et al., 1998; Laing and Secombes, 2004b), catfish (Bao et al.,
2006; Peatman et al., 2006) and zebrafish (DeVries et al., 2006; Peatman
and Liu, 2006), where numbers can exceed those seen in mammals (e.g.,
24 genes known in humans versus 26 in catfish and 46 in zebrafish). A CC
chemokine gene has also been reported in a cartilaginous fish (Kuroda
et al., 2003). In trout, where 18 unique transcripts (including 6 pairs of
closely related genes) were found by interrogation of EST sequences,
phylogenetic analysis revealed some genes grouped with known
mammalian clades, whilst others had no obvious homology to mammalian
genes but were clustered with other fish sequences. This suggested the
possibility that fish specific and species-specific gene duplications of CC
chemokines have occurred, and that CC chemokines have high
divergence rates. Similarly, in catfish, numerous genes were discovered
and were mapped to BAC clones. This revealed that the genes were highly
clustered in the genome, with 2-8 identified chemokines within individual
assembled contigs. Between contigs, the genes were often very similar,
suggesting that segmental gene duplication was involved in generating the

C-01.pmd 12/1/2008, 4:11 PM5
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chemokine gene clusters. Only five of the chemokine genes were present
as a single copy, with 5 as two copies, 8 as three copies, 5 as four copies,
2 as five copies and one as six copies, giving some 75 genes in total. Many
of the catfish genes shared highest identity to CCL3 or CCL14, perhaps
members of the original CC repertoire in early vertebrates. In zebrafish,
analysis of ESTs and the available genome allowed a more extensive
evaluation of the CC chemokine repertoire in fish (Peatman and Liu,
2006). Forty-six genes were identified, again with evidence of extensive
‘en bloc’ duplication events. Many of the genes form species-specific
clades in phylogenetic analysis, supporting the concept that species-
specific duplication events of fish chemokine genes have occurred. A
model of the evolutionary history of the chemokine system has been
proposed by DeVries et al. (2006) based on analyses of fish, amphibian,
bird and mammalian genomes.

ACTIVITIES

The recombinant IL-1b protein has been produced in E. coli and its
bioactivity studied in trout (Hong et al., 2001; Peddie et al., 2001), carp
(Yin and Kwang, 2000a; Matthew et al., 2002) and sea bass (Buonocore
et al., 2005). With no clear ICE cut site, the recombinant proteins were
started at various locations in the cut site region determined by multiple
alignment. In trout, Ala95 was used as the starting point for the
recombinant protein, whereas in carp Thr115 was used and in seabass Ala86

was used. As outlined below, in all the cases a bioactive protein was
produced, although the exact start of the native mature protein remains
unknown.

The trout rIL-1b was shown to have a number of effects on trout
leucocytes. It increased its own expression in head-kidney leucocytes, with
optimal rIL-1b dose and kinetics studied (Hong et al., 2001). It was also
able to induce the expression of cyclooxgenase 2 (COX-2), a potent pro-
inflammatory gene, and to increase the expression of the MHC class II b
chain in a trout macrophage cell line. Lastly, the rIL-1b increased head-
kidney leucocyte phagocytic activity for yeast particles (Hong et al., 2001),
and induced leucocyte chemotaxis (Peddie et al., 2001). Since the
recombinant protein was produced in bacteria, and LPS is known to be a
potent stimulant for leucocytes, a number of controls were included in this
study, such as the effect of pre-incubation with a specific polyclonal
antiserum for 1 h at 4°C, or of heating the rIL-1b to 95°C for 20 min, and
in each case the activity of the trout rIL-b was significantly decreased.

C-01.pmd 12/1/2008, 4:11 PM6
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Similar results were found with sea bass rIL-1b produced in E. coli,
which enhanced phagocytosis of head-kidney leucocytes and expression of
IL-1b and COX-2 (Buonocore et al., 2005). The seabass rIL-1b was also
shown to induce the proliferation of sea bass thymocytes following
stimulation with a sub-optimal dose of Con A. Carp rIL-1b was also shown
to stimulate in vitro the proliferation of carp head-kidney and splenic
leucocytes (Mathew et al., 2002).

IL-1b derived peptides have also been produced, based upon the
modelling of IL-1b with its receptor, to identify contiguous regions of the
protein that are part of the receptor binding domain (Koussounadis et al.,
2004). In vitro studies showed that one of the peptides (called P3) was
particularly potent, and was able to enhance the locomotory (Peddie et al.,
2001), phagocytic and bactericidal (Peddie et al., 2002a) capacity of head-
kidney leucocytes. The latter was not a result of enhanced oxygen radical
production from the cells, which was not increased by P3. Interestingly,
when combined with a second peptide (P1)—which alone had limited
effects—a synergistic effect was seen on phagocytic and locomotory
activity. Similarly, in vivo injection of P3 into the peritoneal cavity
increased the number of peritoneal leucocytes harvested at days 1 and 3
post-injection, relative to control groups, including fish injected with P1
or an irrelevant peptide, and increased their phagocytic activity (Peddie
et al., 2003). One of the most fascinating findings from the in vivo studies,
however, was that whilst P3 had clear effects on leucocyte activity, it failed
to induce the normal activation of the hypothalamic-pituitary-adrenal
(HPI) axis that results in the detectable release of cortisol into the blood
stream (Holland et al., 2002). Trout rIL-1b, on the other hand, does
activate the HPI axis when administered intraperitoneally (ip), with
elevated cortisol levels apparent 3h-8h post-injection.

As an alternative approach to producing the recombinant protein in
vitro for bioactivity studies, in some experiments, plasmid DNA containing
the cloned IL-1b gene has been administered. In carp, intramuscular
injection of the construct resulted in increased macrophage respiratory
burst and phagocytic activity, as well as increased leucocyte proliferation
following PHA stimulation of the cells (Kono et al., 2002a). In Japanese
flounder, fish injected intramuscularly with a construct containing the full
length IL-1b in the pCL-neo expression vector (Emmadi et al., 2005) had
kidney tissue isolated at days 1, 3 and 7 post-injection, and the samples
used for expression profiling with a Japanese flounder cDNA micro array

C-01.pmd 12/1/2008, 4:11 PM7
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containing 871 features. In total 93 genes on the array were found to be
affected; 64 genes were upregulated, whilst 29 genes were downregulated.
Amongst the immune genes induced by injection with this construct were
TNF-a, granulocyte colony stimulating factor, MHC class I, b2-
microglobulin, IgM, CD3, CD20 receptor and a CC chemokine receptor,
with expression levels highest at days 1 and 3 relative to day 7.

Recombinant TNF-a has also been produced and its activity studied
in fish. Unlike IL-1b, the processing site for cleavage (by metalloproteinase
in this case) to release the mature peptide is relatively well conserved
(Laing et al., 2001), and so the start of the mature peptide can be predicted
with much confidence. In rainbow trout, where two isoforms of TNF-a
were discovered (Zou et al., 2002), both have been produced as
recombinant proteins for bioactivity studies (Zou et al., 2003b), and are
able to induce the expression of pro-inflammatory genes, such as IL-1b,
IL-8, COX-2 and TNF-a itself, in a macrophage cell line (RTS-11 cells).
In addition, they increased head-kidney leucocyte migration and
phagocytic activity, with no clear differences apparent between the two
molecules. In sea bream, ip injection of the recombinant seabream protein
resulted in increased respiratory burst activity and mobilization of cells
into the peritoneal cavity (Garcia-Castillo et al., 2004). It also increased
granulopoiesis in the head-kidney and increased the proliferation of head-
kidney cells following in vitro stimulation. In ayu, rTNF stimulated
respiratory burst activity of cultured ayu kidney leucocytes (Uenobe et al.,
2007), whilst in turbot, rTNF-a has been shown to increase NO
production by cultured turbot macrophages, especially when combined
with LPS stimulation (Ordás et al., 2007).

Rather few studies have looked at the activity of chemokines in fish,
and those that have are focussed on the CXC chemokines. Studies to date
on CXCL12 and CXCL14 have already confirmed their crucial role in
development in fish. Thus, CXCL12 has been shown to mediate the
control of primordial cell migration that gives rise to the lateral line, in
zebrafish (David et al., 2002; Doitsidou et al., 2002; Sapede et al., 2005).
Use of morpholino oligos to knock down CXCL12 expression prevented
both primordial cell migration and posterior lateral line formation.
CXCL12 knockdown also causes retinal axons to follow aberrant pathways
in the retina, demonstrating its importance in guiding retinal ganglion
axons to the optic stalk (Li et al., 2005). Lastly, CXCL12 has been shown
to have a critical role in fin regeneration, through its affect on epidermal
cell proliferation (Dufourcq and Vriz, 2006). CXCL14 appears to play a
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role in the development of the acoustico-lateralis system in the nervous
system (Long et al., 2000), and is highly upregulated in the ovary during
oocyte maturation (Bobe et al., 2006), possibly contributing to the
inflammatory-type events seen in the ovary at ovulation. The role of
CXCL8 in attracting and activating neutrophils has also been determined
to some extent. Rainbow trout rCXCL8 has been produced and shown to
increase head-kidney leucocyte migration and respiratory burst activity in
vitro and also to increase peritoneal cell number and increase the
percentage of peritoneal neutrophils after ip administration (Harun,
2006). The trout IL-8 gene has also been cloned into an expression vector
and, following an injection into the dorsal musculature of trout, shown to
induce a massive neutrophil infiltration at this site (Jimenez et al., 2006).
The only CC chemokine produced as a recombinant protein to date is
rainbow trout CK-1 (Lally et al., 2003). rCK-1 is able to attract and
enhance the locomotion of blood leucocytes at concentrations of 1 and
10 mg/ml.

Potential Applications

One potential application of these pro-inflammatory cytokines is as
vaccine adjuvants (Secombes and Scheerlinck, 1999), to augment the
initial host responsiveness to the vaccine formulation. To date, most
studies have concentrated on determining the effect on specific antibody
production post-immunization. For example, in carp, addition of rIL-1b to
a formalin-killed Aeromonas hydrophila vaccine enhanced the serum
antibody response, determined three weeks post-injection, relative to
appropriate control groups (Yin and Kwang, 2000a). In seabass, rIL-1b
added to a Vibrio anguillarum vaccine (to give a dose of 500 ng per fish),
was shown to enhance the specific antibody response 60 days after ip
injection of the vaccine (Buonocore et al., 2003b). In barramundi,
addition of carp rIL-1b to a Vibrio harveyi vaccine enhanced antibody
responses following ip administration and sampling 42 days later (Bridle
et al., 2002).

In trout, the first attempt to augment the action of a DNA vaccine by
a cytokine has also been studied in terms of the cytokine response elicited
(Jimenez et al., 2006). Co-administration of the DNA vaccine for the
glycoprotein of the viral pathogen VHSV and an expression construct
(pcDNA3.1/V5-His-TOPO) containing the trout IL-8 gene, resulted in
up-regulation of a number of cytokines relative to the DNA vaccine alone
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or with a control plasmid for the IL-8 construct, especially of the pro-
inflammatory cytokines IL-1b, TNF-a and IL-11.

These molecules may also have some merit as stimulants of the
immune system in their own right, albeit short term in nature. For
example, injection of trout with rIL-1b or IL-1b derived peptides is able to
increase resistance against bacterial (Aeromonas salmonicida) (Hong et al.,
2003) and viral (VHSV) diseases (Peddie et al., 2003) at day 2 post-
injection, respectively. However, by day 7 post-injection, this effect was
lost. Similarly, in carp, injection of plasmid DNA containing the cloned
IL-1b gene increased resistance to A. hydrophila infection (Kono et al.,
2002a). Perhaps a more useful application is as a marker of
immunostimulant action, to help confirm the usefulness of potential
immunostimulants and optimize their administration. For example,
following ip administration of Ergosan to trout expression of IL-1b, TNF-a
and IL-8 were all increased in peritoneal leucocytes, with expression of IL-
1b and IL-8 showing particularly high increases relative to control fish
(Peddie et al., 2002b). Similarly, injection of peptidoglycan significantly
elevates IL-1b levels in carp (Kono et al., 2002b) and CpG containing
oligodeoxynucleotides have been shown to increase IL-1b expression in
trout macrophages (Jørgensen et al., 2001a) and expression of IL-1b,
TNF-a and chemokines in carp head-kidney leucocytes (Tassakka et al.,
2006). Thus measurement of the expression level of these cytokines may
represent a sensitive way to screen as to whether compounds are pro-
inflammatory in fish.

Antiviral Cytokines

Discovery

Type I IFNs belong to the a-helix cytokine family, also known as the
hematopoietic growth factor family. Well known are their pivotal roles in
the host immune defence against viral infection. The first fish type I IFN
gene was identified in zebrafish by analysis of the expressed sequence tag
database (Altmann et al., 2003). To date, the IFN sequences are available
for several fish species including catfish (Long et al., 2006), goldfish
(GenBank accession number: AY452069), the Japanese pufferfish
(Lutfalla et al., 2003; Zou et al., 2005b), the spotted green pufferfish
(Lutfalla et al., 2003), Atlantic salmon (Robertsen et al., 2003) and
rainbow trout (GenBank accession numbers: AJ580911, AJ582754,
AM235738, AY78889). In general, type I IFN peptides are diverse in
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nature, with limited homology between different teleost species.
Compared to the intron-lacking type I IFN genes in birds and mammals,
fish IFN genes contain 5 exons and 4 introns. Multiple copies of the IFN
genes are present in all fish species examined to date and evidence derived
from genome analysis indicates they are tandemly clustered in the genome
(Robertsen et al., 2003; Zou et al., 2005b; Long et al., 2006). Despite
having the same genomic organization with the IFN-l genes so far
discovered only in human and mouse, phylogenetic studies demonstrate
that fish IFN genes are homologues of type I IFN in birds and mammals
and support the view that IFN-ls and type I IFNs diverged from a common
progenitor earlier in evolution than the divergence of type I IFN isoforms.
Fish IFN genes encode proteins of 175-194 amino acid with a putative
signal peptide, suggesting that they are secreted proteins. However, IFN
transcripts encoding intracellular proteins without predicted signal
peptides have also been described in catfish and rainbow trout (Long et al.,
2006; GenBank accession number, AJ580911).

It has been shown that fish IFN genes are widely expressed in many
cell types, including T and B cells, macrophages and fibroblasts and are
inducible in the immune response to viral infection or double stranded
RNA. For example, in ZFL cells (derived from zebrafish liver) the IFN
gene was transiently induced 6-12 h after treatment with polyI:C
(Altmann et al., 2003). In Atlantic salmon, a similar expression pattern
was observed in TO cells (derived from head-kidney) and primary cultures
of head-kidney leucocytes (Robertsen et al., 2003). A glycoprotein of viral
haemorrhagic septicaemia virus has been shown to increase IFN
expression in transfected trout fibroblast cells (Acosta et al., 2006). In
catfish, CCO cells (derived from ovary), the IFN gene was up-regulated
within 2 h after stimulation with UV-inactivated catfish reovirus (Long
et al., 2006). Constitutive expression was also detected in several catfish
cell lines, including macrophages, T cells, B cells and fibroblasts.

ACTIVITIES

Antiviral activities of IFNs in fish have been detected indirectly using the
culture medium of the cells stimulated with classical IFN inducers such as
polyI:C, CpG, viral surface proteins or virus (Trobridge et al., 1997;
Jørgensen et al., 2001b, 2003; Jensen and Robertsen, 2002; Acosta et al.,
2006; Saint-Jean and Perez-Prieto, 2006). With the availability of gene
sequences, direct evidence of antiviral activity came from recent testing of
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the recombinant IFN proteins. Culture medium of human HEK293 cells
transfected with the salmon IFN expression plasmid was able to induce Mx
gene expression in CHSE-214 cells (Robertsen et al., 2003). The Mx
promoter was also shown to be up-regulated in a reporter gene system
when co-transfected into a zebrafish embryo fibroblast cell line ZF4 with
a plasmid expressing zebrafish IFN (Altmann et al., 2003). The
recombinant fish IFNs produced from COS cells or human HEK 293 cells
were also shown to significantly increase resistance of the cells against viral
infection (Long et al., 2006).

Potential Applications

As it is only a few years since the first discovery of IFNs in fish, reports of
applications of IFNs to enhance fish antiviral defence are scarce. Studies
in mammals have used IFNs in clinic trials for many years, as a potential
antiviral or anti-proliferating drug. Due to their involvement in antigen
presentation, their use as an immunostimulant in order to boost vaccine
efficacy is also possible. In addition, the discovery of the fish IFN genes has
paved the way to develop potential systems for screening of antiviral drugs
and selection of naturally viral resistant fish stocks.

Cytokines Involved in Adaptive Immunity

Due to the many discoveries made in the last few years, it is now possible
to speculate that fish have different populations of T-cells that regulate
adaptive immunity. This is due to the discovery of a number of key
cytokines in several species of teleosts that are either important in the
development of, or are secreted by T-helper-1 (Th-1), Th-2 or regulatory
T (TR) cells. However, not all the cytokines known in mammals have been
found and it remains to be determined whether the regulation of adaptive
immunity in fish is similar to that found in mammals, and if it is equally
as complex.

In mammals, two types of CD4+ Th cell populations exist, Th1 and
Th2, characterized by their cytokine repertoire and how they regulate
B-cell and T-cell responses (Mosmann and Coffman, 1989; Mosmann and
Sad, 1996; Mosmann et al., 2005). There is also a third population of
T-cells, TR cells, that are involved in the regulation of the Th responses via
the secretion of cytokines, and help to inhibit harmful
immunopathological responses directed against self or foreign antigens
(Miller and Morahan, 1992; Maloy and Powrie, 2001; Maloy et al., 2003).
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The Th1 and Th2 cells have opposing roles; Th1 cells mediate delayed
type hypersensitivity responses and provide protection against
intracellular pathogens and viruses, whilst Th2 cells provide help to
B-cells and eradicate helminthes and other extracellular parasites (Sher
and Coffman, 1992; Mosmann et al., 2005). Therefore, the Th response is
important in inducing the most appropriate immune response towards a
particular pathogen. Th1 and Th2 cells arise from a common precursor
and differentiate according to the nature and dose of the antigen (Seder
and Paul, 1994; Hosken et al., 1995), co-stimulatory molecules expressed
by the antigen presenting cells, and the cytokine environment in which
the T-cell activation takes place.

The cytokines involved in the development of Th1 cells and that are
expressed by this cell type and TR cells have now been characterized in
bony fish (Bird et al., 2006) and strongly suggest that Th1 cells and specific
cell-mediated immunity arose early in vertebrate evolution. Unlike Th1
cells many of the cytokines involved in the development of Th2 cells and
that are released by this cell type have yet to be isolated and characterized
in fish.

Cytokines that Drive T Cell Differentiation

Discovery

The early presence of IL-4 is the most potent stimulus for Th2
differentiation, whereas interleukin-12 (IL-12), IL-18, IL-23 and IL-27
favour Th1 development (O’Garra, 2000; Szabo et al., 2003). To date,
homologues for IL-4 have been found within chicken (Avery et al., 2004)
and Xenopus (Bird et al., 2006) but not in fish and so the question remains
as to whether a Th2 subpopulation of T-cells exists in this vertebrate
group, whereas cytokines important for Th1 development have been
clearly identified.

IL-12, IL-23 and IL-27 belong to the IL-12 family of cytokines each of
which have distinct functions (Hunter, 2005). IL-12 exists as a 70-kDa
heterodimer (p70) composed of two subunits, a (p35) and b (p40), linked
by disulphide bonds that are essential for biological activity (Gubler et al.,
1991; Wolf et al., 1991). IL-12 is produced by APCs within a few hours of
infection, especially in response to bacteria and intracellular parasites and
acts as a pro-inflammatory cytokine. IL-23 consists of a disulphide linked
heterodimer of the IL-12 p40 subunit and a p19 protein, closely related to
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the IL-12 p35 subunit, that has similar but discrete functions from IL-12
(Oppmann et al., 2000; Trinchieri et al., 2003). The newest member is IL-
27, which is also a disulphide linked heterodimer composed of two
subunits, Epstein-Barr virus-induced gene 3 (EBI-3) and p28 (Pflanz et al.,
2002). IL-27 preferentially induces the proliferation of naive but not
memory T-cells in combination with TCR cross linking. To date, in fish,
the only member of this family to be fully characterized is IL-12. No p19
subunit has been found in non-mammalian vertebrates, and the recent
discovery of EBI-3 in bony fish (Bird et al., 2006) allows us only to
speculate upon the presence of IL-27. IL-12 was first characterized within
the Japanese pufferfish (Yoshiura et al., 2003) and, more recently, in carp
(Huising et al., 2006) and seabass (Nascimento et al., 2007b). Comparison
of the human and Fugu genomes provided some evidence that the Fugu
p35 and p40 subunits were indeed the homologues of the human subunits,
as synteny was relatively well conserved (Yoshiura et al., 2003). The p35
chain gene organization in sea bass and Fugu has seven exons and six
introns and differs from mammals in containing an additional exon while
lacking a second copy of a duplicated exon. Within the missing exon is
encoded a cysteine (C74), which in mammals is important in the
disulphide bond between the p35 and p40 subunits to form the
heterodimeric molecule (Yoon et al., 2000). However, the most critical
residues for the formation of the heterodimer in human p35, such as R183,
T186, R189 and Y193, are all conserved in the fish molecules. All other
cysteines that are found within mammals, and are involved in disulphide
bond formation, appear to be preserved in fish p35. The p40 chain gene
organization in seabass and Fugu is the same as mammals having an eight-
exon and seven-intron structure. Unlike the p35 molecule, it is clear that
the cysteine (C177) in mammals involved in the disulphide bond between
the p35 and p40 is present in the fish p40. Protein modelling of carp IL-12
heterodimers has shown the formation of an inter-chain disulphide bridge
is plausible (Huising et al., 2006). A unique feature of teleost IL-12, is the
discovery of multiple p40 chains (p40a, p40b and p40c) in pufferfish,
zebrafish (Nascimento et al., 2007 b) and carp (Huising et al., 2006),
although only a single chain has been found in seabass to date
(Nascimento et al., 2007 b). Three chains have been identified in carp
(p40a, p40b and p40c), whereas only two have been found in other species
(p40a and p40b). P40a and p40b are the most similar to each other and
appear to have been the result of an early whole genome duplication in the
teleost lineage after the divergence from the tetrapods (Jaillon et al., 2004;
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Woods et al., 2005). This is evidenced by fact that p40a and p40b are found
on different chromosomes but have similar genes surrounding them that
share synteny with the p40 region in mammals (Nascimento et al., 2007 b).
The p40c does not appear to be as related to the mammalian p40 subunit
and it remains to be determined what relationship this molecule has to the
other fish p40 chains and its role, if any, in IL-12 function.

The expression of the p35 and the different p40 chains have been
investigated in fish, with differences being found between fish species and
what is seen in mammals. In mammals, IL-12 is produced in response to
both viral and bacterial components. The p35 chain is expressed
ubiquitously and constitutively at low levels, and is regulated both
transcriptionally and translationally (Watford et al., 2003). Despite the
constitutive synthesis of p35 mRNA in unstimulated cells, little or no
protein is secreted due to the presence of an inhibitory ATG in the 5¢-
UTR. However, upon stimulation with LPS the inhibitory region is
excluded and the transcription start site changes to allow translation to
occur (Babik et al., 1999). The p40 gene is regulated at the level of
transcription and is highly inducible by microbial products. In Fugu, the
expression of the p35 subunit was limited in its tissue expression and was
induced in the head-kidney and the spleen after injection with poly I:C,
but not after injection with LPS (Yoshiura et al., 2003). In seabass injected
with UV-killed Photobacterium damselae, p35 was upregulated in the spleen
but not head-kidney (Nascimento et al., 2007 b), whereas in carp it was
upregulated in head-kidney macrophages in response to LPS (Huising
et al., 2006). The expression profile of p40 also shows some
inconsistencies. In Fugu, p40 showed constitutive expression in a wide
variety of tissues, with no increase in response to poly I:C or LPS injection
(Yoshiura et al., 2003). In carp, p40a, p40b and p40c showed constitutive
expression in a wide variety of tissues, but increased in mRNA expression
in head-kidney macrophages after stimulation with LPS (Huising et al.,
2006). p40 was also upregulated in the spleen and head-kidney of seabass
injected with UV-killed P. damselae (Nascimento et al., 2007 b). Differences
in expression may be accounted for by the different approaches used,
which involved in vivo or in vitro experiments and the use of either a mixed
cell or purified cell populations. Analyses of the promoters of the Fugu and
sea bass p40 and p35 genes reveal the presence of binding sites for
regulatory elements known to be important for controlling IL-12
expression in mammals (Nascimento et al., 2007 b). This finding does not
explain the unresponsiveness of Fugu p35 to LPS and so the difference in
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expression of the p35 and p40 chains and the presence of multiple p40
chains in teleosts requires further investigation.

Interleukin-18 (IL-18) is a cofactor for IL-12 induced Th1 cell
development, as well as enhancing IFN-g production from Th1 effector
cells (Xu et al., 1998). IL-18 has been characterized in trout and Fugu (Zou
et al., 2004a). Unlike teleost IL-1b (Bird et al., 2002b), the fish IL-18
molecules contain a putative ICE cleavage site at Asp32 in trout and Asp31

in Fugu. The presence of this cut site within teleost IL-18 is of great
interest since it still remains unknown how non-mammalian IL-1
molecules are processed. The gene organization of trout and Fugu IL-18
follows the mammalian organization very closely, with the exon sizes being
very conserved (Zou et al., 2004a). As found within mammals, the trout
IL-18 gene is constitutively expressed in a wide range of tissues including
brain, gill, gut, heart, kidney, liver, muscle, skin and spleen. Transcription
is not regulated by LPS, polyI:C or trout recombinant IL-1b in primary
head-kidney cells or a macrophage cell line (Zou et al., 2004a). Indeed its
expression is downregulated in a fibroblast cell line in response to LPS and
rIL-1b, whereas an alternatively spliced form of the trout IL-18 molecule
has been shown to be produced and its expression is upregulated in
fibroblasts by LPS. It has been speculated that the balance of the two IL-18
transcripts may be an important mechanism in controlling IL-18
expression or processing (Zou et al., 2004a).

Cytokines Released from T Cells: T Helper-1 (Th1)
Cell Cytokines

Discovery

Upon activation, Th1 cells secrete IL-2, IFN-g and TNF-b (also known as
LT-a), which can activate antimicrobial defences as well as cytokine
production in macrophages (Abbas et al., 1996; Romagnani, 1997;
O’Garra, 1998).

IL-2 is a central cytokine in the regulation of T-cell responses (Smith,
1980; Swain, 1991). It controls the amplification of naive T cells by
initially stimulating growth following antigen activation and later
promotes activation-induced cell death (Smith, 1988; Waldmann et al.,
2001). The discovery of IL-2 in teleosts was made by exploiting the
conservation of gene order (conservation of synteny) between the human
and the Fugu genome (Bird et al., 2005a). The Fugu sequence contains the
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IL-2 family signature along with a pair of cysteines that in mammals are
important in the formation of an intramolecular disulphide bond.
Interestingly, the Fugu molecules contain an additional pair of cysteines,
which is characteristic of IL-15, and suggests that four cysteines may have
been present in the primordial gene before gene duplication and that an
ancestral IL-2/IL-15-like gene duplicated before bony fish diverged from
other vertebrate groups. No constitutive expression of IL-2 is seen in Fugu
tissues, in agreement with mammalian studies but stimulation of kidney
cells with PHA in vitro or exposure to polyI:C or LPS in vivo can upregulate
IL-2 expression, with many well known transcription factor binding sites
clearly present in the 5¢ flanking region of this gene (Fig. 1.2), including
multiple sites for T-bet that is required for Th1 cell differentiation in
mammals (Szabo et al., 2002). The genomic organization of the Fugu IL-2
gene has been well conserved through evolution, and has a four exon,
three intron structure identical to that in mammals (Bird et al., 2005a).
IL-21 was also discovered with IL-2 in Fugu where, as in mammals, it is
immediately downstream (Bird et al., 2005a). Although not seen as a
classical Th1 cytokine, IL-21 has been implicated in the activation of
innate immune responses, in Th1 cell responses and in the regulation of
immunoglobulin production by B-cells (Strengeil et al., 2002).

IFN-g is a pleiotropic cytokine, having roles in both the innate and
adaptive phases of the immune response. An essential role of IFN-g is in
activating macrophages, leading to an increase in phagocytosis and MHC
class I and II expression, and in inducing IL-12, superoxide production and
nitric oxide (Boehm et al., 1997). IFN-g sequences are now available
within teleosts such as Fugu (Zou et al., 2004b), trout (Zou et al., 2005a),
zebrafish (Igawa et al., 2006) and catfish (Milev-Milovanovic et al., 2006).
Initially the Fugu IFN-g was discovered by exploiting the synteny that is
found between the Fugu and the human genomes (Zou et al., 2004b) and
was found to have the equivalent genomic structure to other known
mammalian and avian IFN-g molecules (Kaiser et al., 1998). Based on the
sequence information of the Fugu homologue, the rainbow trout molecule
was characterized along with its biological activities (Zou et al., 2005a).
The molecule contains the IFN-g signature motif and is highly expressed
in head-kidney leucocytes stimulated with PHA or polyI:C and in the
kidney and spleen of fish injected with polyI:C, with transcription factor
binding sites present in the IFN-g promoter consistent with these findings
(Fig. 1.2). A nuclear localization sequence motif is conserved within the
trout and Fugu IFN-g C terminal region, which has been shown to be
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crucial for IFN-g biological activities in mammals (Subramaniam et al.,
1999, 2000).

Recently, in the catfish and zebrafish (Igawa et al., 2006; Milev-
Milovanovic et al., 2006), an IFN-g related gene has been discovered that
in zebrafish is closely linked on the same chromosome as IFN-g. The
related gene has a similar gene organization to IFN-g but shows very
different tissue expression patterns as well as lacking the nuclear
localization site. More investigation is required to determine the exact
function of this gene within the teleost immune response.

TNF-b is a member of the TNF superfamily, along with TNF-a and
LT-b (Ware et al., 1998). In both human and mouse, the three genes are
found at a single locus, arranged in tandem (Spies et al., 1986; Lawton
et al., 1995). As discussed above, TNF-a genes have been cloned in a
number of fish species, and more recently LT-b genes have been
characterized (Savan et al., 2005; Kono et al., 2006). This suggests that the
TNF-a and LT-b genes were present in this locus in an organism ancestral
to teleosts. Another gene duplication appears to have taken place to give
TNF-b and the classical TNF locus found in amphibians and mammals.
The possible absence of TNF-b in fish has a potential impact on LT-b
signalling, where in mammals a heterotrimer of TNF-b and LT-b are

Fig. 1.2 Analysis of key regulatory elements in the promoter region of Fugu Th1 cytokine
genes, IL-2 and IFN-g. The 5¢ flanking sequences of the IL-2 and IFN-g gene were retrieved
from the Fugu (Takifugu rubripes) genome database (http://www.ensembl.org). Prediction
of the putative binding sites for transcription factors was performed using the Genomatix
MatInspector programme (http://www.genomatix.de). The translation start codon is
numbered as position 0. Selected binding sites for key regulatory transcription factors with
core similarity over 90% are presented and those on the complementary strand indicated
with an asterisk.
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required for binding to the LT-b receptor, unlike the situation with TNF-a
and TNF-b where homotrimers are used (Fig. 1.3).

Fig. 1.3 Diagram illustrating the receptor binding of TNF family ligands. Homotrimers of
TNF-a, on the cell surface or secreted, can bind to the two TNF receptors. Similarly,
homotrimers of TNF-b (LT-a) can bind to the same two receptors. In contrast, heterotrimers
of TNF-b and LT-b are required to bind to the LT-b receptor in mammals. This latter ligand-
receptor interaction may not be possible in fish, where to date no TNF-b gene has been
discovered.

Cytokines Released from T Cells: T Helper-2 (Th2)
Cell Cytokines

Discovery

Th2 cells in mammals are associated with humoral immune responses
(specific immunity mediated by antibodies), in allergic responses and
helminth infections (Sher and Coffman, 1992; Urban et al., 1992; Abbas
et al., 1996). Th2 cells produce the cytokines IL-4, IL-5, IL-6, IL-9, IL-10
and IL-13, with IL-4 responsible for the production of immunoglobulin
(Ig) E, IL-5 for eosinophilia and the combination of IL-3, IL-4 and IL-10
for mast cell production (Thompsonsnipes et al., 1991). The cytokines
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IL-3, IL-4, IL-5, IL-6 and IL-9 are also responsible for antibody isotype
switching in B-cells and the production of IgM and noncomplement-
activating IgG isotypes as well as IgE (Cocks et al., 1993; Dugas et al., 1993;
Petitfrere et al., 1993).

IL-6 is a pleiotropic cytokine that plays a central role in host defence.
Its many biological functions include stimulation of Ig synthesis,
stimulation of T-cell growth and differentiation and regulation of acute
phase protein synthesis from hepatocytes (Kishimoto, 2003). Unlike most
of the other Th2 cytokines, IL-6 has been characterized within teleosts, in
the Japanese pufferfish (Bird et al., 2005b) and in flounder (Nam et al.,
2007). The IL-6 sequence in fish was initially determined by exploiting the
synteny found between the human and Fugu genomes. The gene
organization of Fugu and flounder IL-6 and the level of synteny between
the human and Fugu genomes has been well conserved during evolution
with the order and orientation of the genes matching exactly to human
chromosome 7. The Fugu and flounder IL-6 molecules contain the IL-6/G-
CSF/MGF motif, but only contain two of the four cysteines found in the
mammalian molecules, important in disulphide bond formation. As found
with other cytokine homologues in fish, the amino acid identities of the
Fugu and flounder IL-6 with other known IL-6 molecules were low (20-
29%), although phylogenetic analysis grouped the Fugu IL-6 clearly with
other IL-6 molecules. The expression of IL-6 within Fugu indicated that
this molecule was biologically relevant to the bony fish immune response.
PHA stimulation of Fugu kidney cells in vitro resulted in a large increase
in the Fugu IL-6 transcript whilst in vivo LPS (Fugu), polyI:C (Fugu) and
Edwardsiella tarda (flounder) injection resulted in a significant increase,
especially within spleen cells (Bird et al., 2005b; Nam et al., in press). The
apparent absence of other Th2 cytokines in fish and the discovery of only
an IL-4 homologue in amphibians (Bird et al., 2006) suggests that the
classic Th2 responses seen in mammals may not have evolved prior to the
fish tetrapod divergence.

Cytokines Released from T Cells: T Regulatory (TR)
Cell Cytokines

Discovery

TR cells have been shown to inhibit the activation of other T-cells directly
via a cell contact dependent mechanism, or indirectly by down regulating
the activities of antigen presenting cells (Maloy and Powrie, 2001;
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Maloy et al., 2003). Recent work has shown that TR cells also inhibit cells
of the innate immune system (Maloy et al., 2003). Strong evidence has also
been provided for a role of the cytokines IL-10 and TGF-b in the effector
function of TR cells (Read et al., 2000), and both have been characterized
in teleosts.

IL-10 potently inhibits production of IL-1a, IL-1b, IL-6, IL-10, IL-12,
IL-18, GM-CSF, G-CSF, M-CSF, TNF, LIF, PAF and CC and CXC
chemokines by activated monocytes/macrophages (Moore et al., 2001),
which are important in activating and sustaining immune and
inflammatory responses. IL-10 has been characterized within a number of
teleosts, such as Fugu (Zou et al., 2003c), Tetraodon (Lutfalla et al., 2003),
carp (Savan et al., 2003b) and rainbow trout (Inoue et al., 2005). All of
these IL-10 peptides contained the IL-10 family signature motif as well as
four cysteine residues, found to be important in disulphide bond formation
within human IL-10. Similar to the gene structure of human and mouse,
the Fugu, carp, and trout IL-10 gene contains five exons and four introns,
with similar numbers of amino acids encoded by the respective exons
across species. In normal fish tissues, the IL-10 expression patterns were
quite different for each fish, with IL-10 expressed weakly in trout gill
tissue, weakly expressed in Fugu kidney and liver and strongly expressed in
carp head-kidney and intestine. Carp head-kidney and liver cells show an
increase in expression at 1 h post-stimulation, when stimulated with LPS
in vitro (Savan et al., 2003b). The Fugu IL-10 promoter has been
characterized but has little identity with the human IL-10 promoter
although it contains multiple potential Sp1 binding sites, which play a
prominent role in the control of human IL-10 expression (Zou et al.,
2003c).

TGF-b belongs to a large group of multifunctional cytokines, called
the TGF-b family. In mammals, it consists of three isoforms, TGF-b1, -b2
and -b3 (Graycar et al., 1989). Functional differences have been found
using TGF-b knockout mice (Bottinger et al., 1997), and it is known that
TGF-b2 and TGF-b3 are important regulators of cellular differentiation
and also affect development and embryogenesis, whereas the effects of
TGF-b1 are mainly immunological and it is best known as a negative
regulator of the immune system (Roberts and Sporn, 1990). TGF-b has
been well characterized in a wide variety of lower vertebrates, with all
three isoforms of TGF-b found in teleosts. Homologues of TGF-b1 exist in
trout (Hardie et al., 1998), carp (Yin and Kwang, 2000b), striped bass
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(Harms et al., 2000), plaice (Laing et al., 2000) and sea bream (Tafalla et
al., 2003). The trout and seabream gene organization have been
characterized. In trout, although the number of exons (seven) is the same
as that in human, the introns are in different places, with intron 2 in
humans being absent and the trout having an intron within exon 7 of the
human gene. In seabream, only five exons are present, with the absence of
introns 1, 2 and 4 of the human gene but again the presence of an intron
within the human exon 7. Expression analysis of TGF-b1 has also been
investigated. In trout and seabream, constitutive expression was detected
in blood leucocytes, kidney macrophages, brain, gill, and spleen tissue
(Hardie et al., 1998; Tafalla et al., 2003). In seabream, expression was also
seen in the liver, muscle, kidney and heart, whereas none could be seen in
the trout liver. In carp, TGF-b1 is expressed at low levels in head-kidney,
spleen, egg and liver, with its expression increased in head-kidney cells
after Con A stimulation (Yin and Kwang, 2000b). Preliminary
investigations indicate fish TGF-b1 may have a similar role to that of
mammals, where the addition of mammalian TGF-b1 significantly inhibits
macrophage respiratory burst activity and the production of macrophage-
activating factors by head-kidney leucocytes (Jang et al., 1994, 1995).

ACTIVITIES

To date, most of the cytokines involved in adaptive immunity are yet to be
produced as recombinant proteins for bioactivity testing. The exception is
IFN-g, where the effects of the trout recombinant protein produced in E.
coli correlated well with the mammalian system (Schroder et al., 2004).
Trout IFN-g has been shown to significantly stimulate expression of a trout
CXC chemokine found to have homology to CXCL10 (a IFN-g inducible
protein), the MHC class II b-chain and the transcription factor STAT1,
as well as enhancing the respiratory burst of trout macrophages. In
addition, it has been found to stimulate expression of a newly
characterized trout guanylate-binding protein (GBP) (Robertsen et al.,
2006). In mammals, GBPs are some of the most abundant proteins
accumulating in mammalian cells in response to IFN-g stimulation. The
deletion of the nuclear localization sequence motif within the trout
recombinant IFN-g resulted in a loss of activity with respect to the
induction of the CXCL10-like molecule in RTS-11 cells (Zou et al.,
2005a). In addition, the activation of protein kinase C (PKC), involved in
mediating mammalian IFN-g signal transduction (Deb et al., 2003), has
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been shown to be essential for trout IFN-g functions. IFN-g induced
CXCL10 expression was completely abolished by the PKC inhibitor
staurosporine, and partially reduced by U0126, a specific inhibitor for
extracellular signal regulated kinases (Zou et al., 2005a).

Potential Applications

It is clear that a complex network exists to regulate the adaptive immune
responses of teleost fish from the number of cytokine genes that have been
isolated. Once the functional activity of these cytokines has been
confirmed, it will be clearer whether classical Th1 responses are present in
teleosts, so as to regulate specific cell-mediated immunity. These cytokines
may prove useful in directing the immune response towards a Th1
response if added to a vaccine. However, if a classical Th2 response is not
found in fish (as discussed above), then the manner in which humoral
responses are regulated may need to be re-evaluated. Either way, discovery
of the types of Th cells present in fish and the cytokines they produce will
help in understanding the balance of such immune responses and aid the
effective design of therapeutic strategies to manipulate the immune system
towards humoral or cellular immunity in response to specific antigen
stimulation.
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INTRODUCTION

In mammals, most research concerning the testis has concentrated upon
germ and Sertoli cells in the seminiferous tubules and the Leydig cells in
the interstitial tissue, because these cells serve as essential testis-specific
functions of spermatozoa and androgen production, respectively (Hedger,
1997). However, recently, testicular leukocytes, a prominent group of cells
located in the interstitial tissue, and the growth factors and cytokines
produced by them or by testicular cells, have received considerable
attention from reproductive biologists and/or immunologists. Thus,
reproductive-immune research has provided substantial insight into
interactions between these physiological systems.

In all vertebrates, the testis is considered as an immunologically
privileged site as it needs to prevent immune responses against meiotic and
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haploid germ cells which express ‘non-self’ antigens, which first appear at
the time of puberty, long after the establishment of self-tolerance in the
perinatal period. However, defence mechanisms—including both innate
and adaptive immunity—are not generally impaired in the testis as they
are able to develop inflammatory responses to local and systemic infection
(Schuppe and Meinhardt, 2005). Thus, immune responses in the testis are
regulated in a manner that provides protection for the developing male
germ cells, while permitting qualitatively normal inflammatory responses
and protection against infection (Hedger, 2002). There exists a critical
balance between health and sickness, when immune-endocrine
interactions either drive or repress the reproductive functions in the testis
(Hales, 2002). Both ‘endocrine hormones’ and ‘inflammatory mediators’,
as defined in their original context, play an essential role in the
orchestration of spermatogenesis and maintenance of testicular tissue
homeostasis (Harris and Bird, 2000). During times of normal reproductive
health, it is likely that steroid sex hormones are immunosuppressive, tilting
the balance in favour of reproductive functions (i.e., testosterone and
gamete production). During times of sickness, infection, inflammation or
other forms of biological stress, the functional activities of the endocrine
regulators such as androgens and their production are perturbed by the
elevated and prolonged expression of the inflammatory mediators (Hales,
2002).

In fish, little is known about reproductive-immune interactions inside
the reproductive tissues and most information concerns the modulation of
immune responses by circulating hormones, including cortisol, growth
hormone (GH), prolactin and reproductive hormones and some
proopiomelanocortin-derived peptides (Harris and Bird, 2000; Engelsma
et al., 2002). Although the effect of these endocrine mediators depends on
the species, in general, these molecules modulate the immune responses by
integrating the activities of all the systems to adapt the organism to its
environment (Lutton and Callard, 2006). In fact, estrogens, e.g., estradiol
(E2), and androgens, e.g., 11-ketotestosterone (11-KT) and testosterone
(T), modulate several immune responses. It has been demonstrated that
E2 and 11-KT stimulate and inhibit lymphocyte proliferation, respectively
(Cook, 1994), while T reduces the number of antibody-producing cells
and synergizes with cortisol to produce a greater inhibitory effect (Slater
and Schreck, 1993). Moreover, intra-peritoneal injection of E2,
progesterone (P) or 11-KT inhibits in a dose-dependent manner
phagocytosis and the production of reactive oxygen and nitrogen
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intermediates (ROIs/RNIs) by the head-kidney macrophages (Watanuki
et al., 2002). However, studies in vitro with head-kidney macrophages have
demonstrated that these hormones inhibit phagocytosis, although only P
and 11-KT inhibit RNIs production and none has any effect on the ROI
production (Yamaguchi et al., 2001). In salmonids, T can kill leukocytes in
vitro (Slater and Schreck, 1997) whereas in goldfish the E2 depresses the
immune system and increases its susceptibility to trypanosoma infections
(Wang and Belosevic, 1994). In contrast, sex steroids have no
immunosuppressive effects on common carp leucocytes and do not induce
apoptosis in vitro (Saha et al., 2004). In gilthead sea bream, 11-KT
enhances but E2 inhibits ROI production by head-kidney acidophilic
granulocytes (Chaves-Pozo et al., 2003). Moreover, levels of reproductive
hormones, which vary during the different stages of the reproductive cycle,
have been correlated with some immune deficiencies, such as an inability
to produce isohaemagglutinins in sexually mature fish (Ridgeway, 1962)
and the increased frequency of ectoparasitic infestations, particularly in
males (Pickering and Christie, 1980). Related with these observations is
the fact that rainbow trout serum shows reduced bactericidal activity
during spawning (Iida et al., 1989). Moreover, there is little evidence to
support the involvement of the pro-inflammatory cytokines, tumour
necrosis factor a (TNFa) and interleukin-1b (IL-1b), in the regulation of
goldfish testicular steroid biosynthesis (van der Kraak et al., 1998; Lister
and van der Kraak, 2002).

Recently, our research group has focused its attention on the role of
leukocytes and cytokines in the reproductive activities of gilthead
sea bream males, integrating the views of both immunologists and
reproductive biologists. The gilthead sea bream is a protandrous,
hermaphrodite, seasonally breeding teleost that develops asynchronous
spermatogenesis during the male phase (Fig. 2.1) in which the bisexual
gonad has functional testicular and non-functional ovarian areas
(Fig. 2.2). The reproductive cycle of the male gilthead sea bream is divided
into four gonad stages: gametogenic activity, spawning, post-spawning and
resting or involution, this last only when the fish are ready to undergo sex
change (Chaves-Pozo et al., 2005a; Liarte et al., unpubl. results).
Throughout this cycle, the testis undergoes important morphological
changes, passing from being formed by all germinal cell types during
spermatogenesis to being formed by spermatogonia with some
degenerative cell areas after spawning, as has also been described for other
species (Patzner and Seiwald, 1987; Lahnsteiner and Patzner, 1990;
Besseau and Faliex, 1994).
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Fig. 2.1 Seminiferous tubules of gilthead sea bream show asynchronous
spermatogenesis (Mallory trichromic). SG, spermatogonia; SC, spermatocytes; SD,
spermatids; SZ, spermatozoa. ¥40.

Fig. 2.2 Bisexual gonad of the male phase of gilthead sea bream (Hematoxylin-eosin). T,
testis; OV, ovary. ¥5.
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Testicular Biology

The testis has to fulfil two major functions: the generation of male gametes
(spermatogenesis) and the production of sex steroids (steroidogenesis)
that predominantly occur in the germinal and interstitial compartments,
respectively.

Spermatogenesis, the formation of sperm, is a complex process in
which the spermatogonia divide and differentiate into spermatozoa. In
fish, spermatogenesis appears to proceed in a similar fashion to that
observed in other vertebrates, although with some important differences.
Spermatogenesis proceeds in a cystic structure, in which all germ cells
(primary spermatogonia, A and B spermatogonia, and spermatocytes)
develop synchronously surrounded by a cohort of Sertoli cells (Miura,
1999). Interestingly, fish Sertoli cells proliferate in adult specimens (Fig.
2.3) during the entire reproductive cycle and, depending on the fish
species, they divide simultaneously or not with the developing germ cells
that evolve (Chaves-Pozo et al., 2005a; Schulz et al., 2005). Moreover,

Fig. 2.3 Seminiferous tubules showing proliferative cells (brown) immunostained with the
anti-BrdU antibody. Notice the proliferative Sertoli cells (arrows). ¥40.
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Sertoli cells support the germ cells structurally, nutritionally and with
regulatory factors. Initial cysts formed by mitotic proliferation of
spermatogonia originate spermatocytes, which after undergoing the first
meiotic division give rise to the secondary spermatocytes. These stages
complete the second meiotic division and originate spermatids. Upon
differentiation (spermiogenesis), the spermatids form the spermatozoa,
which are accumulated in the lumina of the tubules before being shed
during spawning (for review see Rocha and Rocha, 2006). In seasonal
breeding fish, after shedding the spermatozoa, the testes enter into a
degenerative process, in which both germinal and interstitial
compartments are reorganized and the seminiferous tubules are
repopulated with spermatogonia (Besseau and Faliex, 1994; Chaves-Pozo
et al., 2005a). Sperm production is a highly conserved process in all
vertebrates, although the timing and the number of spermatogonial
generations in fish are species-specific (Nagahama, 1983). Although the
testicular germinal compartment has been described in detail in several
seasonal breeding teleost species (Loir et al., 1995; Pudney, 1995),
including the gilthead sea bream (Chaves-Pozo et al., 2005a), little
attention has been paid to the interstitial tissue even though it probably
plays a pivotal role during the testicular regression process that occurs in
both seasonal testicular involution and sex change in seasonal
hermaphroditic breeding fish. The interstitial tissue is mainly formed by
Leydig cells, the main steroidogenic cell type, fibroblasts, myoid cells or
peritubular cells and some types of leukocytes (Grier, 1981; Nagahama,
1983; Loir et al., 1995) and undergoes seasonal changes as the same time
as the germinal compartment. Thus, a marked increase in interstitial
tissue, the vacuolization of interstitial cells, and the presence of
macrophages after the shedding of spermatozoa have been observed by
conventional microscopy (Shrestha and Khanna, 1976; Micale et al.,
1987; Besseau and Faliex, 1994). Interestingly, although the existence of
a blood-testis barrier has been demonstrated in teleost as a barrier between
the vascular spaces of the testis and the germ cells (Abraham et al., 1980),
macrophages, together with Sertoli cells, have been seen to be involved in
germ cell elimination in some teleost species (Billard and Takashima,
1983; Scott and Sumpter, 1989). These morphological data clearly show
that both compartments—the germinal and interstitial—interact during
the reproductive cycle, the latter being of special interest in the context of
Reproductive Immunology as the place in which the leucocytes are
located.
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Testicular functions are regulated by a well-established hierarchical
hormone system. In most of the species studied to date, two gonadotropin
hormones (GTH), homologous to tetrapod-stimulating follicle hormone
(FSH), and the luteinizing hormone (LH) (Quérat et al., 2000) have been
observed, both secreted by the pituitary gland. These glycoproteins share
a common a subunit, but differ in their b subunits in a way that confers
immunological and biological specificity to each hormone (Pierce and
Parsons, 1981). FSH and LH have been isolated and characterized in a
number of teleosts (Agulleiro et al., 2006). FSH and LH were found to
differ in their pattern of expression at different stages of the reproductive
cycle in some species (Nozaki et al., 1990a, b; Schreibman et al., 1990;
Naito et al., 1991; Saga et al., 1993; Magliulo-Cepriano et al., 1994;
Miranda et al., 2001; García Hernández et al., 2002). In general, FSH gene
expression, as well as the synthesis and release of the protein, was higher
at the beginning of the reproductive cycle, whereas that of the LH
increased in the later stages of the cycle (Prat et al., 1996; Breton et al.,
1998; Bon et al., 1999; Gómez et al., 1999; García Ayala et al., 2003),
although differences existed between the species. FSH is involved in the
control of puberty and gametogenesis, whereas LH mainly regulates final
gonadal maturation and spawning (Schulz et al., 2001). The action of the
GTHs on the Sertoli cells and Leydig cells induces the secretion of steroids
and/or growth factors, which act in the complex network of cellular
interactions which control the testicular functions. Thus, LH stimulates
gonadal steroidogenesis in testicular Leydig cells, while the role of FSH in
the testis is still somewhat unclear, although it appears to have certain
functions, such as the stimulation of Sertoli cell proliferation and
maintenance of quantitatively normal spermatogenesis by means of
indirect effects mediated by Sertoli cells.

Leydig cells have been described as the main steroidogenic site in the
teleost testis (Lofts and Bern, 1972; van der Hurk et al., 1978; Kime 1987),
and the main source of circulating androgens, 11-KT and T (Borg, 1994),
although other sources have also been described (Idler and MacNab,
1967; Kime, 1978). In teleosts, T is converted to 11-KT by the Leydig cells
because of the availability of the appropriate converting enzymes (Kime,
1987). Although 11-KT has been considered the main androgen in teleost
males (Miura et al., 1991; Borg, 1994; Cavaco et al., 1998), in some sex-
changing species, 11-KT levels have been reported to be low or
undetectable in both testis and blood (Borg, 1994). In some species (Prat
et al., 1990; Chaves-Pozo et al., unpubl. results), and in contrast with the
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results obtained in most teleost fish (Borg, 1994), T and 11-KT peak at
different stages, which suggests that each androgen plays a different role
in the reproductive cycle, as has been described in the African catfish,
where T seems to be related with gonadotroph cell development of the
pituitary, whereas 11-KT is more related with testicular development
(Cavaco et al., 2001).

Estrogens have, to date, been considered as female hormones.
However, it has recently been demonstrated that estrogens are essential
for normal reproductive performance in male vertebrates (O´Donnell
et al., 2001; Carreau et al., 2003; Hess, 2003; Sierens et al., 2005). They are
synthesized by the enzyme cytochrome P450 aromatasa (P450aro) that, in
fish, is expressed in the interstitial tissue of the mature testis (Kobayashi
et al., 2004). Two nuclear E2 receptor (ER) forms have been found
expressed in the mammalian testis (O´Donnell et al., 2001) and three in
fish (Hawkins et al., 2000; Menuet et al., 2002; Choi and Habibi, 2003;
Halm et al., 2004; Pinto et al., 2005). Moreover, a membrane ER-mediated
action of E2 has also been proposed to occur in fish testis (Loomis and
Thomas, 2000). The expression of ER in the gonad suggests that E2 is
involved in the testicular physiology (Leger et al., 2000; Andreassen et al.,
2003). Although Socorro et al. (2000) described the ERa as the only ER
expressed in the testis of gilthead sea bream, our data shown that both ERa
and b are present in the gonad (Chaves-Pozo et al., unpubl. data). In
teleosts, the levels of E2 change around the reproductive cycle, being
higher in spawning and post-spawning (Billard et al., 1982; Lone et al.,
2001; Chaves-Pozo et al., unpubl. results). Although the significance of E2
in the testis is not clear, a role in spermatogonial proliferation and probably
in the Sertoli cell physiology has been proposed (Miura et al., 1999; Amer
et al., 2001; Miura and Miura, 2001). Interestingly, in spermatogenically
active gilthead sea bream males, E2 blocks spermatogonia stem cell
proliferation and triggers the rapid development of all post-meiotic germ
cells into spermatozoa whereas pre-meiotic germ cells are induced to
undergo apoptosis. However, E2 is not sufficient to stimulate the shedding
of spermatozoa (Chaves-Pozo et al., 2007).

Apart from overall hormonal control, precise regulation of
spermatogenesis and steroidogenesis within the testis also depends upon
numerous autocrine and paracrine mediators, such as growth factors and
cytokines (Schlatt et al., 1997). These signalling molecules, which would
be produced by both germ and somatic cells of the testis and also by
resident or infiltrated leukocytes, provide the necessary integration and

C-02.pmd 12/1/2008, 4:11 PM44



Alfonsa García-Ayala and Elena Chaves-Pozo 45

communication pathway between the various different cell types in the
testis (Hedger and Meinhardt, 2003). The apparent overlap between the
testicular and immune regulatory functions of these cytokines could
provide the key to understand the phenomenon of immune privilege and
the processes that lead to inflammation-mediated damage in the testis
(Schuppe and Meinhardt, 2005).

IMMUNE CELLS

Despite its immunologically privileged status the testis, in mammals, is not
isolated from the immune system (Schuppe and Meinhardt, 2005). Thus,
immune cells are found in considerable numbers of the normal unaffected
testes, including humans (El Demiry et al., 1987; Pöllänen and Niemi,
1987; Hedger, 1997; Schuppe and Meinhardt, 2005). Located in the
interstitial compartment, they are involved in Leydig cell development
and steroidogenesis as well as in spermatogenesis. Moreover, they are
involved in the mechanisms that make the testis an immunologically
privileged site, where germ cells are protected from autoimmune attack
and foreign tissue grafts may survive for extended periods of time
(Schuppe and Meinhardt, 2005). In addition to resident macrophages,
which represent the second most abundant cell type after Leydig cells,
mast cells are regular components of the interstitial and peritubular tissue
(Nistal et al., 1984; Gaytan et al., 1989). The number of lymphocytes in the
testis is relatively small, although circulating immune cells have access to
the organ and testicular lymphatic vessels allow drainage to regional
lymph nodes (Head et al., 1983; Hedger and Meinhardt, 2003). The
presence of natural killer cells known to be involved in innate immune
responses has been reported in some species. Moreover, dendritic cells as
potential professional antigen-presenting cells and the key players during
induction of specific immune responses remain to be identified in the
normal testis. Under physiological conditions, neither resident nor
circulating immune cells are found in seminiferous tubules, while
polymorphonuclear cells are completely absent (Schuppe and Meinhard,
2005).

In fish, little attention has been paid to the immune cell population of
the testis interstitial tissue. However, our research group has recently
begun to focus its attention on the role of leukocytes and cytokines in the
reproductive activities of gilthead sea bream males. As no specific markers
for fish immune cells were available until 2002, when we developed a
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monoclonal antibody which is specific to gilthead sea bream acidophilic
granulocytes (Sepulcre et al., 2002), the identification of immune cells was
only based on microscopic studies carried out on the adult testis, some of
them related to different stages of the reproductive cycle. Thus, in the
gametogenic and spawning stages, some macrophages are present in the
interstitial tissue of the rainbow trout testis (Loir et al., 1995) whereas in
the post-spawning stage, a high population of phagocytic cells has been
described in several teleost fish (Henderson, 1962; Shrestha and Khanna,
1976; Carrillo and Zanuy, 1977; Billard, 1986; Scott and Sumpter, 1989;
Lahnsteiner and Patzner, 1990; Loir et al., 1995). Moreover, macrophages,
granulocytes and lymphocytes have been observed in the testis of some
sparid fish, although only macrophages have been shown to be phagocytic
(Micale et al., 1987; Besseau and Faliex, 1994; Bruslé-Sicard and
Fourcault, 1997). In general, these cells seem to infiltrate the testis in
greater or lesser numbers, depending on the stage of the reproductive
cycle, but are not considered to be specific populations of the testis, which
responds in a specific manner to specific stimuli, as is the case in mammals.
However, our data related to testicular acidophilic granulocytes leads to
the conclusion that these cells are a homing tissue subset of the acidophilic
granulocyte population with a specific pattern of responses (Chaves-Pozo
et al., 2005c). Such reproductive-immune research has only recently been
initiated, and so there are few studies that have focused on sexually mature
fish and no information exists on this interaction during larval
development or in puberty.

Macrophages

Macrophages are ubiquitous cells that play central roles in the innate
immune response through secretion of inflammatory cytokines, such as IL-
1b and TNFa, the production of cytotoxic ROIs, and the secretion of
leukostatic factors and other regulatory molecules. They are also
important accessory cells for many other immune responses. In addition,
during development, these cells are also thought to have trophic roles
enacted through their remodelling capabilities and cytokine production.

In mammals, macrophages are considered as essential accessory cells
for normal reproductive functioning (Hunt, 1989; Tachi and Tachi, 1989;
Hutson, 1994; Pollard et al., 1997; Cohen et al., 1999), as they abound in
the reproductive tract of males. They form a substantial portion of the
interstitial cells (~25%) of the testis but none are found in the
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seminiferous tubule (Niemi et al., 1986). In the immature testis, there are
relatively few resident macrophages. However, these cells increase
markedly in number around the same time as the appearance of the adult
Leydig cell population and beginning of the meiotic development of the
spermatogenic cells (Mendis-Handagama et al., 1987; Hardy et al., 1989;
Raburn et al., 1993). The number of testicular macrophages continue to
increase into adult life and is always related to the number of Leydig cells
to which they are physically connected (Hutson, 1992; Hedger, 1997).
Regulation of the number of testicular macrophages during pubertal
development and in the adult testis principally involves LH, which acts by
stimulating the Leydig cells (Raburn et al., 1993; Wang et al., 1994).
Moreover, other factors, such as locally produced cytokines, including IL-1
and colony stimulating factor (CSF)-1 (Gérard et al., 1991; Cohen and
Pollard, 1994), and other pituitary hormones, particularly GH (Gaytan
et al., 1994) and FSH (Yee and Hutson, 1983), also modulate these cell
activities. In turn, testicular macrophages influence Leydig cell
morphology and the steroidogenic enzymatic content by providing
essential growth and differentiation factors for their normal activity
(Cohen et al., 1999; Hales, 2002). In mice lacking macrophage-CSF
(M-CSF), the reduced numbers of testicular macrophages result in
impaired spermatogenesis as a consequence of the dramatically reduced
testosterone levels resulting from the abnormal Leydig cells, suggesting
that macrophages can contribute to the local regulation of Leydig cell
function superimposed upon a larger mechanism that regulates the entire
hypothalamic-pituitary-gonadal axis (Cohen et al., 1999). In contrast,
when macrophages are activated and produce inflammatory mediators,
Leydig cell steroidogenesis is inhibited (Hales, 2002). Thus, activated
macrophages produce pro-inflammatory cytokines, such as IL-1 and
TNFa, and ROIs such as hydrogen peroxide which appear to act as
transcriptional repressors of steroidogenic enzyme gene expression and by
perturbing Leydig cell mitochondria, resulting in the inhibition of
steroidogenic acute regulatory protein (StAR) protein expression (Hales,
2002), a pivotal enzyme for steroid synthesis.

Interestingly, whereas a similar pattern of functioning has been
demonstrated for macrophages resident in different tissues (Laskin et al.,
2001; Guillemin and Brew, 2004; Stout and Suttles, 2004), testicular
macrophages and their functions are largely determined by the local
environment (Hedger, 1997, 2002). Upon inflammatory insult to the
tissue, these resident tissue macrophages can contribute to the innate
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immune response by expressing a variety of inflammatory and effector
activities, the pattern of which is differentially regulated by the
microenvironment of the different tissues (Stout and Suttles, 2004).
Testicular macrophages display numerous immune properties: they can
secrete cytokines, present antigens and secrete lysozyme but are somewhat
immunosuppressed as compared with other resident macrophage
populations (Miller et al., 1983; Wei et al., 1988; Hutson, 1994; Kern et al.,
1995; Hales, 1996; Hedger, 1997, 2002; Hales et al., 1999; Jonsson et al.,
2000; Meinhardt et al., 2000; Söder et al., 2000; Hedger and Meinhardt,
2003). Apart from their impact on testis-specific functions, macrophages
in the testis have to be considered as potential effector cells in the first line
of host defence, i.e., activating innate immune responses and, thus,
inflammation. Notably, testicular macrophages have been shown to
express the major histocompatibility complex class II (MCH II) molecules
essential for antigen presentation to CD4+ T cells (Pöllänen and Niemi,
1987; Wang et al., 1994; Hedger, 1997). However, the ability of freshly
isolated rat testicular macrophages to release pro-inflammatory cytokines
such as IL-1, IL-6 and TNFa is reduced in comparison with macrophages
of other origins (Kern et al., 1995; Hayes et al., 1996). Available data
suggest that resident macrophages in the normal adult testis mainly exert
anti-inflammatory activities (Hedger, 2002). Moreover, the macrophage
migration inhibitory factor that is normally produced by activated
macrophages (Bernhagen et al., 1993; Calandra et al., 1994) is also
produced in the testis by Leydig and also by Sertoli cells, but only when
Leydig cells are ablated by drug treatments (Meinhardt et al., 1996).

In fish, only a few morphological studies have described macrophages
in the testis and no experimental studies on the possible roles of these cells
in the testis exists. In rainbow trout, few macrophages have been observed
during spermatogenesis while, after spawning, they are more numerous
and appear near the Sertoli cells and phagocytose the non-emitted
spermatozoa (Billard and Takashima, 1983; Scott and Sumpter, 1989). In
gilthead sea bream, macrophages have been observed in the interstitial
tissue of the testis. In addition, expression of the receptors of M-CSF
(M-CSFR), a monocyte/macrophage specific marker, further confirms the
presence of these cells in the testis of the gilthead sea bream throughout
the whole reproductive cycle (Fig. 2.4) (Liarte et al., unpubl. results).
During spermatogenesis, these cells appeared close to Leydig cells clusters,
suggesting a physiological connection between both, as occurs in mammals
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(Chaves-Pozo et al., unpubl. results). Interestingly, real-time PCR
experiments show that the highest mRNA levels of M-CSFR occur at
spermatogenesis and spawning, and also at the beginning of testicular
involution (Chaves-Pozo et al. and Liarte et al., unpublished results),
suggesting a pivotal role for macrophages in the regulation of
spermatogenesis, as occurs in mammals, but also in the involutive process
that takes place during sex change.

M-CSFR

�-actin

Sg S PS R Sg S PS I C-

Fig. 2.4 M-CSFR expression assayed throughout two consecutive reproductive cycles by
RT-PCR. Sg, spermatogenesis; S, spawning; PS, post-spawning; R, resting and I,
involution stages; C-, negative control.

Lymphocytes

T and B cells are the acknowledged cellular pillars of adaptive immunity.
T cells are primarily responsible for cell-mediated immunity, while B
lymphocytes are responsible for humoral immunity, but they work together
and with other types of cells to mediate effective adaptive immunity
(Pancer and Cooper, 2006). Approximately 15% of immune cells in the
normal adult testis were shown to be lymphocytes (Hedger, 1997). Most
of these lymphocytes expressed T cell markers with a predominance of
CD8+ T cells, whereas B cells were not detectable (El Demiry et al., 1987;
Pöllänen and Niemi, 1987; Hedger, 1997). In spite of the relatively small
number of lymphocytes, the testicular immune-privilege may be a localized
phenomenon affecting T cell activation and maturation events (Hedger,
1997). T cell inhibition within the testis occurs by specific
immunosuppressive cytokines produced by macrophages and/or Sertoli
cells, including transforming growth factor b (TGFb), activin and the cell-
surface receptor Fas ligand (FasL) (De Cesaris et al., 1992; Hedger and
Clarke, 1993; Pöllänen et al., 1993; Bellgrau et al., 1995). Recently, it has
been demonstrated that gonadotropin-releasing hormone (GnRH)-1 is
synthesized in lymphocytes of red drum (Mohamed and Khan, 2006),
suggesting that testicular lymphocytes, by producing GnRH-1, might
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contribute to the hormonal axis feedback that regulate testicular
functions.

In gilthead seabream, lymphocytes have been observed in the testis
and the expression of immunoglobulins (Ig) M and T cell receptor (TCR),
the specific markers for lymphocytes B and T respectively, has also been
demonstrated (Fig. 2.5) (Liarte et al., unpubl. results). Moreover, real-time
PCR analysis show that lymphocytes increased during the testicular
regression process that occurs in both seasonal testicular involution and
sex change (Chaves-Pozo et al. and Liarte et al., unpubl. results).

Sg S PS R Sg S PS I C-

IgM-H

�-actin

TCR-�

Fig. 2.5 IgM heavy chain and TCR-b chain gene expression assayed throughout two
consecutive reproductive cycles by RT-PCR. Sg, spermatogenesis; S, spawning; PS, post-
spawning; R, resting and I, involution stages; C-, negative control.

Acidophilic Granulocytes

In gilthead sea bream, acidophilic granulocytes have been characterized by
using a monoclonal antibody, which is specific to these cells (Sepulcre
et al., 2002; Chaves-Pozo et al., 2005b). The acidophilic granulocytes of
the testis showed the ultrastructural characteristics of the head-kidney
(Meseguer et al., 1994) and blood (López Ruiz et al., 1992) acidophilic
granulocytes. However, during the testicular involution prior to ovarian
development, the ultrastructural features of testicular acidophilic
granulocytes secretory granules are heavily modified probably due to their
involvement in tissue remodelling (Liarte et al., unpubl. results).

The acidophilic granulocytes of gilthead seabream display similar
functions to human neutrophils despite their opposite staining pattern. In
short, they are the most abundant circulating granulocytes and are
recruited rapidly from the head-kidney—the main haematopoietic organ
in fish—to the site of inflammation (Chaves-Pozo et al., 2004, 2005c) and
are highly specialized to attach, internalize, and kill bacteria by the
production of ROIs (Meseguer et al., 1994; Sepulcre et al., 2002; Chaves-
Pozo et al., 2004, 2005c).
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In contrast with mammalian neutrophils, acidophilic granulocytes of
the gilthead seabream are present in the testis in all stages of the
reproductive cycle located in the interstitial tissue. However, during testis,
remodelling after the shedding of spermatozoa (Chaves-Pozo et al., 2005a)
and prior to sex change (Liarte et al., unpubl. results), they sharply
increased in number and appeared in the germinal epithelium, closed to
spermatogonia, and in the lumen of the seminiferous tubules (Fig. 2.6). In
fact, the highest number of testicular acidophilic granulocytes occurred at
testicular involution prior to sex change when the remodelling process
reached its maximum level. Interestingly, the testicular acidophilic
granulocytes do not proliferate in the testis (Chaves-Pozo et al., 2003),
suggesting that they are recruited from the head-kidney, depending on the
physiological status of the testis. In fact, soluble factors produced by
testicular cells are positive recruitment factors for head-kidney acidophilic
granulocytes (Chaves-Pozo et al., 2005b). In addition, these data also
support the hypothesis that in teleost fish, the testicular leukocytes

Fig. 2.6 Testicular acidophilic granulocytes (arrows) located in the germinal epithelium
immunostained with the monoclonal antibody specific against acidophilic granulocytes from
the gilthead sea bream and counterstained with hematoxylin. ¥100.
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infiltrate the testis at certain stages (Besseau and Faliex, 1994; Bruslé-
Sicard and Fourcault, 1997), while in condrictian fish, the testis is a
haematopoietic organ (Zapata et al., 1996).

Until now, monocytes/macrophages were believed to be the only
innate immune cells able to develop into functional subsets, targeting a
tissue and displaying tissue-specific functional pattern presumably under
the influence of tissue-specific factors (Stout and Suttles, 2004), whereas
neutrophils only infiltrate the tissues upon infection or inflammation (Roit
et al., 2001). One exception to this pattern is the female reproductive tract
where the recruitment and infiltration of large numbers of circulating
eosinophils have been described (Rytomaa, 1960; Gouon-Evans and
Pollard, 2001). Interestingly, the acidophilic granulocytes of gilthead
sea bream males are able to specifically target the testis, in response to a
physiological need and display modified functions. More specifically,
testicular acidophilic granulocytes show impaired phagocytic and ROI
production activities compared with their head-kidney counterparts,
although they are the main type able to produce ROIs in the testis upon
phorbol miristate acetate (PMA) stimulation (Chaves-Pozo et al., 2005b).
Furthermore, testicular gilthead sea bream acidophilic granulocytes are
able to constitutively produce IL-1b (Chaves-Pozo et al., 2003), whereas
head-kidney, peripheral blood, and peritoneal exudates in gilthead
sea bream only produce IL-1b upon activation (Chaves-Pozo et al., 2004).
In fact, testicular soluble factors or cells, pointing to the functional
plasticity of acidophilic granulocytes, modulate the phagocytic activities of
head-kidney acidophilic granulocytes. It is of note that isolated head-
kidney acidophilic granulocytes respond better to testicular conditioned
medium than whole head-kidney cell suspensions, suggesting that
acidophilic granulocyte activities are also influenced by other immune
cells. Notably, the presence of testicular cells dramatically inhibits the
production of ROIs by acidophilic granulocytes (Chaves-Pozo et al.,
2005b). As regards the functional differences between gilthead sea bream
immune and testicular acidophilic granulocytes, it is possible to establish
several similarities with the testicular monocyte/macrophage system of
mammals (Kern et al., 1995; Meinhardt et al., 1998; Ariyaratne and
Mendis-Handagama, 2000; Aubry et al., 2000; Gerdprasert et al., 2002;
Hedger, 2002).

In mammals, matrix metalloproteases (MMPs) have been shown to be
involved in leukocyte infiltration and tissue remodelling at ovulation,
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when the changes observed in the ovary resemble a local inflammatory
reaction (Espey, 1980, 1994; Gaytan et al., 2003). Furthermore, TNFa
induces the rapid release of the MMP9 present in the tertiary granules of
human neutrophils (Chakrabarti et al., 2006). It has been suggested that
the release of tertiary granules is regulated differently from primary and
secondary granules, which may be related with the severe tissue damage
than leads to the inappropriate activation of neutrophils in the tissues.
Notably, gilthead sea bream testicular acidophilic granulocytes express
MMP9- and MMP2-like activities, while their head-kidney counterparts
only express MMP2 (Chaves-Pozo et al., unpubl. data). Moreover, gilthead
sea bream testis constitutively expresses TNFa (Liarte et al., unpubl.).
These results together with the ultrastructure showing by acidophilic
granulocytes during involution (see above) suggest that specifically
regulated acidophilic granulocytes are involved in the tissue remodelling
occurring in the testis of this species.

Taking all these data together, it is tempting to speculate that the
activities and secretory granules of acidophilic granulocytes are regulated
in the testis to prevent or permit, depending on the stage, the elimination/
damage of germ cells.

CYTOKINES

Cytokines are a broadly defined group of polypeptide mediators involved
in the communication network of the immune system (Bellanti et al.,
1994). In mammals, an inflammatory insult will result in a cytokine
cascade, whereby TNFa is released, followed by IL-1b and the IL-6.
Downstream of these cytokines, chemokines are released as potent
chemoattractants to induce the migration of neutrophils and macrophages
to the site of inflammation (Abbas et al., 1995).

Cytokines have been implicated as novel growth and differentiation
factors in the regulation of cells in both compartments of the testis
(Schlatt et al., 1997). They are produced within the testis even in the
absence of inflammation or immune activation events (Hedger and
Meinhardt, 2003) and have direct effects on testicular cell functions,
controlling spermatogenic growth and differentiation, although they also
have direct, mostly inhibitory, effect on Leydig cell steroidogenesis (Moore
and Hutson, 1994). Cytokines are also important for the integration of the
neuro-endocrine-immune network that controls testicular function
(Rivier and Rivest, 1991; Turnbull and Rivier, 1995; Mayerhofer et al.,
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1996). In the testis, Sertoli and germ cells produce a number of cytokines,
including members of the TGFb superfamily (e.g., TGFbs, activins,
inhibins), platelet-derived growth factor (PDGF), ILs (e.g., IL-1, IL-6, IL-
11), tumor necrosis factor (e.g., TNFa, Fas L), interferons (e.g., IFNa,
IFNg), fibroblast growth factor (FGF), nerve growth factor (NFG), and
stem cell factor (SCF) (Xia et al., 2005). These cytokines probably mediate
cross talk between Sertoli and germ cells to facilitate germ cell movement
across the seminiferous epithelium and other cellular events during the
epithelial cycle as germ cell differentiation (Xia et al., 2005).

Recently, cytokines, which have been well characterized within
mammals, have begun to be cloned and sequenced within non-
mammalian vertebrates, including amphibians, birds, bony fish,
cartilaginous fish and jawless fish (Scapigliati et al., 2000; Bird et al., 2002).
Molecules related to vertebrate cytokine receptors have also been cloned
in many vertebrate groups (Bird et al., 2002). This chapter focuses on three
of the best characterized fish cytokines—IL-1b, TNFa and TGFb1—
which have recently been cloned in gilthead sea bream and produced as
recombinant proteins; their biological activities has been tested in vitro
and in vivo (García-Castillo et al., 2004; Pelegrín et al., 2004; Fernández-
Alacid et al., unpubl. results). Although general data on the role of
cytokines in fish testis are not available as yet, our data in gilthead
sea bream suggest that they are specific factors involved in the physiology
of the fish testis.

Interleukin-1bbbbb

In mammals, IL-1 occurs as two isoforms, IL-1a and IL-1b. They are quite
different structures, but are able to bind to the same receptor and exert
similar effects (Dinarello, 1996). Both isoforms are produced in
abundance by activated monocytes and macrophages in response to
lipopolysacharides (LPS) (Roux-Lombard, 1998), but they can also be
induced in other cell types. Other cells of a non-immune origin such as
fibroblasts, epithelial cells and keratinocytes have also been demonstrated
to produce IL-1. Within the immune response, they have numerous effects
most of them pro-inflammatory, or immune stimulatory. However, IL-1
also triggers the acute phase response and the release of glucocorticoids
from the adrenal glands (Engelsma et al., 2002).

In the mammalian testis, IL-1 system has been suggested to be
involved in cell-cell cross talk (Huleihel and Lunenfeld, 2002). Sertoli
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cells, Leydig cells and macrophages produce both IL-1a and IL-1b in the
testis (Hedger, 1997; Hoek et al., 1997; Hedger and Meinhardt, 2003),
although its role in this organ is controversial. Some studies have found
that both IL-1a and IL-1b are potent growth factors for spermatogonia
and Leydig cells (Pöllänen et al., 1989; Parvinen et al., 1991; Khan et al.,
1992) and inhibitors of Leydig cell androgen production (Calkins et al.,
1988). However, Cohen and Pollard (1998) have reported that mice
lacking a functional type I IL-1 receptor are fertile and have normal
testosterone levels.

Fish seem to produce only IL-1b, since no apparent homologues for IL-
1a have been identified in the fish genome (Bird et al., 2002). It has been
demonstrated that IL-1b is intracellularly accumulated by testicular
acidophilic granulocytes of the gilthead sea bream, although we cannot
exclude the possibility that other testicular cell types, such as Sertoli cells,
Leydig cells or even macrophages, produce this cytokine at lower levels
(Chaves-Pozo et al., 2003), as has been described in mammals (Kern et al.,
1995; Cudicini et al., 1997; Hedger and Meinhardt, 2003). However, it
remains to be elucidated whether this intracellular accumulation of IL-1b
by testicular acidophilic granulocytes represents the production of the
cytokine by these cells or its uptake (Chaves-Pozo et al., 2003).
Interestingly, 11-KT enhanced, while E2 inhibited, pro-IL-1b intracellular
accumulation by LPS/DNA-stimulated head-kidney acidophilic
granulocytes in a dose-dependent manner. These effects might suggest a
role for these hormones in the regulation of IL-1b intracellular
accumulation via acidophilic granulocytes of the testis, although other
factors are probably involved in this process since these two hormones on
their own failed to promote the intracellular accumulation of IL-1b in
resident head-kidney acidophilic granulocytes. Despite the fact that IL-1b
is produced by phagocytic cells, it cannot be ruled out that 11-KT and E2
may also affect the lymphocytes present in the head-kidney cell
suspensions, which, in turn, might modulate the accumulation of IL-1b by
acidophilic granulocytes (Chaves-Pozo et al., 2003). Finally, although little
is known about the biological activity of IL-1 in the fish testis, a
heterologous recombinant cytokine, murine IL-1b, has been seen to
inhibit basal and human chorionic gonadotrophin (hCG)-stimulated
testosterone production in the goldfish testis (Lister and van der Kraak,
2002). IL-1b is expressed during the reproductive cycles of gilthead sea
bream (Fig. 2.7).
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Tumor Necrosis Factor aaaaa

The TNF ligand superfamily includes 19 proteins that share a common
structure and biological activities (Aggarwal, 2003). Some of the most
studied members of the TNF superfamily are TNFa, TNFb and Fas L. At
least 41 TNF receptors have been described to date. While two TNFs (a
and b) are present in mammals, it appears that only one form of TNF is
found in fish where it is more similar in structure and genomic organization
to mammalian TNFa (Goetz et al., 2004).

TNFa is a pleitropic pro-inflammatory cytokine produced by
numerous immune cells during acute inflammation (Wang et al., 2003).
TNFa acts as a mediator for different cellular responses, including
lymphocyte and leukocyte activation and migration, cell proliferation,
differentiation and apoptosis (Wang et al., 2003). However, its influence
can be either beneficial or harmful, depending on the amount produced,
time course and distribution of the released protein (Manogue et al., 1991;
Aggarwal, 2003). Moreover, TNF is a key regulator of inflammation,
which is found at the sites of acute and chronic inflammation (Tracey and
Cerami, 1994) and is often associated with neutrophil infiltration and
activation, resulting in ROI generation and release of granule contents
(Chakrabarti et al., 2006). TNFa ligand exerts its different cellular and
pathological effects by binding to its receptors, TNFR1 and TNFR2
(MacEwan, 2002).

TNFa of various species of fish has been cloned, including gilthead
sea bream (Hirono et al., 2000; Bobe and Goetz, 2001; Laing et al., 2001;
García-Castillo et al., 2002; Zou et al., 2002, 2003; Saeij et al., 2003; Savan
and Sakai, 2004; Savan et al., 2005; Ordás et al., 2007), although its
expression is apparently dependent on the cell type or tissue (Laing et al.,
2001; Zou et al., 2003; Ordás et al., 2007) and on the stimulus used
(García-Castillo et al., 2002; Mackenzie et al., 2003; Zou et al., 2003; Savan
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Fig. 2.7 IL-1b gene expression assayed throughout two consecutive reproductive cycles
by RT-PCR. Sg, spermatogenesis; S, spawning; PS, post-spawning; R, resting and I,
involution stages; C-, negative control.
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and Sakai, 2004; Bridle et al., 2006; Ordás et al., 2007). Moreover, fish
species differ in their inflammatory response as well as in the pathogens
that are able to induce the expression of pro-inflammatory cytokines (Van
Reth et al., 1999, 2002; Thanawongnuwech et al., 2004). The biological
activity of fish TNFa has been studied in the gilthead sea bream (García-
Castillo et al., 2004), where TNFa conserves in vivo pro-inflammatory
activities. Thus, when injected intraperitoneally, gilthead sea bream
TNFa (sbTNFa) is biologically active and able to regulate the main
activities of innate immune cells at both the local and systemic levels,
including the recruitment of phagocytes to the site of injection, the
priming of phagocyte respiratory burst and the induction of granulopoiesis.
Further, sbTNFa is also able to regulate cellular proliferation in vitro and
does not show any apoptotic or cytotoxic effect on leukocytes, but rather
a strong growth-promoting effect both in vitro and in vivo. One of the most
important findings revealed by these studies is that mammalian and fish
TNFa show restricted species specificity. Thus, human TNFa is able to
kill murine L929 cells, whereas sea bream TNFa cannot. Conversely,
human TNFa is unable to affect the proliferation of sea bream leukocytes,
while seabream TNFa is a strong growth-promoting factor for such cells.

In the murine testis, the TNFa has been found to be expressed in
pachytene spermatocytes and round spermatids (De et al., 1993).
Moreover, TNFa is produced by activated testicular macrophages in vitro
(Xiong and Hales, 1993). Similar to IL-1, TNF inhibits Leydig cells
steroidogenesis (Gómez et al., 1997; Hong et al., 2004). Observations made
in the human testis suggest that TNF might play a role in controlling the
efficiency of spermatogenesis, inhibiting germ cell apoptosis by regulating
the level of FasL (Pentikainen et al., 2001). The Fas system is a potential
mechanism for transmission of the apoptotic signal to germ cells during
regression in seasonal breeders, although multiple apoptotic pathways
probably contribute to testicular regression (Young and Nelson, 2001).
TNFa has also been proposed to play a pivotal role in blood-testis barrier
dynamics through its effects on the homeostasis of extracellular matrix
proteins (Siu and Cheng, 2004a, b).

In gilthead sea bream, the TNFa is expressed during spermatogenesis
and post-spawning (Fig. 2.8) (Fernández-Alacid et al., unpubl. results),
suggesting a role for this cytokine not only in sperm production but also
in tissue remodelling and/or spermatogonia proliferation.
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Transforming Growth Factor bbbbb

TGFbs are regulatory molecules with pleiotropic effects on cell
proliferation, differentiation, migration and survival, affecting multiple
biological processes, including development, carcinogenesis, fibrosis,
wound healing and immune responses (Blobe et al., 2000). TGFbs belongs
to the TGFb superfamily, with additional members including bone
morphogenetic proteins, activins and growth differentiation factors
(Chang et al., 2002). There are three homologous TGFb isoforms in
mammals, TGFb1, TGFb2, and TGFb3, which are encoded by different
genes (Govinden and Bhoola, 2003). TGFb1 is the predominant isoform
expressed in the immune system, but all three isoforms have similar
properties in vitro. The TGFb superfamily mediates its biological functions
via binding type I (Tb-RI), II (Tb-RII) and III (Tb-RIII) transmembrane
serine/threonine kinase receptors. Recently, genes corresponding to the
TGFb family have been cloned (Hardie et al., 1998; Laing et al., 1999,
2000) including the TGFb1 in gilthead sea bream (Tafalla et al., 2003).

The pivotal function of TGFb in the immune system is to maintain
tolerance by regulating lymphocyte proliferation, differentiation and
survival. In addition, TGFb controls the initiation and resolution of the
inflammatory responses through the regulation of chemotaxis, and the
activation and survival of lymphocytes, natural killer cells, dendritic cells,
macrophages, mast cells and granulocytes. The regulatory activity of
TGFb is modulated by the cell differentiation state and by the presence of
inflammatory cytokines and co-stimulatory molecules. Collectively, TGFb
inhibits the development of immunopathology to self or non-harmful
antigens without compromising immune responses to the pathogens (Li
et al., 2006).

Given the diverse roles of TGFb in the regulation of cell
differentiation and proliferation in tissue development and repair, it seems
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Fig. 2.8 TNFa gene expression assayed throughout two consecutive reproductive cycles
by RT-PCR. Sg, spermatogenesis; S, spawning; PS, post-spawning; R, resting and I,
involution stages; C-, negative control.
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reasonable to think that the TGFb family members contribute to the
molecular regulation of reproductive events. Many studies implicate the
three isoforms in almost every aspect of the reproductive function,
spermatogenesis and steroidogenesis (Ingman and Robertson, 2002). The
primary actions of the TGFb are to enhance formation of the extracellular
matrix and to inhibit the proliferation of most cells (Lawrence, 1996),
inhibiting progression into late G1 of the cell cycle (Itman et al., 2006).
There is a differential production of TGFb and TGFb receptors in the
testis during development (Ingman and Robertson, 2002; Lui et al., 2003).
TGFb1 is expressed by both somatic cells (Sertoli cells, peritubular myoid
cells and macrophages) (Mullaney and Skinner, 1993) and germ cells
(Watrin et al., 1991), while TGFb2 and TGFb3 are expressed only by
somatic cells. TGFb-RI and II are expressed in greatest abundance in the
immature testis (Le Magueresse et al., 1995). Thus, it has been
demonstrated that the TGFb isoforms are differentially expressed in aged
rat testis and co-localized in interstitial tissues (Jung et al., 2004).
Moreover, they induce pubertal male germ death dose-dependently
mediated by the mitochondrial pathway (Konrad et al., 2006). TGFb1 and
TGFb2 have an age-dependent negative effect on the development of the
gonocytes in the rat testis in vitro by apoptosis (Olaso et al., 1998), just as
TGFb1 does in various other cell types (Rotello et al., 1991, Bursch et al.,
1993), acting directly on these cells (Olaso et al., 1998). The actions of
TGFb in testicular target cells are influenced by endocrine hormones and
sex steroids (Ingman and Robertson, 2002).

TGFb has different functions in the mammal testis, where it
stimulates or inhibits Leydig cell steroidogenesis depending on its level in
the microenvironment of the testis. It also determines germ cell numbers
in the seminiferous epithelium via its effect on germ cell division and
apoptosis, activates gene transcription, increases the synthesis of ECM
proteins, antagonizes LH action in Leydig cells, attenuates FSH action in
Sertoli cells and regulates cell shape and chemotrophic effects on cell
migration (Lui et al., 2003).

No information on the expression or biological activity of TGFb in the
testis of fish exists. However, we have found that TGFb1 is mainly
expressed in spermatogenesis and post-spawning in the gilthead sea bream
testis (Fig. 2.9), coinciding with the highest expression of TNFa (see
above) (Fernández-Alacid et al., unpubl. results). These results suggest an
important role for cytokines in the regulation of testicular functions in fish.
However, studies aimed at the characterization of the biological activity of
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SPECULATION AND CONCLUSIONS

Being a protandric seasonal breeding teleost fish, gilthead sea bream
provides a useful model for studying the manner in which immune cells
and cytokines influence the testicular involution that occurs after
spawning of males and prior to sex change. Testicular acidophilic
granulocytes constitute a population whose exact localization and
numbers are related with the stage of the reproductive cycle, but whose
main activities are immunosuppressed. Moreover, testicular cells and/or
soluble factors modulate both their infiltration into the testis and their
activities. Other immune cells such as lymphocytes and macrophages have
also been observed in the testis of fish but the exact role of these cells is
unknown. More studies are necessary to know the possible involvements
of these cells in the immunosurveillance of this organ as well as in the
regulation of sperm and steroid hormone production. Finally, the
expression of several cytokines in the testis of fish during different
reproductive stages further suggests an important contribution of the
immune system in the physiology of the testis in this group of animals. As
spermatogenesis and its regulation are highly conserved in all the
vertebrates, we believe that further knowledge of the mechanisms that
orchestrate the physiological function of these cells and factors in the fish
testis might throw light on the privileged immune status of the testis and
even on the development of autoimmune diseases, which could well be of
use in clinical applications. Perhaps the best approach will be to use the
detailed knowledge that we have of zebrafish genetics together with in vivo
imaging using fluorescent markers targeting germ and/or somatic cells of

these cytokines in the testicular cell functions and the cells responsible for
their production are needed to shed more light on the interactions
between the immune and reproductive systems of fish.

Fig. 2.9 TGFb1 gene expression assayed throughout two consecutive reproductive
cycles by RT-PCR. Sg, spermatogenesis; S, spawning; PS, post-spawning; R, resting and
I, involution stages; C-, negative control.
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the testis of this species, which may contribute to illuminating interactions
between the immune and reproductive systems.
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INTRODUCTION

The purpose of this chapter will be to provide a vista point from which the
reader may view the unfamiliar and, at times, the seemingly exotic
landscape of the teleost antibody response. We hope to provide a guide of
what we believe to be some of the more unique and significant landmarks,
annotated with some, hopefully, provocative hypotheses that may
encourage greater participation and deeper exploration into this exciting
and relatively unmapped region of the immunological world.

This chapter begins with the molecular organization of the antibody
genes, followed by the structural and functional features of the antibody
molecule. The second half of the chapter deals with the development of

The Cellular and Developmental
Biology of the Teleost Antibody

Response

S. Kaattari*, G. Brown, I. Kaattari, J. Ye, A. Haines and
E. Bromage

3rd Proof_5-4-08

C-03.pmd 12/1/2008, 4:12 PM75



76 Fish Defenses

the antibody producing cell and the organization and function of the
system that leads to this antibody response. In a final summary, key
features are re-emphasized and brought into a context that is contra to
numerous other portrayals of the ectothermic immune system (i.e., a
dynamic and uniquely evolving immune system rather than an
evolutionary relic).

TELEOST IMMUNOGLOBULIN LOCI

Most teleost serum Ig is a tetrameric molecule, termed IgM, although
serum IgM in mammals and in the elasmobranchs is pentameric (Fig. 3.1;

Fig. 3.1 Schematic representation of teleost IgM. The teleost IgM molecule is a
tetramer composed of eight identical heavy (H) and eight light (L) chains which are linked
by disulfide bridges, contributing eight antigen binding sites. Each H and L chain is
composed of a VH and VL (variable regions), respectively, as well as a CH1-4 and CL. H and
L chain complementarity determining regions, CDRs (squares) which are separated by
framework regions (FRs), interact with antigens (Ag) in the antigen binding site. Certain
interchain disulfide bonds are uniformly present (solid lines), while other intersubunit
disulfides are not (dashed lines).
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also see Wilson and Warr, 1992, for an early review). The monomeric
building block—comparable to IgG in other vertebrates—consists of
equimolar amounts of heavy chains and light chains encoded by separate
loci within the genome (Warr, 1995). Until recently, IgM was believed to
be the only teleost immunoglobulin isotype. However, with advances in
molecular biology and genome sequencing, the true complexity
engendered in teleost immunoglobulins is becoming apparent.

The Heavy Chain Locus

The Variable Heavy Chain (VH) Region

The teleost heavy chain variable region, as with other jawed vertebrates,
consists of four framework regions bracketing three hypervariable or
complementarity determining regions (CDR) (Kabat et al., 1979). The
three heavy chain CDRs represent three of the six antigen contact points
that confer antigenic specificity, the other three being encoded by the
variable light (VL) chain gene. Each FR1-CDR1-FR2-CDR2-FR3 is
encoded primarily by a variable (VH) gene, whereas the CDR3 is encoded
by the 3¢ end of VH, a DH gene and the 5¢ end of a joining (JH) gene, which
are randomly fused through the process of somatic recombination
(Tonegawa, 1983). Recombination follows the 12 (one helix turn)/23 (two
helix turn) rule, requiring a spacer region of either 12 or 23 bp separating
a conserved palindromic heptamer or a conserved AT-rich nonomer
(Amemiya and Litman, 1990; Hayman and Lobb, 2000). Sequences
containing the 12 bp spacer can combine only with sequences containing
the 23 bp spacer and vice versa. The fourth framework (FR4) is encoded
entirely by the remaining portion of a JH gene.

The arrangement of these genes within the genome is similar to the
translocon arrangement found in the mammalian heavy and light chain
loci (Ghaffari and Lobb, 1989b; Amemiya and Litman, 1990). Multiple VH
genes are arranged in tandem, upstream of separate groups encoding the
DH and JH genes followed by different constant (CH) genes (Fig. 3.2).
Therefore, the number of VH genes and VH gene families, as well as the
combinatorial diversity produced through somatic rearrangement with DH
and JH genes are likely the primary factors generating antibody diversity
(Table 3.1). In general, multiple VH genes (>40) are available
for recombination with the various DH (3-10) and JH (2-11) genes
(see Table 3.1), therefore engendering the capability of generating
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Fig. 3.2 The IgH loci of teleosts. A variety of different H chain loci found in teleost fish are depicted. *Oncorhynchus mykiss and Salmo salar
are tetraploid, therefore some or all of the IgH locus in these fish has been duplicated (Hordvik, 1998; Hansen et al., 2005), although only one
IgM gene is expressed in O. mykiss (Hansen et al., 2005). Only one genomic copy of the heavy chain is expressed in channel catfish as well
(Ghaffari and Lobb, 1989b) and there is no evidence of more than one copy of the heavy chain locus in zebrafish (Danilova et al., 2005). Enhancer
regions (blue dot) are identified. Drawings not to scale. Reference sources for species: I. punctatus—(Ghaffari and Lobb, 1989a, 1989b, 1992,
1999; Hayman et al., 1993; Andersson and Matsunaga, 1995; Wilson et al., 1997; Hayman and Lobb, 2000; Ventura-Holman and Lobb, 2001;
Bengtén et al., 2002, 2006; Yang et al., 2003). S. salar/S. alpinus—(Hordvik et al., 1997, 1998, 1999, 2002; Andersson and Matsunaga, 1993,
1995, 1998; Solem et al., 2001). O. mykiss—(Matsunaga et al., 1990; Roman and Charlemagne, 1994; Roman et al., 1995, 1996; Hansen et
al., 2005; Brown et al., 2006). D. rerio—(Danilova et al., 2000, 2005; Ellestad and Magor, 2005). G. morhua—(Bengtén et al., 1994; Stenvik and
Jorgensen, 2000; Stenvik et al., 2000; Solem and Stenvik, 2006).
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thousands of different V(D)J combinations. Fourteen VH gene families
have been identified in the zebrafish (Danio rerio) (Danilova et al., 2005),
13 in the channel catfish (Ictalurus punctatus) (Yang et al., 2003), and 13
in the rainbow trout (Oncorhynchus mykiss) (Brown et al., 2006). However,
some fish apparently utilize fewer VH genes and/or families. Only four
families have been found in Atlantic cod (Gadus morhua), and those
utilized are predominantly from family III (Stenvik et al., 2001). In such
cases, antibody variability can still be generated through somatic mutation
(Yang et al., 2006) and V(D)J junctional diversity. Pseudogenes are also
common (Yang et al., 2003) and can contribute to antibody diversity
through gene conversion. This is the primary process for generating Ig
diversity in chicken where only one functional VH gene exists. Here, the
process of hyperconversion utilizes a donor pool of pseudogenes to
generate significant VH diversity from the single functional gene (Reynaud
et al., 1989).

In addition to the potential junctional diversity generated simply by
the number and variety of VH, DH, and JH genes, the actual process of
recombination adds to the diversity in the CDR3 region through the
deletion of nucleotides, the addition of non-templated nucleotides
(N-region additions), and the addition of nucleotides palindromic to the
3¢ end of a coding region (P-additions). Deletion of nucleotides from both
the 5¢ and 3¢ ends of the DH genes, as well as N and P-additions, have been
observed in channel catfish (Hayman and Lobb, 2000). The addition or
deletion of a nucleotide upstream or at the 5¢ end of the D region can
significantly alter the amino acid sequence of the CDR3. It is common for

Table 3.1 V, D, J gene estimates for various teleost species1.

Species2 V (Families) Dz/t Jz/t Dm/d Jm/d VDJ3 IgH Loci

I. punctatus 2004(13) ND5 ND 3 11 1 16

S. salar/S. alpinus >50 (8-13) ?7 ? 8-10 2-6 ND 2
O. mykiss >50 (13) 3 2 6 5 ND 2
D. rerio 36-39 (14) 2 2 5 5 ND 1
G. morhua >50 (4) ? ? 5-7 2-3 ND 1

1Projected numbers were obtained from Southern blots, cDNA and/or germline sequences.
2References included in Fig. 3.2 legend
3Combined in the germline
4Half may be pseudogenes
5None Discovered
6Three different IgH regions have been identified in tandem; however, only one contains a functional Igm
7Not determined
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DH regions to have more than one open reading frame (ORF) (Hayman
and Lobb, 2000). In the channel catfish, Hayman and Lobb (2000)
detected utilization of alternate DH reading frames where one ORF
encoded for hydrophobic residues while a second encoded for glycine and
polar/hydrophilic residues; therefore, depending on the number of
additions or deletions upstream of the DH gene, either a hydrophobic or a
hydrophilic CDR3 region could be produced. The presence of similar
observations in rainbow trout (Roman et al., 1995), Atlantic salmon
(Salmo salar) (Solem et al., 2001) and Atlantic cod (Solem and Stenvik,
2006) would suggest that flexible reading frame usage, N and P additions,
and DH segment nucleotide deletions are utilized by most teleosts to
generate diversity of the CDR3.

The Constant Heavy Chain (CH) Region

Following somatic heavy chain gene rearrangement, transcription, and
finally through RNA processing, the leader sequence and the rearranged
V(D)J segment are spliced to the exon of a constant region creating the
mRNA transcript responsible for encoding the complete immunoglobulin
heavy chain. Three to five different heavy chain isotypes have been
identified in teleost fish, depending on the species: IgM1, IgM2 (Hordvik
et al., 1997, 2002), IgD (Wilson et al., 1997), IgZ (Danilova et al., 2005)
and IgT (Hansen et al., 2005), determined by the constant region (Cm, Ct,
Cz) that is joined to the V(D)J. Unlike tetrapods, however, there is no
evidence of class switch recombination. Class switch recombination may
not be necessary in teleosts due to the structure of the immunoglobulin
heavy chain locus (Danilova et al., 2005), or due to the lack of evolved
switch regions (Barreto et al., 2005). Interestingly, the gene encoding for
activation-induced cytidine deaminase (AID)—which is required for class
switching as well as for somatic hypermutation—was recently identified
from zebrafish (Zhao et al., 2005). Although class switching has not been
observed in teleosts, teleost AID can catalyze class switching in
mammalian cell lines (Barreto et al., 2005).

The Cmmmmm region (IgM)

IgM is the most prevalent Ig in teleosts and, prior to the 1990’s, it was the
only isotype identified. In the serum of teleosts, it exists predominantly as
a tetramer [4 monomeric units, (H2L2)4, for a total of 8 heavy chains and
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8 light chains (Fig. 3.1)] with eight antigen binding sites (Acton et al.,
1971; Clem, 1971), but is also found bound to the membrane as a
monomer (Clem and McLean, 1975; Warr et al., 1976; Wilson et al., 1992).
The transcript for the secreted form contains all four Cm exons; however,
alternative splicing patterns join the Cm3 exon to the two transmembrane
domains to generate the membrane form. This alternative RNA splicing
pattern, first discovered in the channel catfish (Wilson et al., 1992) and
apparently common to all teleosts examined thus far (Bengtén et al., 1991;
Hordvik et al., 1992; Lee et al., 1993), is also present in more primitive
holostean fish (Wilson et al., 1995). Alternative RNA splicing overcomes
the lack of a cryptic donor splice site, which is present in other vertebrate
Cm4s, but not present in teleost Cm4 (Ross et al., 1998).

Transcription of m occurs early in development and gradually
increases. The recombination activating gene, rag1, necessary for somatic
V(D)J recombination was detected by day 4 post-hatch in the zebrafish,
which coincided with the first detection of V(D)J rearrangements
(Danilova and Steiner, 2002). Transcription of membrane m was then
detected by day 7 and secreted m by day 13. In situ hybridization of m
transcripts were detected in 10-day-old zebrafish (Danilova et al., 2005)
and day 22 trout embryos (Hansen et al., 2005).

The Cddddd region (IgD)

In the late 1990’s, an additional Ig heavy chain constant region gene was
discovered in the channel catfish that: (1) bore some sequence similarity
to human d; (2) was similarly located immediately downstream of m; (3)
possessed separate exons for secretory and membrane forms; and (4) due
to a lack of switch mechanisms could be co-expressed with m utilizing the
same V(D)J rearrangement (Wilson et al., 1997). Since then, IgD has also
been identified in Atlantic salmon (Hordvik et al., 1999), Atlantic cod
(Stenvik and Jorgensen, 2000), Atlantic halibut (Hippoglossus hippoglossus)
(Hordvik, 2002), Japanese flounder (Paralichthys olivaceus) (Hirono et al.,
2003), fugu (Takifugu rubripes) (Saha et al., 2004), rainbow trout (Hansen
et al., 2005), and zebrafish (Danilova et al., 2005). Similar to teleost IgM,
IgD also utilizes an alternative pathway of RNA processing. Somatically,
the same pod cf V(D)J genes utilized with m for the production of IgM are
recombined and spliced to the Cm1 exon followed by splicing to the Cd
exons, producing a chimeric Ig molecule with both m and d genes. It has
been suggested that Cm1 is necessary for heavy/light chain disulfide
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bonding since Cd1 does not code for the necessary cysteine (Wilson et al.,
1997). In addition, teleost IgD also differs structurally from the IgD of
other organismal groups, in the sense that it lacks a hinge region (Wilson
et al., 1997).

The number and usage of Cd exons is not consistent among teleosts.
As seen in Figure 3.2, d 2-4 are duplicated in the genomes of several fish
species, for example, Atlantic salmon (Hordvik et al., 1999), channel
catfish (Bengten et al., 2002), Atlantic halibut (Hordvik, 2002) and
zebrafish (Danilova et al., 2005). In the Atlantic salmon, the duplicated d
exons were maintained in the transcripts and apparently not spliced out.
In fugu, d1-6 are duplicated in a tandem repeat (Saha et al., 2004),
whereas in the Atlantic cod domains d3-6 have been deleted and only d 1
and d 2 are duplicated (Stenvik and Jorgensen, 2000). The Japanese
flounder is one of the few species that has a simple d 1-7 exon arrangement
without deletion or duplication of d domains (Srisapoome et al., 2004). In
another interesting variant, the channel catfish contains separate exons
for secretory and membrane bound IgD, each associated with a d exon
pattern of d 1,2,3,4,2,3,4,5,6,7, but located between different regions of
the heavy chain (Bengten et al., 2002). A similar arrangement has not
been observed in any other fish and could either indicate that other fish
may only express the membrane form of IgD (Srisapoome et al., 2004), or
simply that the secretory genes have not been located. Additional d
domain diversity exists in zebrafish, which have only one membrane exon;
however, the resulting amino acid sequence is similar to the sequences
encoded by two membrane exons (Danilova et al., 2005).

Although the function of IgD is still unknown, the dominant form
appears to be membrane bound, suggesting a role as a B cell receptor
(Stenvik et al., 2001). In the Japanese flounder, expression of the d  gene
was found predominantly in the peripheral blood lymphocytes. However,
expression levels were much lower than m (Hirono et al., 2003). To date,
there has only been one report of secreted IgD, which was in the channel
catfish (Miller et al., 1998).

The Cttttt/zzzzz region (IgT and Igz)

IgT and IgZ, which may be orthologous, could also be representatives of
the same isotype (Danilova et al., 2005; Hansen et al., 2005). There does
not appear to be a previously described Ig equivalent to t or z in other
vertebrates. Due to the similarity between the isotypes, i.e., their location,
size, exclusive DJ usage, and restriction to fish, for the purposes of this
chapter they will be addressed together.

C-03.pmd 12/1/2008, 4:12 PM83



84 Fish Defenses

Genes similar to t and z have been identified from deposited
sequences of fugu, carp (Cyprinus carpio) and Atlantic salmon (Danilova
et al., 2005), although not in channel catfish (Bengtén et al., 2006). In
both the zebrafish and in the rainbow trout, 4 Ct/z exons are found
upstream of regions encoding the Dm/d , Jm/d Cm and Cd domains (Fig. 3.2).
Both possess a secretory tail and a transmembrane domain. IgT and IgZ,
unlike IgM, retain all four Cz/t domains in membrane bound form (Hansen
et al., 2005). Interestingly, additional D and J genes were identified
upstream of the Cz and Ct exons, which are not utilized in IgM or IgD.
Following examination of cDNAs encoding IgT and IgZ, these D and J
genes were utilized exclusively with t and z transcripts, further supporting
the identification of a new isotype. The different Dt and Jt genes utilized
in IgT produced Ig with longer CDR3 regions (5-10 aa) when compared
to IgM CDR3 (4-5 aa) (Hansen et al., 2005).

Transcription of t and z appears to occur very early, being detected in
22-day-old rainbow trout and in 6-day-old zebrafish (Danilova et al., 2005;
Hansen et al., 2005). In zebrafish, the z transcripts were more prominent
than m at two weeks. However, t transcription was never shown to be
greater than m transcription in the rainbow trout. Interestingly, in
zebrafish, the V(D)J arrangement, known to take place by day 4, may be
responsible for V(Dz)Jz arrangements and not V(Dm)Jm as previously
thought (Danilova et al., 2005). Apparently, both membrane-bound and
secreted forms of IgT are expressed in rainbow trout, as the two bands are
detected by Northern blots, presumably one for secreted t and one for
membrane t (Hansen et al., 2005). In addition, as with the d genes, t genes
are also duplicated in the rainbow trout. Transcription of z appears to be
restricted more to the thymus, mid-kidney and anterior kidney when
compared to t transcription, which was also detected in the spleen,
intestine, heart, and weakly in the mid-kidney. Although this difference
may imply a functional difference between the two isotypes, other
similarities (i.e., phylogenetic analysis, DJ usage, and location) would
suggest a closer relationship. The expression of additional t/z genes from
other species needs to be examined before a conclusion can be made.

The degree of polymerization of IgZ or of IgT is also unknown. Ct/z
possesses a cysteine at position 13 or 14 (rainbow trout or zebrafish,
respectively), which typically forms a bond with a light chain cysteine in
other immunoglobulins, however, there is only one other cysteine near the
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C terminus of secreted IgZ or IgT, that is available to form a covalent bond
with another monomeric unit (Danilova et al., 2005; Hansen et al., 2005).

An additional, novel chimeric immunoglobulin has recently been
observed in carp where the deduced amino acid sequence of the first
constant region was 95% similar to carp Cm1, but the second constant
region (CH2) showed similarity (52.6%) to the predicted amino acid
sequence for CH4 of IgZ. The carp immunoglobulin is unique as it contains
only two constant domains (Savan et al., 2005a). Fugu also appears to have
an IgH gene containing two constant regions. However, the second
constant region encodes a hinge region and neither constant region is
similar to any other fish IgH genes (Savan et al., 2005b).

Light Chain Loci

L Chain Interaction with the H Chain

Each monomeric subunit of an immunoglobulin molecule is composed of
two H chains and two L chains. The individual L chains are usually
associated with the H chains through a disulfide bridge between the single
C domain of the light chain and the C1 domain of the H chain (Bengtén
et al., 2000b). The antigen-binding region of the entire Ig molecule is
stabilized by hydrophobic interactions between the VL and VH domains
(Secher et al., 1977). Although the importance of the VL in antigen
binding is thought to be limited (Pilström et al., 1998; Pilström, 2002), the
presence and variability of VL domains in most immunoglobulins suggests
VL’s contribution to the antigen-binding site can be significant.

In contrast to CH regions, CL regions do not appear to have special
effector functions. However, as Pilström (2002) emphasizes, most H chains
of immunoglobulins cannot be expressed (and later secreted) without L
chains. Thus, an important function of the L chain is to facilitate
expression of the complete B cell membrane-bound and secreted
immunoglobulins. If the initial rearrangement of the teleost L chain locus
fails to produce a functional antibody, another version of the L chain may
be produced to combine with the original H chain. There are also rare
instances where immunoglobulin molecules are only composed of heavy
chains (Hamers-Casterman et al., 1993; Greenberg et al., 1995). These
immunoglobulins function as well as conventional immunoglobulins
(Nguyen et al., 2000).
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L Chain Isotypes

Most vertebrates, with the exception of birds, express two or more L chain
isotypes (i.e., k and l), which are expressed in a translocon manner. The
mammalian k complex possesses multiple VL genes, several JL genes, and
a single CL gene (Kirschbaum et al., 1996). The l locus possesses multiple
VL genes upstream of several JL-CL clusters (Bauer and Blomberg, 1991;
Frippiat et al., 1995). In humans and mice, if the initial Vk Jk rearrangement
is unsuitable (i.e., incompatibility with the H chain, being out-of-frame, or
generating an autoreactive receptor), secondary rearrangements occur
between other upstream Vk genes and any available downstream Jk genes.
After exhausting the potential k rearrangements, the k locus can be
inactivated by deletion of its Ck exon, and the second L chain locus, l, is
subsequently utilized (Gorman and Alt, 1998; Klein et al., 2005). Thus,
the l locus thus can be visualized as a reserve in the event of failure at the
k locus to produce an appropriate B cell receptor (BCR) (Wardemann
et al., 2004).

In both cartilaginous and teleost fish, the L chain genes are not
arranged in a translocon manner, but are in multiple ‘clusters’. The IgL loci
of the teleosts, however, differ from those of the elasmobranchs in at least
two ways: the clusters are more proximal to each other, and the VL genes
have an opposite transcriptional direction in relation to the JL and CL
genes. Both of these factors may facilitate rearrangements between
clusters and thus increase variability. Another unique feature of teleost L
chains is the abundance of sterile transcripts and non-rearranged
transcripts in cDNA libraries screened via nonbiased selection procedures
(Daggfeldt et al., 1993; Partula et al., 1996; Haire et al., 2000; Timmusk
et al., 2000).

Although VH regions are encoded by the recombination of VH, DH and
JH genes, DL genes do not exist, only VL and JL genes (Shamblott and
Litman, 1989a, b). Despite this difference, light chains also employ a
process of random somatic recombination between the VL and JL genes
thus contributing to the large repertoire of antigen-binding sites. If any of
the antigen-binding sites are auto-reactive, their specificity is
subsequently altered by replacement of the original L chain gene via
secondary rearrangements, otherwise known as receptor editing (Gay
et al., 1993; Radic et al., 1993; Tiegs et al., 1993).
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Teleost IgL chains cannot be classified as either k or l, although the
VL genes of Atlantic cod, channel catfish, and rainbow trout have
somewhat higher sequence identity to k rather than l  and have
recombination signal sequences (RSS) that are of k  type (Pilström et al.,
1998). Initially, different teleost L chain isotypes were distinguished
antigenically, by the use of monoclonal antibodies for light chains (Lobb
et al., 1984; Sanchez and Dominguez, 1991), or by anion exchange
chromatography (Havarstein et al., 1988). Sanchez and Dominguez
produced two mAbs, 2H9 and 2A1, which identified two different rainbow
trout light chains (26 and 24 kDa, respectively). These mAbs only reacted
with 20% (2H9) and 11% (2A1) of Ig from a pool of sera (Sanchez and
Dominguez, 1991), implying the existence of at least another light chain
isotype. This was corroborated by subsequent FACS analyses, which also
demonstrated distinct recognition of two mutually exclusive lymphocyte
populations (Sanchez et al., 1995) totaling less than 100% of those cells
stained by an anti-H chain antibody.

A similar line of research, SDS-PAGE analysis of channel catfish
serum antibody by Lobb and coworkers (1984), revealed light chains of
approximately 26, 24, and 22 kDa. Two mAbs, 3F12 and 1G7, were found
to detect different populations of channel catfish Ig. MAb 3F12 reacted
with a subpopulation of channel catfish Ig that contained two of these L
chain variants, ~24 and ~22 kDa. A second mAb, 1G7, reacted only with
the third light chain variant, ~26 kDa. Peptide mapping demonstrated
that these L chains were structurally different. Additional validation for
these channel catfish L chain isotypes came with discovery that different
haptens induced varying, yet additive, percentages of reactivity.

More recently, numerous studies have utilized genetic analyses to
compare putative L chain isotypes. Hsu and Criscitiello (2006) utilized the
genome database of the zebrafish to further characterize the three
previously described types of zebrafish L chain genes (Haire et al., 2000)
and to specify their transcriptional polarity. Haire and coworkers (2000)
had originally classified the zebrafish L chain isotypes by their C gene
identity, typically having ~30% homology between isotypes. A similar
degree of homology (35-37%) exists between mammalian k and l C
regions.

The first light chain locus of zebrafish (type 1, or L1) possesses both
small V-J-C clusters and an ‘expanded’ cluster, which is also found in type
2 (L2) and type 3 (L3) loci. The expanded cluster spans 516 kb, with four
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clusters of V-J-C, separated by intervals of 3.7-418 kb. Several other
teleosts, including channel catfish, Atlantic cod, fugu, Atlantic salmon,
and rainbow trout also have non-extended, L1 chain isotypes. The VL1
genes are the least diverse among the three isotypes. The V genes are
primarily in the opposite transcriptional orientation as the J and C genes.

The zebrafish L2 locus is the most complex, containing 12 V genes, 4
J genes, and 2 C genes. This arrangement is termed an extended cluster.
The two C genes are 59% identical at the nucleotide level and 45% similar
at the derived amino acid sequence. L2 C genes share 22-31% identity
with L1/L3 sequences. Based on the fact that type 2 light chains are found
in a broad diversity of teleosts, including carp, fugu, Atlantic salmon,
rainbow trout, and zebrafish, and the V-J-C genes are in the same, closely
clustered transcriptional orientation, Hsu and Criscitiello (2006)
hypothesized a common, early existence for L2 L chains in the Teleostei.

The L3 L chain locus has 8 V gene sequences (zebrafish), one J gene
segment, and one C gene. These V genes are positioned on both sides of
the J and C genes, and seven are in opposite transcriptional polarity to the
J and C. At this point, the only teleosts known to have L3 L chains are
carp, channel catfish, and zebrafish (Hsu and Criscitiello, 2006).
Phylogenetic analyses and shared transcriptional characteristics strongly
indicate a common derivation of L1 and L3 L chains (Hsu and Criscitiello,
2006).

Studies on the regulation of light chain expression in teleost fish have
only recently begun. No functional data are yet available for L chain
promoters of ectothermic vertebrates. In mammals, a TATA-box and an
octamer motif are considered necessary and sufficient for promoter
function. Putative promoter regions identified in the L1 and L3 loci of
rainbow trout, L1 of Atlantic cod, and L2 of zebrafish have either
consensus or very similar TATA and octamer motifs (Timmusk et al.,
2002). However, in the L2 locus of rainbow trout, Timmusk and co-
workers (2002) have been unable to detect any octamer motif. There is
also some question as to whether every V-J-C cluster of the light chain has
its own enhancer. In mice, there are two enhancers in each locus: one J-C
intronic and one 3¢ of the C gene in the k  locus and two 3¢ enhancers in
the l locus. Research by Bengtén et al. (2000a) shows that Atlantic cod
IgL clusters do not always have their own enhancer, but at times have to
share some control elements that occur 3¢ of some C genes.
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THE TELEOST ANTIBODY MOLECULE

Antibody Expression and Structure

As described above, recent molecular studies demonstrate that multiple
isotypes are present in teleosts. Specifically, although m exists for all teleost
species, two m heavy chain genes have been found in Atlantic salmon and
brown trout (Salmo trutta) (Hordvik et al., 1992, 1997, 2002), d genes with
various organizations have been identified in channel catfish (Wilson
et al., 1997), Atlantic salmon (Hordvik et al., 1999), Atlantic cod (Stenvik
and Jorgensen, 2000), Atlantic halibut (Hordvik, 2002), fugu (Saha et al.,
2004), Japanese flounder (Hirono et al., 2003), zebrafish (Danilova et al.,
2005) and rainbow trout (Hansen et al., 2005), t was recently
characterized in rainbow trout (Hansen et al., 2005), as well as z in
zebrafish (Danilova et al., 2005), and unknown IgHs were found in carp
and fugu (Savan et al., 2005a, b). To date, studies on the expression of
isotypes other than m have been limited to relatively few transcriptional
analyses (Bengtén et al., 2002; Hirono et al., 2003; Saha et al., 2004;
Danilova et al., 2005; Hansen et al., 2005). These analyses have
demonstrated that d is preferentially transcribed in peripheral blood
leukocytes (PBLs), but also found in the spleen and kidney. The copy
number of d mRNA is much less than that of m (Hirono et al., 2003). Thus
far, only a monomeric IgD has been detected in channel catfish serum
(Miller et al., 1998; Bengtén et al., 2002). The molecular weight of this
molecule is approximately 160-180 kDa (Miller et al., 1998; Bengtén et al.,
2002). Recent studies suggest that IgD’s primary location is bound to the
surface of phagocytic cells, which may indicate a role as an opsonin
(Stafford et al., 2006). Studies on t and z suggest that they may be
differentially transcribed in specific tissues: i.e., in the adult zebrafish, z is
limited to the primary lymphoid tissues, whereas t is expressed in a variety
of rainbow trout tissues (Danilova et al., 2005; Hansen et al., 2005).

Regardless of the molecular evidence for teleost isotypic diversity,
tetrameric molecule appears to be the predominant immunoglobulin (Ig)
found in the circulation in all species (Bengtén et al., 2000b, 2006; Solem
and Stenvik, 2006). Additionally, this molecule has also been identified in
the mucus (Lobb and Clem, 1981b; Lobb, 1987; Rombout et al., 1993;
Bromage et al., 2006), egg (Fuda et al., 1992; Hayman and Lobb, 2000;
Bromage et al., 2006) and ovarian fluid (Bromage et al., 2006; Nakamura
et al., 2006). Despite being tetrameric, teleost IgM appears structurally
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analogous to IgM (pentamer) of mammals in that they: (1) are both
polymeric, (2) have similar overall domain size, (3) have similar carboxyl-
terminal regions, (4) lack an associated hinge region and (5) possess
similar masses and carbohydrate contents (Marchalonis and Cone, 1973;
Ghaffari and Lobb, 1989b). The heterodimer subunit of teleost IgM is
composed of H chains of 60-75 kDa and L chains of 22-27 kDa (Fig. 3.1).
Size-exclusion chromatography or denaturing, non-reducing acrylamide
gel electrophoresis of the native molecule yields apparent molecular
weights between 650 and 850 kDa, depending upon the species (Acton et
al., 1971; Lobb and Clem, 1981a; Shelby et al., 2002; Bromage et al.,
2004b, 2006; Solem and Stenvik 2006).

Antibody Affinity and Avidity

In addition to the structural similarities described above, both mammalian
and teleost IgM possess the functional similarity of binding sites with a low
intrinsic affinity for antigen, but a rather high avidity (multivalency).
Generally, the range of teleost IgM affinities for a variety of species is
between 104 M–1 and 106 M–1 (Fiebig and Ambrosius, 1977; Fiebig et al.,
1977; Voss et al., 1978; Lobb, 1985; Killie et al., 1991; Kaattari et al., 2002).
The affinity of carp anti-DNP antibodies increases from about 104 M–1 in
the early immune response and up to 105 M–1 in the late primary response
(Fiebig and Ambrosius, 1977). The average affinity of coho salmon
(Oncorhynchus kisutch) anti-fluorescyl antibodies is about 105 M–1 at 2
months post-primary immunization (Voss et al., 1978), similar to that of
Atlantic salmon anti-NIP antibodies at 4 months post-primary
immunization (Killie et al., 1991). Channel catfish anti-DNP and rainbow
trout anti-TNP antibodies possessed a higher affinity of approximately 106

M–1 found at different time points post immunization (catfish at 7 months
post-primary, and rainbow trout at 3 months post-primary) (Lobb, 1985;
Kaattari et al., 2002).

Past methodologies such as equilibrium dialysis have simply permitted
an average affinity assessment. Alternatively, the use of a partition-based
immunoassay (see following section on Affinity Maturation) has resolved
a wide range of antibody affinity subpopulations (104 to 107 M–1) within
individual rainbow trout anti-TNP sera (Kaattari et al., 2002). Although
this latter study demonstrated that rainbow trout are capable of generating
higher affinity antibody subpopulations (Ka = 107 M–1) relatively late in
the antibody response, the average affinity is still low (i.e., 106 M–1).
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It has been proposed that the binding activity of this low-intrinsic
affinity of teleost antibody may be compensated by the octavalent nature
of the tetrameric Ig, leading to a much higher avidity (Voss et al., 1978).
For example, carp anti-DNP IgM has high avidity of 1010 M–1 late in the
primary response, and 1012 M–1 in the secondary response, although the
affinity remains low (105 M–1) throughout the response (Fiebig and
Ambrosius, 1977). Another study confirmed this hypothesis by
demonstrating that mammalian IgM antibodies exhibit 10,000-fold higher
avidity than IgG antibodies, although the affinities of both antibodies were
comparable (Kitov and Bundle, 2003). Such high avidities would only
occur when the antigens with which these antibodies are reacting possess
multiple repeating epitopes, such as found with polysaccharides, bacteria,
or viruses.

Affinity Maturation

The affinity Maturation of teleost and other lower vertebrate responses
appears fairly limited (Du Pasquier, 1982). Specifically in teleosts Voss and
co-workers (1978) demonstrated that the average affinity constant for the
coho salmon anti-fluorescyl antibodies increased slightly from 4.3 to
4.7 ¥ 105 M–1 between 3 and 8 weeks post-primary immunization.
Similarly, only slight increases in the intrinsic affinity of channel catfish
anti-DNP antibodies have been demonstrated. Lobb (1985) observed that
the intrinsic affinity of the anti-DNP antibodies increased 10-fold, but did
so over a prolonged period. Initially, at one month post-primary, the
affinity achieved a value of 1.2 ¥ 106 M–1 which rose to 5.6 ¥ 106 M–1 at
3 months, 8.6 ¥ 106 M–1 at 7 months and finally to a maximum of 11 ¥ 106

M–1 at 15 months. Killie and co-workers (1991) reported a 2- to 3-fold
increase in affinity of Atlantic salmon anti-NP antibodies from a Ko value
of 3.4 ¥ 105 M–1 at 2 months to 8.4 ¥ 105 M–1 at 4 months. These studies
demonstrated a significantly lower degree of affinity maturation in the
teleost response, which is also typical of other ectothermic vertebrates
(Wilson et al., 1992; Diaz et al., 1999), as compared to mammalian IgG
responses (Eisen and Siskind, 1964; Hirose et al., 1993; Rajewsky,
1996)(Table 3.2).

The opinion that affinity maturation is restricted in teleost fish (Du
Pasquier, 1982) may have primarily been due to the fact that the increase
in intrinsic affinity had been difficult to analyze (Fiebig and Ambrosius,
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1977; Voss et al., 1978; Lobb 1985; Killie et al., 1991). Further, this lack of
a significant degree of affinity maturation has suggested to some
researchers that somatic mutation may not occur in these species (Clem
and Small, 1970). Studies employing the BIAcore biosensor (Cain et al.,
2002), a more sensitive method of analysis than equilibrium dialysis or
fluorescence quenching, demonstrated a 2- to 3-fold increase in antibody
affinity during the anti-FITC response in rainbow trout. Unfortunately, all
of the above techniques are limited to providing only an average estimate
of antibody affinity for a complex mixture of antibodies (e.g., antisera). An
alternative means of assessing serum antibody affinities, which affords
resolution of affinity subpopulations via partitioning, was developed by
Nieto et al. (1984). We originally employed this technique in the analysis
of rainbow trout serum antibodies, as we believed that shifts in affinity, in
lieu of significant somatic mutation, may be restricted solely to antigen-
driven selection of the original germline repertoire (Khor, 1996; Kaattari
et al., 2002). Such shifts would not have been discernible by earlier
techniques, which do not resolve the emergence of affinity
subpopulations. Partition affinity ELISAs however were found to resolve
the emergence and eventual clonal dominance of high affinity antibody
subpopulations that were not expressed earlier in the response, thus
suggesting the possibility of somatic mutations (Lewis, 2000; Kaattari et al.,
2002).

Lewis (2000) further demonstrated that somatic mutations were
temporally observed over the course of anti-TNP immune response in

Table 3.2 Affinity Maturation in Various Vertebrate Species

Species Initial Ko
(7) Late Ko

(7) Increase in Ko
(7)

Rainbow Trout IgM1 1-5 ¥ 104 M–1 0.5-5.0 ¥ 106 M–1 10-100
Channel Catfish IgM2 1.2 ¥ 106 M–1 11.1 ¥ 106 M–1 <10
Carp IgM3 2.0-10 ¥ 104 M–1 4.9-11.9 ¥ 105 M–1 10
Frog IgM4 3.0-4.0 ¥ 104 M–1 1.0-2.0 ¥ 105 M–1 <10
Mouse IgM5 1.0-10 ¥ 104 M–1 1.0-10 ¥ 105 M–1 10
Mouse IgG6 1.0-10 ¥ 105 M–1 1.0-10 ¥ 108 M–1 103-104

1. Arkoosh and Kaattari 1991; Kaattari et al. 2002
2. Lobb 1985
3. Fiebig and Ambrosius 1977
4. Wabl and Du Pasquier 1976; Wilson et al. 1992
5. Fiebig et al. 1979
6. Nieto et al. 1984
7. Value equal to aK for Rainbow trout IgM and Mouse IgG
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rainbow trout. She found that the affinity maturation of anti-TNP rainbow
trout antibodies and the emergence of new, higher affinity subpopulations
correlated with the accumulation of unique somatic variants, at least
within the CDR2 region of Ig VH genes (possible mutational events within
the CDR3 have yet to be ascertained). The probability of somatic
mutation occurring would appear to be likely, as AID has been identified
within piscine genomic databases (Saunders and Magor, 2004). Not only
have these investigators identified AID sequences in fugu, zebrafish, and
channel catfish, but their expression in channel catfish has been observed
via RT-PCR in tissues co-expressing Ig heavy chains. Recently, Yang and
co-workers (2006) demonstrated that somatic mutation occurs in channel
catfish VH and JH genes. However, whether these mutations become
clonally dominant, as would be anticipated through antigen-driven
selection, has yet to be determined through the analysis of antigen-specific
lymphocytes.

Redox Structure

A unique and intriguing difference between teleost and mammalian IgM
is the disulfide-based structural heterogeneity that is universally observed
in teleost antibodies (Fig. 3.3). This structural diversity is created by the
non-uniform disulfide cross-linking of the halfmer or monomeric
constituents of the native tetramer. This structural diversity has been
observed by the use of denaturing, non-reducing PAGE analysis of
immunoglobulins from channel catfish (Lobb and Clem, 1983; Ghaffari
and Lobb, 1989a), rainbow trout (Kaattari et al., 1998; Bromage et al.,
2004b), sheepshead (Archosargus probatocephalus) (Lobb and Clem,
1981a), toadfish (Spheroides glaber) (Warr, 1983), chum salmon
(Oncorhynchus keta) (Kobayashi et al., 1982), carp (Romalde et al., 1996),
Atlantic salmon, striped bass (Morone saxatilis), barramundi (Lates
calcarifer), Mosambique tilapia (Oreochromis mossambicus), Nile tilapia (O.
niloticus) (Bromage et al., 2004b), Atlantic cod, haddock (Melanogrammus
aeglefinus), pollock (Pollachius pollachius), and cusk (Brosme brosme)
(Kofod et al., 1994). We have termed these differentially disulfide-bonded
isomers, redox forms (Evans et al., 1998; Kaattari et al., 1998), referring to
the variably reduced or oxidized state of the inter-subunit disulfides. These
forms represent a post-translational modification of the Ig structure and
not an isotypic difference, as a single Cm gene sequence yields all redox
forms (Ledford et al., 1993). As these differences are solely dependent
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upon disulfide polymerization, the native redox forms have not yet been
physically isolated from one another. Therefore, analysis of this structural
diversity is limited to denaturing, non-reducing chromatography or
electrophoresis and, as such, the proportion of the different, native redox
structures can only be deduced via determination of the relative molar
ratios of the constituent forms after denaturation (Evans et al., 1998).
Differential disulfide cross-linking has not been reported for mammalian
IgM. However, comparable structures have been observed with rat IgA
(Chintalacharuvu et al., 1993) and human IgG4 (Schuurman et al., 1999).
Although a wide variety of teleosts routinely exhibit this redox structural
diversity (all reported species to date), the degree and form of
polymerization of the Ig subunits varies between the species. For example,
denaturing, non-reducing electrophoretic analysis of channel catfish
serum Ig reveals that the native tetramer yields eight different covalent
constituents (Lobb and Clem, 1983), the smallest being a halfmer (HL),
the largest being a fully cross-linked tetramer (H2L2)4, with six forms

Fig. 3.3 Schematic representation of rainbow trout IgM redox structure. Each
tetrameric antibody is composed of four individual monomeric subunits of approximately
200 kDa. These tetrameric antibodies can be of one of six different redox forms, depending
upon the number of intermonomeric disulfide bonds.
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possessing incremental halfmeric increases in size. In contrast to this
arrangement, most studies on rainbow trout serum antibodies reveal four
constituents under similar conditions; monomers, dimers, trimers and
tetramers (Kaattari et al., 1998). Other possible species-specific differences
have been observed; for example, toadfish and carp serum Ig contain
monomeric, dimeric subunits and tetramers, but no trimers (Warr, 1983;
Rombout et al., 1993). Four species of Gadidae fish exhibit monomeric
constituents, dimers and trimers, but possess no fully cross-linked
tetramers (Kofod et al., 1994). Sheepshead Ig constituents resolve to
covalent dimers and tetramers, without monomer or trimer subunits (Lobb
and Clem, 1981a). It is not clear whether the absence of all possible
constituent forms reflects the outcome of a stochastic or perhaps
physiologically regulated process, rather than being a species-specific
characteristic. A physiologically regulated process is suggested by our own
studies (Bromage et al., 2006), wherein serum Igs from rainbow trout could
be resolved to collections of monomers, dimers, trimers, and tetramers;
whereas mucus uniquely possessed a high proportion of halfmers. This,
again, may suggest that production and distribution of these forms may
reflect an, as yet, unresolved regulatory mechanism of the assembly
process and not a rigid programmatic species-specific function.

Aside from the apparent regional or tissue-dependent differences
described above (Bromage et al., 2006), very little functional significance
has been attributed to this structural diversity. It has, however, been
observed that in teleost species with protein A-reactive antibodies, the
lower order forms (less polymerized) have higher affinity for protein A
than do higher order forms (more polymerized) (Bromage et al., 2004b).

One hypothesis as to the function of redox diversity posed by Kaattari
and co-workers (1999) was that the greater degree of disulfide
polymerization between these subunits might result in greater rigidity.
Thus, such redox forms may be less able to flexibly accommodate multiple
epitopes (such as within a polysaccharide, bacterium, or virus), as might
a less polymerized antibody. A similar concept has been postulated by
Feinstein and co-workers who demonstrated that a loss in murine IgM
rigidity in binding multivalent antigens might result in an inability to bind
C1q and activate complement (Feinstein et al., 1986). Thus, not only may
less disulfide polymerization lead to greater flexibility and ability to bind
multivalently to more substituted carriers but, in turn, it may exert
regulatory control over complement activation. Potentially, this could
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apply to other Fc-mediated effector functions, such as opsonization or
antibody-dependent cellular cytotoxicity. Thus, it is possible that teleost
fish may have evolved a mode of regulating isotype-like control over Fc-
mediated effector functions by post-translational modification processes
rather than through employing alternate isotypes.

There are rare cases in mammals where similar redox structural
heterogeneity has been observed. Chintalacharuvu et al. (1993)
demonstrated that variability in interchain disulfide cross-linking of rat
dimeric IgA is due to molecular instability, presumably due to the
influence of nearby free sulfhydryl groups, and that non-covalent forces
are critical for stabilizing the dimeric IgA complex. Similarly Schuurman
and co-workers (1999) reported that human IgG4 antibodies in plasma,
unlike other IgG subclasses, possess redox diversity leading to instability of
inter-monomeric disulfides and halfmeric exchange (Schuurman et al.,
2001). This halfmeric exchange leads to bi-functional (hybrid) antibodies.
Such a phenomenon may explain the observation of grouper (Epinephelus
itaira) antibodies possessing half-high and half-low affinity binding sites
within a single molecule (Clem and Small, 1970) and prompts
examination of cysteine placement within grouper heavy chains.

B CELL DEVELOPMENT, DIFFERENTIATION, AND
FUNCTION

Hematopoiesis/Lymphopoiesis

In contrast to tetrapods, teleosts do not possess hematopoietic tissues or
marrow in their bones (Harder, 1975) but rather within soft tissues. In all
the vertebrates, the ventral mesoderm gives rise to hematopoietic tissues
(Hansen and Zapata, 1998). Depending on the species being examined,
these mesodermally derived hematopoietic tissues migrate to different
sites. Teleosts employ a diversity of sites for early hematopoiesis during
development, including the yolk sac, intermediate cells mass (ICM), and
aorta-gonad-mid-kidney (AGM). The relative contribution of each site to
early hematopoiesis it still unknown (Zapata et al., 2006). Eventually, the
aglomerular, anterior kidney becomes the primary hematopoietic organ
(Fänge, 1986). This organ is located immediately posterior of the
braincase and lies just ventral to the spinal cord along the body wall. The
size and shape of the anterior kidney and its relationship with the
glomerular posterior kidney can differ significantly between species.
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At first glance, the basic histology of the teleost anterior kidney is
somewhat unremarkable. The tissue appears fairly uniform, composed of
primarily basophilic and some acidophilic cells punctuated by occasional
groups of melanomacrophages and blood vessels (Fig. 3.4). In fact, the
anterior kidney is a highly unusual and complex organ that houses
structurally and functionally distinct tissues, including components of the
neuroendocrine, reticuloendothelial, and hematopoietic systems (Zapata
and Cooper, 1990). While our primary focus will be the hematopoietic role
of the anterior kidney, the interactions between these tissues are also
discussed .

The hypothalamus-pituitary-interrenal (HPI)-axis, which is the
teleost equivalent of the hypothalamus-pituitary-adrenal (HPA)-axis, is so
called due to the endocrine (interrenal) cells found in the anterior kidney
(Engelsma et al., 2002). These include cortisol-producing cells and

Fig. 3.4 Histology of the rainbow trout anterior kidney (hematoxylin and eosin). The
anterior kidney is a fairly homogeneous tissue composed primarily of basophilic cells
amongst stromal elements, punctuated by groups of melanomacrophages (dark brown)
and blood vessels (pink). Scale bar = 100 mm.
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chromaffin cells similar to those found in the mammalian adrenal gland
(Grassi Milano et al., 1997; Wendelaar Bonga, 1997). Cortisol is widely
recognized as a potent regulator of immune function in both mammals and
fish. For example, of particular interest in this context is the finding that
cortisol induces apoptosis in circulating B cells (Weyts et al., 1998).
Notably, though, B cells from anterior kidney are less affected by cortisol
(as its effects seem to be dependent upon the differentiation and
activation state of the cell (Krammer et al., 1994)), suggesting one way in
which these tissues may co-exist (Verburg van Kemenade et al., 1999).
Given that the anterior kidney combines the production of stress
hormones and other endocrine mediators with lymphopoiesis and
antibody production, the potential for paracrine modulation of immune
responses by stress hormones seems likely (Engelsma et al., 2002).

The anterior kidney also includes a reticulo-endothelial stroma made
up of endothelial cells lining the sinusoids, adventitial cells covering the
abluminal surface of the endothelial cells and reticular cells which are
either macrophage-like or fibroblast-like (Meseguer et al., 1995). These
cell types parallel those found in the bone marrow of mammals and suggest
the potential for analogous functions (Meseguer et al., 1995). For example,
the stromal cells may form part of the hematopoietic microenvironment,
providing cytokines, adhesion factors and the physical niche that supports
and regulates stem cell development (Zapata, 1979; Razquin et al., 1990;
Weiss and Geduldig, 1991; Alvarez et al., 1996). This concept is further
supported by work with the rainbow trout spleen derived cell line RTS34st
which ‘provided a hematopoietic inductive microenvironment’ for
differentiation in vitro of precursor cells from the anterior kidney
(Ganassin and Bols, 1999).

In addition to physically supporting anterior kidney hematopoiesis,
the reticulo-endothelial stroma is capable of secondary lymphoid tissue
functions. Several of the stromal cell types have phagocytic capacity—
including sinusoidal macrophages and endothelial cells—which
participate in the trapping of particles and substances from the
bloodstream (MacArthur et al., 1983; Dannevig et al., 1994; Meseguer
et al., 1995; Brattgjerd and Evensen, 1996; Press and Evensen, 1999). For
example, when radiolabeled-bacteria are injected into rainbow trout, more
than 70% of the radioactivity lodges in the kidney (Ferguson et al., 1982).
Melanomacrophages are also prominent in the anterior kidney and have
been shown to retain antigen for long periods (Lamers and De Haas, 1985;
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Herraez and Zapata, 1986; Tsujii and Seno, 1990; Brattgjerd and Evensen,
1996; Grove et al., 2003a). This function may facilitate immunological
memory (Press et al., 1996) by providing a persistent source of antigen for
prolonged stimulation. Induction of in vitro antibody responses with
antigen indicates that anterior kidney leukocytes can process and present
antigen, thus functioning as a secondary lymphoid tissue (Arkoosh and
Kaattari, 1991).

Within this stromal cell environment, lymphoid and myeloid cells can
be found in numerous states of differentiation. B cells are observed to be
scattered as single cells or, less frequently, small relatively compact clusters
often associated with blood vessels (Meseguer et al., 1995; Grove et al.,
2006). A loose association between IgM+ cells and melanomacrophages
centers was observed in Atlantic halibut but was not found to be
particularly striking (Grove et al., 2006). Beyond these data, no systematic
survey of B cell distribution across the different regions of the anterior
kidney has been conducted. Such studies may prove valuable in
identifying spatial separation between the primary hematopoietic function
and the secondary immune functions of this organ.

B Cell Ontogeny

Previous morphological studies have shown that in fish, the thymus is the
first lymphoid organ to contain lymphocytes during ontogeny (Ellis et al.,
1977; Grace and Manning, 1980; Josefsson and Tatner, 1993; Abelli et al.,
1996; Breuil et al., 1997; Zapata et al., 1997). However, in at least some
marine teleosts, the kidney is the first tissue to become lymphoid, followed
by the spleen and thymus. In the rainbow trout, the kidney is well
developed prior to hatching, producing erythrocytes and granulocytes.
RAG+ cells have been detected by in situ hybridization (Hansen and
Zapata, 1998) and the first mIgM+ cells, by immunohistochemistry (IHC),
appear at 4 days post-hatching (dph) (Razquin et al., 1990). However,
RAG expression has been reported as early as 10 days post-fertilization
(dpf) in rainbow trout embryos, cytoplasmic IgM+ cells (cIgM+) as early
as 12-14 dpf (Castillo et al., 1993), and L chain expression was
demonstrated by ELISA in 8-day pre-hatched embryos (Sanchez et al.,
1995).

C-03A.pmd 12/1/2008, 4:12 PM99



100 Fish Defenses

3rd Proof_5-4-08

B Cell Development

B Cell Differentiation Factors

Expression of many early B cell differentiation markers supports the idea
that the anterior kidney is the major lymphopoietic organ. This had long
been proposed on the basis of histological studies and is now supported by
molecular data in several species. In the early stages of teleost B cell
differentiation recombination activating gene (RAG-1, -2) and terminal
deoxynucleotidyl transferase (TdT) initiate immunoglobulin gene
rearrangement. In zebrafish, rainbow trout and fugu, these genes are
expressed in the thymus and kidney, suggesting that lymphopoiesis can
occur in those organs (Hansen and Kaattari, 1995, 1996; Hansen, 1997;
Willett et al., 1997; Peixoto et al., 2000). In addition, expression of several
transcription factors associated with B cell early differentiation have been
reported in bony and/or cartilaginous fish. These include PAX-5, Bcl-6,
EBF-1, E2A, Ikaros and PU.1 (Hansen et al., 1997; Anderson et al., 2004;
Hikima et al., 2005; Park et al., 2005; Zwollo et al., 2005; Ohtani et al.,
2006a, c).

Within the B-cell lineage, paired box region 5 (PAX-5) is expressed in
the pre- and mature B-cell stages and activates transcription of the genes
encoding CD19, CD79a and AID (Ohtani et al., 2006b). In mammals,
AID is required for both class switching of immunoglobulin genes and
somatic hypermutation (Muramatsu et al., 2000; Arakawa et al., 2002).
While there is evidence of the existence of AID and experimental class
switching in mammalian B-cells by fish AID, questions remain about its
ability to induce hypermutation (and class switching) in fish (Barreto et al.,
2005; Zhao et al., 2005; Ohtani et al., 2006b). In contrast to these
activating effects, PAX-5 represses the expression of XBP-1, indicating
that PAX-5 also has an important role in late B cell development and
activation in mammals (Kozmik et al., 1992; Neurath et al., 1994; Reimold
et al., 1996; Gonda et al., 2003). In keeping with this pattern of expression,
studies of PAX-5 in rainbow trout indicate that functional PAX-5 is
expressed during all B developmental stages except for the plasma cell
stage (Zwollo et al., 2005).

B cell lymphoma-6 (Bcl-6) is a transcriptional repressor that regulates
lymphocyte differentiation primarily by repressing B lymphocyte-induced
maturation protein-1 (Blimp-1) (Reljic et al., 2000; Shaffer et al., 2000;
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Tunyaplin et al., 2004). As such, it is downregulated in plasma cells
(Cattoretti et al., 1995; Ye et al., 1997; Angelin-Duclos et al., 2000;
Tunyaplin et al., 2004). Although Bcl-6 has been cloned in fugu and is
highly expressed in the anterior kidney, its role in B cell development
remains to be determined (Ohtani et al., 2006b, c).

The B cell developmental cascade also involves the transcription
factors E2A and EBF-1 (Early B cell Factor-1). In mammals, E2A
transcription factors regulate the transcription of many B-lineage genes
including EBF-1, TdT, RAG-1 (Schlissel et al., 1991; Choi et al., 1996;
Bain et al., 1997; Kee and Murre 1998), and also influence processes such
as Ig gene rearrangement and the expression of AID (Romanow et al.,
2000; Goebel et al., 2001; Sayegh et al., 2003). In teleosts, the role of E2A
is significantly less clear. A single study in channel catfish describes the
molecular cloning and expression studies of teleost E2A and indicates
some differences in the expression and ability to drive transcription of the
IgH locus as compared to what is described in mammals (Hikima et al.,
2005).

While E2A family members are found in multiple cell types, EBF-1 is
highly restricted to B cells. It is a DNA-binding protein that directs
progenitor cells to undergo B lymphopoiesis and activates transcription of
B cell-specific genes in the absence of upstream regulators. The manner in
which EBF mediates these effects in mammals remains unclear (Hagman
and Lukin, 2005). A partial sequence for EBF was reported from a study
of Atlantic halibut expressed sequence tags (ESTs) and it has been
described in an elasmobranch (Raja sp.) (Anderson et al., 2001; Park et al.,
2005). However, the full-length sequence of the gene, as well as expression
studies, are needed to assess whether it is involved in transcriptional
control of B cell development.

Ikaros was one of the first identified members of a small family of
DNA-binding proteins required for lymphocyte development. The genes
targeted by Ikaros, however, have not been conclusively identified in fish,
although a few potential targets have been suggested (Cobb and Smale,
2005). Ikaros transcription in rainbow trout and zebrafish thymocytes has
been reported (Hansen et al., 1997; Hansen and Zapata, 1998). In rainbow
trout, Ikaros is transcribed at 6 dpf in the yolk sac and embryo, presumably
at sites of early hematopoiesis such as the yolk sac blood islands and the
developing ICM. Early expression of this gene has led to the suggestion
that in teleosts, Ikaros may be involved in early primitive/definitive
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hematopoiesis rather than solely lymphocyte differentiation (Trede and
Zon, 1998).

The PU.1 transcription factor family is a divergent subclass of the Ets
transcription factor family identified only in vertebrates (Anderson et al.,
2001). PU.1 (Spi-1) is required for normal development of T cells, B cells,
macrophages, and granulocytes in mammals (Scott et al., 1994;
McKercher et al., 1996). Its critical role in lymphocyte development
suggests that at least orthologs should be present in all animals with
lymphocytes (Anderson et al., 2001). As such, PU.1 has been reported in
zebrafish and in the skate (Raja eglanteria) (Anderson et al., 2001; Rhodes
et al., 2005) and its expression pattern is consistent with a role in
hematopoiesis in these species.

B Cells Distribution and Function

mIgM+ B Cells

The distribution of mIgM+ B cells generally follows the same pattern in all
species of fish, with large numbers in the peripheral blood, spleen and
kidney (Rodrigues et al., 1995; Milston et al., 2003) (Fig. 3.5). Typically, the
peripheral blood and spleen contain the highest ratio of mIgM+ to total
leukocytes (>50%). However, the large blood volume compared to the
capacity of the spleen make the peripheral blood the dominant tissue for
harboring these cells (Hansen et al., 2005; Bengtén et al., 2006).
Comparatively, the posterior and anterior kidneys harbor a much lower
proportion (<25%). Recently, this distribution was quantified following
experimental parasitic infection in turbot (Scophthalmus maximus)
(Bermudez et al., 2006). During infection, the number of mature B cells
increased in the intestine, the organ targeted by the parasite, while their
numbers decreased in both the spleen and kidney.

Antibody Secreting Cell (ASC)

The ASC is ultimately responsible for maintaining antibody production or
humoral immunity. Until recently, comparative immunologists had
presumed that only one type of ASC existed in fish, the plasma cell
(Boesen et al., 1997; Davidson et al., 1997; Meloni and Scapigliati, 2000;
Dos Santos et al., 2001). However, recent evidence suggests that at least
two types of ASCs exist in fish: the plasmablast and the plasma cell
(Bromage et al., 2004a; Zwollo et al., 2005). These cells are found in
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Fig. 3.5 The distribution of mIgM+ B-cells in rainbow trout immune tissues.
Histograms showing the relative percentage of mIgM+ in the peripheral blood, spleen,
anterior and posterior kidney of rainbow trout, as determined by flow cytometry using a pan-
specific anti-heavy chain monoclonal antibody 1-14 directly labeled with Alexa-647.

varying numbers in the different immune tissues and their functions are
strikingly different.

Plasmablasts are defined as proliferating ASCs that retain some
expression of mIgM, and appear to be homologous to those described in
mammals (Martin and Kearney, 2000; Sze et al., 2000; Wehrli et al., 2001).
The identification of plasmablasts in a teleost has only occurred recently
(Bromage et al., 2004a). However, previous studies have described cells
displaying plasmablast characteristics. For example, in vitro LPS
stimulation of chinook salmon (Oncorhynchus tshawytscha) lymphocytes
isolated from peripheral blood and spleen demonstrated the generation of
blasting lymphocytes that possessed significant levels of mIgM, 4 and
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7 days after induction (Milston et al., 2003). Also, Miller and co-workers
have described a channel catfish B cell line that possesses an 18-hour cell
cycle, retains mIgM and has a low antibody secretion rate (Miller et al.,
1994).

Lymphocytes isolated from all teleost immune tissues can give rise to
ASCs in vitro (Davidson et al., 1992, 1997; Dos Santos et al., 2001; Milston
et al., 2003; Bromage et al., 2004a; Zwollo et al., 2005). However,
peripheral blood lymphocytes appear to be capable of plasmablast
generation only (Bromage et al., 2004a). The functions of plasmablasts in
the teleost immune response have yet to be fully elucidated. Plasmablasts
may be an essential stage in the production of terminally differentiated
plasma cells, by providing the opportunity for somatic hypermutation
during rounds of proliferation. Plasmablast predominance in peripheral
blood lymphocyte cultures may also reflect the lack of a suitable
microenvironment (e.g., stromal cells) for plasma cell maintenance. Our
recent data suggests that early in the immune response, plasmablasts are
the predominant ASCs found in all immune tissues (unpublished data).
Thus, plasmablasts must serve an important role in the initial phase of
humoral immunity and their specific function is the focus of ongoing
investigations.

Plasma cells represent the end cells of B cell differentiation with their
primary function to produce large quantities of specific antibody (Shapiro-
Shelef and Calame, 2005). Studies on antibody secretion rates from
plasmablasts and plasma cells in rainbow trout have revealed that plasma
cells secrete approximately twice the amount of antibody than do
plasmablasts over the same period of time (Zwollo et al., 2005). Most
research has focused on the generation of ASCs without distinguishing
between plasmablasts and plasma cells (Davidson et al., 1992, 1997; Dos
Santos et al., 2001; Shaffer et al., 2004). Our research indicates that
between 30-50% of the ASCs generated via in vitro LPS stimulation in the
spleen and anterior kidney are plasma cells, as determined by their
resistance to the cell-cycle inhibitor, hydroxyurea (Bromage et al., 2004a).
The spleen and anterior kidney also possess a number of ‘spontaneous’
ex vivo ASCs (Davidson et al., 1997; Bromage et al., 2004a), which are
likely the consequence of previous exposure to an antigen.

Plasma Cell Differentiation

Studies on the latter stages of teleost B cell differentiation to a plasma cell
are beginning to emerge. BLIMP-1, a zinc-finger protein transcriptional
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repressor has recently been described in fugu (Ohtani et al., 2006a). This
gene plays a key role in mammalian B cell terminal differentiation and
represses the expression of many genes encoding other transcription
factors, such as PAX-5, BCL-6, c-myc, CIITA, SpiB and Id3 (Lin et al.,
1997, 2002; Piskurich et al., 2000; Shaffer et al., 2000, 2002; Tunyaplin
et al., 2004), while permitting the expression of Xbox binding protein
(XBP-1; Shaffer et al., 2002). XBP-1 is a positive-activating transcription
factor in the CREB/ATF family that plays a role in protein transport and
folding (Shaffer et al., 2004) and is necessary for the production and
secretion of immunoglobulin by plasma cells (Reimold et al., 1996;
Iwakoshi et al., 2003). Late B cell differentiation is also associated with
repression of c-myc as well as the expression of BLIMP-1 and XBP-1 (Lin
et al., 1997; Shaffer et al., 2002; Lee et al., 2003). It is thought that c-myc
is one of the most important genes in controlling B cell activation and
proliferation (Roy et al., 1993). Its expression is subsequently
downregulated by BLIMP-1 prior to terminal differentiation (Lin et al.,
1997). Zhang et al. (1995) and Futami et al. (2001) have reported the
molecular cloning and expression pattern of two c-myc genes from carp.
No additional functional data is available for teleost c-myc. Despite the
limited data currently available, we speculate that B cell differentiation in
teleosts is likely to parallel that seen in mammalian bone marrow. This is
not unreasonable in the light of the morphological data on the anterior
kidney and the emerging molecular data describing common cell markers
and transcription factors.

While the plasma cell is a terminally differentiated end cell, disruption
of any of the signaling molecules such as BLIMP or XBP-1 will result in the
loss of plasma cell function (Shaffer et al., 2004). Considering the
disruption of the cellular matrix that occurs during the harvest of teleost
lymphocytes, it may be profitable to consider how this may impact the
requisite cellular interactions that regulate transcription factor expression
ex vivo. The high initial (‘spontaneous’) ASC numbers observed in the
spleen and anterior kidney (Dos Santos et al., 2001; Bromage et al., 2004a)
and their rapid reduction in vitro may be due to this cell-matrix disruption.
Thus, it would be intriguing to examine the ex vivo antibody response
when lymphocytes are cultured either with a kidney or spleen stromal cell
line, or with conditioned cultured media.

The anterior kidney appears to be the final site of plasma cell
migration and persistence late in the teleost immune response (Dos Santos
et al., 2001; Bromage et al., 2004a). A number of investigators have found
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that teleosts can generate persistent antibody responses upon a single
exposure to antigen (Thuvander et al., 1987; Bricknell et al., 1999;
Bowden et al., 2003). Our research indicates that the longevity of the
antibody response correlates with the development of stable numbers of
plasma cells in the anterior kidney for at least 9 months (Bromage et al.,
2004a). Further, in an ongoing study, we have observed significant
numbers of antigen-specific ASCs in the anterior kidney of rainbow trout
up to 2 years after vaccination (unpublished data). A large number of
these cells were found to be capable of secreting antibody in the presence
of hydroxyurea for up to 15 days in vitro without the need of antigen. This
indicated that they were not cycling and were long lived. Thus, if
persistent antibody responses can be correlated with ASC activity in the
anterior kidney, the induction and maintenance of these cells will be
pivotal to the development of successful vaccines. The factor(s) critical to
the migration and survival of these cells in the anterior kidney are yet to
be determined. Mammalian models are no further along in this regard, but
it is hypothesized that the expression of specific receptors as well as the
availability of vacant niches may determine the plasma cell fate (Shapiro-
Shelef and Calame, 2005). The rainbow trout model may offer an
advantage for studying B cell differentiation and plasma cell generation as
compared to the mouse. As with the mouse models, syngeneic strains of
rainbow trout exist but far greater numbers  of histocompatible
lymphocytes can be procured, allowing greater possibilities for cell-based
analyses. Further, any discoveries from this research can be translated into
productive vaccine strategies to enhance aquaculture.

MODELS AND FUTURE STUDIES

Niches, Trafficking and Organization

The existing data on anterior kidney morphology and gene expression
have led our group to describe a working model for B cell development in
teleosts (Fig. 3.6). B cells develop in the anterior kidney and then migrate
from the kidney to sites of antigen presentation in the periphery. We
hypothesize that the anterior kidney must contain an antigen-privileged
site, thus serving as a primary immune organ where B cell progenitors
mature into antigen-responsive B cells. It is not clear if developing B cells
change their location in the anterior kidney during maturation, as is the
case with developing B cells in the bone marrow of mammals (Tang et al.,
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1993). Typically, maturing B cells migrate to microenvironments within
the bone marrow important to that life stage. Failure at any step of the
maturation process will result in apoptosis (Defrance et al., 2002). One of
the most important steps in this process is the elimination or tolerization
of B cells that recognize self during maturation (Nossal, 1994; Rathmell
et al., 1996; Weintraub and Goodnow, 1998). This process poses a unique
challenge in teleosts; typically, B cell maturation in mammals occurs in
only in the absence of non-self antigens (Nossal, 1994; Nagasawa, 2006).
However, the anterior kidney of teleosts cannot be classified as antigen-
free (Lamers and De Haas, 1985; Herraez and Zapata, 1986; Tsujii and
Seno, 1990; Brattgjerd and Evensen, 1996; Bader et al., 2003; Grove et al.,
2003b). Indeed, a recent study on the trafficking of antigen-coated
microspheres in channel catfish demonstrated that a significant number of
the microspheres was found in both the anterior and posterior kidney post-
challenge (Glenney and Petrie-Hanson, 2006). Thus, if foreign antigens
are present in the sites of B cell development and maturation, how can

Fig. 3.6 Proposed model for plasmablast/plasma cell distribution within the anterior
kidney, spleen and blood. The anterior kidney is posed as the major site of B lymphocyte
development. Mature, naïve B cells (a) arise within the anterior kidney and are distributed
to peripheral tissue via the blood. These B cells encounter antigen and mature into
plasmablast (b) or plasma cells (c) in either the anterior kidney or periphery. Plasmablast
or plasma cell differentiating within the periphery home to the anterior kidney, wherein
plasma cells from all tissues, compete for long-term maintenance within the survival niches
of the anterior kidney (Bromage et al., 2004a). (Reproduced by permission).
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teleosts undergo self-tolerization while developing a non-self repertoire?
Might there exist the structural organization within the anterior kidney
that would enable the development of ‘antigen-privileged’ zones even
during infection? Alternatively, might teleosts utilize endocrine or some
other physiological control mechanism to downregulate the production of
immature B cells during the period of infection or extensive antigen
exposure? Obviously, there are considerable gaps in the knowledge of
B cell development in teleosts, and detailed immunohistological studies
coupled with the development of immunological or molecular tools
targeting progenitor, pro- and pre-B cell markers will aid in elucidating
how and where B cells develop within the anterior kidney.

The proportionately large population of mIgM+ cells in the peripheral
blood prompts speculation as to the site of antigen encounter, processing
and presentation. It is thought that most teleost pathogens rapidly enter
their hosts through permeable membranes such as the gills, nares, skin or
intestine (Romalde et al., 1996; Bromage and Owens 2002; Bader et al.,
2003). Therefore, it may be beneficial for teleosts to have a large number
of mIgM+ cells in circulation, so that they are rapidly disseminated to sites
of antigen infiltration and inflammation. The recent description of
partially activated B cells in rainbow trout peripheral blood (Zwollo et al.,
2005) may reflect the transit of antigen-sensitized B cells to secondary
immune tissues for continued differentiation. This scenario, of early
activated B cells transiting in the peripheral blood, is further supported by
the lack of both proliferation and ASCs (Bromage et al., 2004a).

Once a B cell is activated, the current paradigm suggests that it can
follow a number of different pathways, leading to plasmablasts, short-lived
plasma cells, long-lived plasma cells or memory cells (Kaattari et al., 2005).
In the mammalian system, B cell proliferation, affinity maturation and
isotype switching occur in the germinal centers of the spleen that develop
following antigenic challenge (Thorbecke et al., 1994). There is a notable
absence of clearly defined germinal centers in teleosts (Zapata, 1980).
However, this does not necessarily result in a restricted or limited splenic
response. The transcription factor PAX-5 maintains B cell identity prior to
terminal differentiation, but it is also required to activate target genes such
as AID and BCL-6 in the germinal centers of mice (Shapiro-Shelef and
Calame 2005). The expressions of PAX-5, AID, and BCL-6 have been
observed in the teleost spleen (Saunders and Magor, 2004; Zwollo et al.,
2005; Ohtani et al., 2006c). There is also evidence for somatic
hypermutation (Saunders and Magor, 2004), which may suggest that the

C-03A.pmd 12/1/2008, 4:12 PM108



S. Kaattari et al. 109

teleost spleen facilitates a similar function. Teleosts also utilize alternative
approaches for maintaining humoral immunity such as antibody redox
diversity (Kaattari et al., 1998), predominant plasmablast production and
the generation of long-lived plasma cells (Bromage et al., 2004a).

A potential model for B cell trafficking in teleosts is that mIgM+ B
cells encounter antigen in the periphery and begin internalization and
processing of that particular antigen (activation and blasting).
Subsequently, they traffic to the secondary immune tissues—such as the
spleen and posterior kidney—where they present their antigen to T cells
and receive secondary signaling from cytokines to begin the process of
proliferation and antibody secretion. Indeed, secondary signaling has been
found to be critical in the proliferation and differentiation of mammalian
B cells (Bartlett et al., 1989; Horikawa and Takatsu, 2006). The spleen and
possibly the posterior kidney are strictly secondary immune tissues
involved in B cell activation and subsequent differentiation into
plasmablasts. Subsets of plasmablasts from these tissues home back to the
anterior kidney where they may become long-lived or short-lived plasma
cells. In this model, the blood serves as a reservoir to store mature B cells
and perhaps memory cells, while providing a means of transporting
plasmablasts and/or plasma cells to their various homing sites, as suggested
by other groups (Davidson et al., 1992, 1997; Shaffer et al., 2002).

Model validation and development requires an expansion of the
antibody repertoire against stage-specific markers that are capable of
distinguishing and isolating B cell subpopulations. Attempts to search for
subpopulation markers that correspond to mammalian CD family proteins
have failed thus far (Ohtani et al., 2006b).

CONCLUSION

Phylogenetic Chauvinism and Comparative Immunology

Historically, the field of comparative immunology has been plagued with
the perception that ectothermic vertebrate immune systems embody an
ancestral form of the mammalian system. The past depiction of isotypic
diversity in many standard immunology texts (Coleman et al., 1989;
Horton and Ratcliffe, 1993) illustrates this biased concept of assigning a
linear evolutionary relationship to living, yet phylogenetically distant
species. Often, the phylogenetic relationship is depicted as a ‘flowering’ of
isotypic diversity, where fish possess only a single IgM-like isotype,
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increasing to three isotypes with amphibians and finally to eight or nine
with mammals. Although such tree-like analogies fit well into the view
that mammals are an epitome of evolutionary focus, this concept of
evolution is without foundation. It can confound or obscure essential
evolutionary developments that achieve comparable and, perhaps, even
more efficient function in distantly related vertebrate species.
Alternatively, the supposed linear increase in isotypic complexity from fish
to mammals often reflects our past inability to recognize complexity in
species phylogenetically distant from ourselves.

With the advent of molecular analyses, the genetic basis for antibody
diversity in non-mammalian species is proving to be far greater than
previously believed. Most startling was the initial discovery that
elasmobranchs possess hundreds of constant region (C) genes. In addition,
molecular analyses revealed a completely different organization, with
mini-clusters of C genes scattered throughout the genome and not within
a single complex. Also, as discussed above (Section on The Constant
Heavy Chain (CH) Region), the increased isotypic complexity and
organization has been revealed in teleosts, with as many as three to five
isotypes identified as of 2006. In addition, studies have revealed that
structural diversity of the Ig molecule need not be simply relegated to C
gene diversity, as it is in mammals. Structural diversity can be conferred via
unique post-translational processes, such as differential disulfide cross-
linking of the halfmer or monomeric subunits of the tetrameric Ig, which
by and large, is not shared with mammalian species (see Section on Redox
Structure).

Another area of supposed evolutionary primitiveness has been the
rather restricted level of affinity maturation with the antibody response of
teleosts (see Section on Affinity Maturation). It seems doubtful that if
the generation of higher affinity antibodies were important for optimal
immune function, then such capabilities would not have evolved in the
teleost. However, as mammals also possess a marked degree of restriction
among their multimeric immunoglobulins (Table 3.2), perhaps high-
affinity multimeric antibodies are not important in any taxa (i.e., high
avidity is compensatory in some fashion). Further, in the few cases where
these more ‘primitive’ species have expressed monomeric Igs (similar to
IgG), these antibodies also demonstrate higher, or mammalian-like levels
of affinity maturation (Voss and Sigel, 1972; Dooley and Flajnik, 2005).
Thus, it would seem that restricted levels of affinity maturation might
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have more to do with the efficient function of multimeric antibodies than
some innate persistence of primitiveness or inability to undergo affinity
maturation within these extant species.

This view of supposed complexity being a reflection of evolutionary
advancement is not restricted to the perceived molecular sophistication of
the antibody molecule, but also with respect to the organization of the
immune system itself. As recently as 2001 (Du Pasquier, 2001), the
evolution of immune systems has been depicted as a growing diversity of
immune organs/tissues within extant species. In this particular example,
teleosts were depicted as possessing only gut-associated lymphoid tissue,
thymus, and spleen with numbers of immune tissues increasing in
amphibians, reptiles, birds and finally mammals. However, missing from
the teleost portrayal was the complex array of differentiated immune
tissues within the kidney (including the lymphopoietic tissue in the
anterior kidney progressing to the more mature cellularity of lymphocytes
within the posterior kidney). However, even if there were less tissue
complexity in the teleost immune system, this should not imply that fish
should be considered more evolutionarily primitive. Perhaps, these taxa
have evolved more adaptable organ systems. A more revealing approach
would be to investigate the role of such differences as the 100-fold higher
lymphocellularity in teleost blood (see Section on Plasma Cell
Differentiation) or the presence of a distinct B cell subpopulation that
possesses phagocytic capabilities (Li et al., 2006). Rather than considering
the teleost an evolutionary holdback with a primitive immune system, they
should be considered to be as sophisticated as mammals.

Rarely has the perspective been suggested that these vertebrates have
been evolving continuously from the time of our common ancestor. Thus,
teleost immune systems are best not considered to be prototypical, but
rather lateral developments, possessing not only ancestral similarities but
also the potential for as much diversity and sophistication as found in
mammals. Confusing phylogenetic distance with evolutionary
advancement has been elegantly addressed by the late Stephen J. Gould
(1994), ‘Moreover, when we consider that for each mode of life involving
greater complexity, there probably exists an equally advantageous style
based on greater simplicity of form…, then preferential evolution toward
complexity seems unlikely a priori. Our impression that life evolves toward
greater complexity is probably only a bias inspired by parochial focus on
ourselves, and consequent over attention to complexifying creatures,
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while we ignore just as many lineages adapting equally well by becoming
simpler in form.’

The presumption that evolution is directed towards a mammalian
form of complexity can obscure recognition of the sophistication and
complexity that has evolved in all extant species. Comparative approaches
to the study of immunology will be of the greatest value when alternate
modes of analogous function are understood in the context of their own
unique selective advantages.
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INTRODUCTION

Disease control is of prime concern to the aquaculture industry, where it
is generally accepted that the prevention of disease during the culture of
commercially important species is a vital goal. The fish innate immune
system, which includes both humoral and cellular defence mechanisms
such as the complement system and the activities carried out by
phagocytes and non-specific cytotoxic cells, is extremely important as a
defence against pathogens. To improve resistance in aquaculture, several
substances which enhance fish innate immune defences, such as
immunostimulants, have been test as an alternative way of disease
prevention (Logambal and Michael, 2000; Esteban et al., 2001, 2005;
Ortuño et al., 2002).

Immunostimulants come from a variety of sources (Bricknell and
Dalmo, 2005) such as microbial polymers, which include cell wall
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polysaccharides, double-stranded viral RNA and bacterial DNA. These
components, although not specific to a given microorganism, are
associated with a particular class of pathogen (for example,
lipopolysaccharide is a component of Gram-negative bacteria), for which
reason they (presently named pathogen-associated molecular patterns,
PAMPs) allow the immune system to make the distinction between self
and non-self (Häcker et al., 2002), in other words, to recognize some
molecules as ‘danger’ signal and to start an immune response (Hemmi
et al., 2000; Krieg et al., 2000). These PAMPs have been conserved
throughout the evolution of microorganisms, but are not normal
constituents of higher organisms (Robertsen, 1999), a fact which suggests
that innate immune responses have evolved towards the recognition of
conserved pathogen structures. These molecules trigger several
mechanisms in vertebrates and it is very difficult to identify which are the
most important for pathogen defence.

An interesting observation was made some years ago by a Japanese
group working on the way in which vaccination with bacilli of Calmette-
Guérin (BCG, the low-virulence strain of Mycobacterium bovis) reduced
tumour growth. Initially, the mechanisms of action were traced to the
stimulation of the immune system by BCG (Tokunaga et al., 1999), but in
a second step, this group was able to attribute a major stimulatory effect
to mycobacterial DNA and, finally, they extended these observations to a
more general description of bacterial DNA as a non-specific immune
stimulatory agent in mammals (Yamamoto et al., 1992a). Numerous
investigations since then have demonstrated the antigen-like capacity of
prokaryotic DNA.

Furthermore, it has been demonstrated that DNA, a molecule present
in all living organisms, could also fit the definition of PAMP ligands, which
may bind to the pattern recognition receptors (PRR) defined within the
Toll receptor (TLR) family (Modlin, 2000). This stimulatory property of
DNA could also be attributed to single-stranded oligodeoxyribo-
nucleotides (ODNs) containing some specific sequences (Yamamoto et al.,
1992b) that lower and higher vertebrates recognize as a ‘danger’ signal
(Mutwiri et al., 2003).

The structural requirement for immunostimulation of these ODN was
defined as a central cytosine-phosphodiester-guanosine (CG) core,
unmethylated and flanked by other less important base sequences. Using
sequence-specific synthetic oligonucleotides to trigger B proliferation,
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unmethylated CpG motifs displaying 5¢Pu-Pu-CpG-Pyr-Pyr3¢ nucleotide
sequences were seen to be the most biologically active (Yamamoto et al.,
1992b; Krieg et al., 1995), although other combinations of the flanking
sequences are also immunostimulatory. Such investigation also helped
show why the mammalian immune system can discriminate between
bacterial and host DNA. Mammalian genomic DNA contains very scarce
CpG-dinucleotide motifs (CpG suppression) (Bird, 1987) and, when
present, they are normally methylated (5¢-methylcytosine). However,
bacterial genomic DNA presents the above-mentioned structural
requirements for recognition and stimulation and, accordingly, it
stimulates the mammalian immune system. Similar observations were
extended to DNA from yeast and insects (Sun et al., 1996; Wagner, 1999).

Krieg and co-workers developed extensive studies to define the best
sequences to produce the optimal stimulation of immune function with
the aim of optimizing synthetic ODN. The most immunostimulatory ODN
were about 20 nucleotides in length, with a central core of CG (Krieg et al.,
1995): the regions adjacent to the CpG, which also affect stimulation,
differed from mouse to human (Van Uden and Raz, 2000). However, it has
been demonstrated that the immunostimulatory effects of CpG motifs are
sequence specific, and that a base change from CpG to GpC in the core
motif abolishes the activity (Krieg et al., 1995; Jorgensen et al., 2001a).
Furthermore, Kanellos and coworkers (1999a-c) found that CpG motifs
are phylum specific.

The immunostimulatory effects of CpG-DNA can be attributed to
stimulation of certain immune cells of the innate immune system. In
mammal models, these cells are dendritic cells, macrophages, natural killer
(NK) cells and also B and T lymphocytes (Wagner et al., 1999) and they
express or secrete cytokines (like interleukin (IL)-1, IL-6, IL-12, tumour
necrosis factor (TNF)-a and interferon (IFN) (Klinman et al., 1996;
Stacey et al., 1996; Lipford et al., 1997; Sparwasser et al., 1998). Under in
vivo conditions, it was demonstrated that CpG-DNA is an excellent
adjuvant and enhances the B and T cell response to an antigen. Usually,
in mammals, the response is biased towards the generation of a T helper
1-dependent immunity that produces immunoglobulins (Ig) of class G2a
and a Th1-dominated cytokine profile (Roman et al., 1997; Weiner et al.,
1997; Cho et al., 2000; Juffermans et al., 2002).

Two suggestions have been proposed to understand how mammalian
immune cells can recognize CpG-DNA. The first was that the cell might
be able to take up the DNA, which it would hybridize to genomic DNA
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in the cell nucleus, and thereby regulate the transcription of specific genes.
However, there is still no evidence supporting this hypothesis. The second
proposal was that a cellular receptor might exist which would specifically
bind CpG-DNA and initiate the signal transduction that ultimately results
in activation of the transcription of nuclear factor (NF)-kB and AP-1
(Fig. 4.1). Several bodies of evidence support this idea (Hacker et al., 1998;
Yi et al., 1998a, b) and it has been proposed that microbial CpG pattern

Fig. 4.1 Scheme of mammalian CpG DNA/TLR9-mediated cellular signaling (from
Takeshita et al., 2004). In fish, the cellular signaling might be very similar. So far, molecular
and functional data have probed the existence and function of TLR9, My88, IRAK, TRAF6,
NF-kB, p38 and AP-1 in different fish species.

C-04.pmd 12/1/2008, 4:13 PM134



M.A. Esteban et al. 135

3rd Proof_5-4-08

recognition is an evolved innate defence mechanism against intracellular
pathogens that may function through a Toll-like receptor (TLR) for CpG
motifs (Hemmi et al., 2000; Krieg et al., 2000), the TLR9, because TLR-
deficient mice were unresponsive to CpG-stimulation (Hemmi et al.,
2000).

While it is a well-known fact that CpG-DNA or synthetic ODNs can
activate immune cells in mammals (mice, primates and humans) (Krieg
et al., 1995; Hartmann and Krieg, 2000; Verthelyi et al., 2001), to date
there has been limited information concerning the biological effects of
CpG-ODN in other species and vertebrate groups, including cold-blooded
vertebrates, especially fish. The aim of this chapter is to present the
available results on this interesting topic.

In vitro Effects of CpG ODNs on Fish Immune Cells

Different synthetic ODNs have demonstrated an in vitro effect on several
innate immune cell activities carried out by phagocytes, cytotoxic cells and
lymphocytes. The ODNs containing multiple CpGs generally exhibited a
greater stimulatory capacity, although CpGs located at the terminus of an
ODN were infective. Incubation of common and grass carp (Cyprinus
carpio L. and Ctenopharyngodon idellus, respectively) head-kidney
phagocytes with these substances enhances their phagocytic and
bactericidal activities, superoxide anion and hydrogen peroxide
production, as well as the acid phosphatase content, in a time- and dose-
dependent manner (Meng et al., 2003; Tassakka and Sakai, 2003, 2004).

Highly purified non-specific cytotoxic cells (NCC) from catfish
(Ictalurus punctatus) have been demonstrated to specifically bind to
synthetic ODNs and become activated, achieving their highest activity
after 24 hours of incubation (Oumouna et al., 2002). This study also
demonstrated that the same sequence could have different effects,
depending on the vertebrate species and the immune activity studied. For
example, the 5¢-GACGTT-3¢ which stimulate optimum IL-6 and IL-12
release from mammalian B cells (Ye et al., 1996) had a minimal effect in
stimulating NCC cytotoxicity.

Furthermore, and similarly to that described in both canine and feline
spleen and lymph node cells (Wernette et al., 2002), ODNs also enhance
common carp head-kidney lymphocyte proliferation, although higher
concentrations of CpG-ODN were needed to achieve that particular
effect. As regards phagocytic activity, it has also been demonstrated that
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the presence of multiple CpGs generally results in greater stimulatory
capacity (Malina et al., 2003; Tassakka and Sakai, 2003).

Regarding cytokine production, both plasmid DNA and synthetic
ODNs containing CpG motifs induced the production of antiviral
(interferon-like, IFN) cytokines in Atlantic salmon (Salmo salar L.) and
rainbow trout (Oncorhynchus mykiss) leukocytes (Jørgensen et al., 2001a,b,
2003). Recently, a synergy between CpG ODNs (at concentrations that
are ineffective alone) and cationic histone proteins in the stimulation of
type I IFN activity and Mx transcripts has been demonstrated (Pedersen
et al., 2006). This more intense antiviral response reflects an increased
resistance to infectious pancreatic virus (IPNV) infection (Jørgensen et al.,
2003).

Mechanism of Action of CpG DNA on Fish Leucocytes

In spite of all these interesting results concerning the effects of CpG DNA
on fish leucocytes, the action mechanism of these molecules still largely
remains unknown. It has been demonstrated that synthetic ODNs bind to
TLR9 and induce the production of antiviral IFN-a in higher vertebrates
(Hemmi et al., 2003). However, the earliest demonstration of this fact in
fish concluded that ODNs were inefficient at increasing antibody
production towards co-administered b-Gal in goldfish (Carassius auratus)
(Kanellos et al., 1999c). Later, it was demonstrated that Atlantic salmon
(S. salar) leucocytes produced antiviral activities and IL-1 as a
consequence of their incubation with CpG ODNs, as indicated above
(Jørgensen et al., 2001a,b, 2003).

Although the subcellular localization of TLR9 has not yet been
determined in mammals, the DNA taken up by leucocytes appears in the
endosomes. In this sense, a role in endosomal acidification and/or
maturation in the signalling pathways triggered by CpG DNA is suggested
by the fact that some compounds that interfere with endosomal processing
(such as chloroquine) specifically block all of their stimulatory effects,
although they do not block other pathways of leucocyte activation
(Hacker et al., 1998; Yi and Krieg, 1998a, b). Based on these findings, a few
years later, it was demonstrated that endosomal maturation is essential for
CpG signalling in rainbow trout macrophages, as chloroquine inhibits
cytokine expression in those cells, although the mechanism(s) by means of
which these inhibitors of maturation block the signalling pathways is still
unclear. Nevertheless, the ability of LPS to induce cytokine expression was
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unaffected by chloroquine, demonstrating the specificity of this inhibition
(Jørgensen et al., 2001b).

In vivo Effects of CpG ODNs on Fish Immune Response

To date, limited information is available on the in vivo effects in fish of CpG
ODNs and on their in vivo ability to enhance resistance to disease, since
most studies in this respect have been carried out in mice. Recently, the
immunostimulatory effect of CpG motifs (the same sequences which
activated the head-kidney leucocytes after in vitro incubation) on the
innate immune response of common carp (Cyprinus carpio) was
demonstrated after being intraperitoneally injected (Tassakka and Sakai,
2003). In that study, carp specimens were intraperitoneally injected daily
for 3 days with ODNs containing CpG, as a result of which the carp innate
immune response was stimulated. More specifically, serum lysozyme
activity and the phagocytic activity and reactive oxygen species
production by head-kidney leucocytes were increased, the leucocytes
remaining active for at least 7 days post-injection (Tassakka and Sakai,
2002).

Synthetic ODNs have also been injected into olive flounder
(Paralichthys olivaceus), where they primed the respiratory burst activity of
the head-kidney phagocytes 3, 5 and 7 days post-injection. These results
correlated with those obtained in common carp but the authors also
demonstrated that such increments in phagocytosis correlated with
increased protection against the bacterial pathogen Edwardsiella tarda
after provoking a lethal infection in the specimens (Lee et al., 2003).
Similarly, ODN intraperitoneal injection enhanced the resistance of
Atlantic salmon to amoebic gill disease (Bridle et al., 2003).

More recently, the cloning of immune-related genes in fish has
facilitated analysis of the effects of different treatments (such as
peptidoglycan and lipopolysaccharides) at the molecular level (Pelegrín
et al., 2001; Savan and Sakai, 2002; Kono et al., 2004; Sakai et al., 2005).
There is evidence that intraperitoneal injection of CpG ODNs stimulates
the expression of immune genes in the head-kidney of common carp, more
specifically, the expression of several pro-inflammatory cytokines (IL-1
beta, CXC and CC-chemokines and TNF-alpha) 1, 5 and 7 days post-
injection and the lysozyme-C gene expression after 7 days post-injection
(Tassakka and Sakai, 2004, 2005). IL-1 beta is a key mediator in response
to microbial invasion and tissue injury and can stimulate immune
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responses by activating lymphocytes or by inducing the release of other
cytokines that activate macrophages (Low et al., 2003). CXC and CC-
chemokines are inducible and secrete proteins that cause the migration of
leucocytes towards injury or infection sites (Dixon et al., 1998). Lysozymes
are potent molecules capable of digesting the peptidoglycan of bacteria.
The interest of these findings lies in the fact that CpG ODNs regulate the
expression of different cytokines which act as signalling molecules within
the immune system, where they play important roles in initiating and
regulating the inflammatory process, which is one of the important
defenses in innate immunity. Furthermore, these results agree with others
obtained in mammals, in so far as, while the CpG ODN are potent
activators of the immune system, their biological activity is only transient,
subsequently limiting their therapeutic application (Mutwiri et al., 2004).
However, different studies are in progress in order to further improve the
use of ODNs.

Adjuvant Effect of ODN in Fish

All the above studies mention the possible use of CpG ODNs as a disease
control treatment; indeed, immunostimulatory CpG motifs are one of the
main features of DNA vaccines, and have been regarded as promising
technology, as immunotherapeutic agents, with practical and
immunological advantages over traditional antigen vaccines in
aquaculture. Furthermore, their properties make these compounds a
potentially valuable tool, whether used alone or as adjuvants in vaccines
(Pontarollo et al., 2002). Recently, CpG motifs have been defined as novel,
non-toxic adjuvants because they can induce a stronger immune response
with no apparent adverse effects compared to many conventional
adjuvants such as Freunds’ complete and incomplete adjuvants.
Furthermore, many of the adjuvants used in fish vaccines, particularly oil-
based adjuvants, contribute to good protection, but have serious side
effects (Midtlyng et al., 1996). CpG DNA used as an adjuvant is reported
to induce stronger immune responses with less toxicity than other
adjuvants when tested in murine models (Weeratna et al., 2000).

All these abilities mentioned for ODNs make them a potential
adjuvants for use in viral vaccines for fish, because DNA vaccination
studies with fish have indicated a role for type I IFN in the protection
provided by these vaccines (Boudinot et al., 1998; Kim et al., 2000;
Lorenzen et al., 2002). And there is some evidence that the type I IFN
response may provide a signal for the initiation of adaptive responses.
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One of the challenges in developing CpG ODNs as adjuvants is the
identification of suitable delivery systems. The ideal delivery system would
potentiate the effect of CpG ODNs by promoting their uptake and delivery
to antigen-presenting cells. Cationic delivery systems, which function as
bridges between the negative charges of DNA fragments and cell
membranes, and protect from nuclease digestion, are an effective delivery
system for CpG DNA in mammals (Singh et al., 2001).

Different in vivo studies have been carried out to ascertain the effects
of various DNA vaccines. Plasmid vectors composed of different
constructs as well as empty vector controls resulted in increased antibody
responses and generally heightened cytokine-like activities in injected fish
(Russell et al., 1998; Kanellos et al., 1999a, c; Heppell and Davis, 2000;
Tucker et al., 2001). However, the studies carried out to ascertain the
immunostimulatory nucleotide motifs within the plasmid DNA that
produce ligand-specific activation are inconclusive. For example, in
goldfish (Carassius auratus L.), it was demonstrated that plasmids
containing CpG-ODNs motifs possess adjuvant effects after being injected
with a protein subunit vaccine. It was found that the presence of the
plasmids potentates antibody responses to the b-galactosidase protein and
the motif consisting of -AACGTT- might be the stimulatory sequence,
while the -GACGTT- motif did not stimulate the antibody production
(Kanellos et al., 1999b). However, leucocytes from Atlantic salmon were
activated by -GACGTT- whereas the inverse motif (-GAGCTT-) was not
stimulatory (Jørgensen et al., 2001a).

Future Prospects

The major challenge faced by disease control is the full understanding of
the interactions between the various defence mechanisms of the host and
the host-pathogen interactions. The recognition of different PRRs that
trigger different signalling pathways of the immune system is providing the
opportunity to drive the immune response to the desired direction. CpG
not only activates the innate immune response, but also shifts the specific
response, so it must be considered as one of the most useful
immunomodulators. More studies are needed to understand the effect of
CpG ODNs on the stimulation of innate immunity as also on the adaptive
immune response in fish. Concomitantly, different strategies for enhancing
the immunostimulatory effect of CpG ODNs are in progress (Mutwiri
et al., 2004). Such studies aim to increase the half-life of CpG ODN,
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enhance its activity, localize ODN in tissue, increase cellular uptake and
binding, enhance delivery to intracellular compartments or to find new
delivery systems: in short, the studies are trying to ensure that CpG goes
to the appropriate cell types and in the correct concentration so as to have
the optimal effect. It seems, therefore, that much work on new
formulations and delivery systems is needed.
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INTRODUCTION

The fundamental role of the immune system is to recognize the self from
the non-self; discriminating the finite structure of foreign molecules from
the diverse array of molecular patterns and complexities intrinsic to the
host. Non-self recognition mechanisms appear to be an inherent
prerequisite for the survival of any living organism, and are present even
within the simplest life forms—mycoplasms, as restriction enzymes;
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proteins evolved to recognize and degrade invasive foreign genetic
material (i.e., bacteriophages) (Gumulak-Smith et al., 2001).

Phagocytosis is the primordial defense mechanism of all metazoan
organisms. In fact, it has even been suggested that phagocytosis represents
a rudimentary innate defense mechanism in the most primitive eukaryotic
kingdom, the Protozoa (Nickel et al., 1999). Haeckel first described
phagocytosis in 1862, using blood cells from the gastropod Tethys spp.
(Vaughan, 1965), but its importance as a defense mechanism was not
realized until 1882, by Elie Metchnikoff (Vaughan, 1965).

The most important phagocytic cell in the vertebrate body is the
macrophage, and cells functionally reminiscent of the vertebrate
macrophage are present in virtually all metazoan organisms, attesting to
the importance of phagocytosis in host defense in all multi-cellular
organisms. Macrophages play a pivotal role in the detection of pathogenic
microorganisms and in the ensuing effector phases in eliminating the
infectious agent. Pathogen-associated molecular patterns (PAMPs) on the
surface of pathogenic microorganisms are recognized by pattern
recognition receptors (PRR) on macrophages, facilitating the phagocytic
process and initiating subsequent killing mechanisms (Medzhitov and
Janeway, 1977a, b, 2000; Medzhitov, 2001).

The ubiquitous distribution of macrophages within the vertebrate
body ensures the continuous surveillance of host tissues for foreign
invaders. In many cases, it is the macrophage (or lineage-related cells such
as dendritic cells) that provides the first line of cell-mediated host defense
against pathogens. Foreign microorganisms are rapidly phagocytosed by
macrophages, and are destroyed by lysosomal enzymes released into the
phagosome, or by toxic reactive intermediates formed by activated
macrophages. In addition, macrophages possess a number of nutrient
deprivation mechanisms that are employed to starve phagocytosed
pathogens of essential micronutrients. The fundamental roles of
macrophages in host defense are to limit the initial dissemination and/or
growth of infectious organisms and to modulate ensuing immunological
reactions.

This chapter focuses on the cellular processes involved in
macrophage-mediated innate host defense of bony fishes; from the initial
host-pathogen interactions that mediate recognition, to the mechanisms
employed by macrophages to destroy and eliminate the pathogens.
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RECOGNITION OF INFECTIOUS AGENTS BY
MACROPHAGES

How macrophages sense a foreign molecule within the context of a
molecularly complex host environment is extraordinary. The possible
number of foreign molecular configurations on a diverse assemblage of
pathogenic microorganisms is immense. Although vertebrates have
evolved adaptive immune responses to recognize large numbers of foreign
molecules (i.e., T-cell receptors and antibodies), these same mechanisms
appear to be absent from invertebrates, and as such, greater than 99% of
all multi-cellular life forms rely on non-self innate immune mechanism to
recognize foreign molecules. The extensive diversity of foreign molecular
structures, accompanied by limited genome sizes, necessitated the
evolution of non-self discriminatory mechanisms that recognized unique
molecular configurations on groups of microorganisms. These unique
foreign molecular configurations are also known as pathogen-associated
molecular patterns (PAMPs) (Medzhitov and Janeway, 2000; Medzhitov,
2001). All PAMPs have the common features of being unique to a group
of pathogens, are essential for survival, and are relatively invariant in their
basic structure. Specific examples of PAMPs include lipopolysaccharide
(LPS; gram-negative bacteria), lipoarbinomannan (mycobacteria),
lipoteichoic acids (LTA; gram-positive bacteria), mannans (yeast), and
double-stranded RNA (viruses).

PAMPs are recognized by pattern recognition receptors (PRRs) found
on the surface of immune cells including macrophages (Medzhitov and
Janeway, 1997; Medzhitov, 2001). These innate immune receptors are a
germ-line encoded group of receptors with a genetically pre-determined
specificity that are highly conserved among different organisms. Pattern
recognition receptors have distinctive ligand-binding properties for
specific classes of PAMPs, but are less discriminatory towards the subtle
differences in a fine molecular structure within that class of PAMPs. For
example, CD14, a PRR for bacterial LPS, can bind to LPS from a diverse
range of microorganisms, even though the fine structure of LPS can vary
among different bacterial species (Landmann et al., 2000). In addition,
both Toll and Toll-like receptors (TLRs) are believed to not only bind
foreign material, but are also capable of binding endogenous proteins (i.e.,
recognition of cleaved Spatzle by Drosophila Toll and recognition of
fibrinogen and fibronectin by TLR-4) (Lemaitre et al., 1996; Okamura
et al. 2001; Smiley et al., 2001).
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Examples of some of the major proteins involved in microbial pattern
recognition include mannose-binding proteins, mannose receptor,
scavenger receptor, CD14, and TLRs. Functionally, PRRs can be divided
into three classes: (1) secreted PRRs, which usually function as opsonins
or activators of complement, (2) endocytic PRRs, which function in
pathogen binding and phagocytosis and (3) signaling PRRs that activate
gene transcriptional mechanisms that lead to cellular activation. This
portion of the chapter focuses on the PRR, which are found on the surface
of macrophages and we will discuss their roles in pathogen recognition/
binding.

Lectins

Lectins play an important role in the recognition of pathogens and serve
multiple functions in the immune system, including cell adhesion,
recruitment, differentiation and activation (Drickamer and Taylor 1993;
Linehan et al., 2000). Many of the lectins involved in the recognition and
neutralization of pathogens are members of the C-type or calcium-
dependent animal lectin families (Weiss et al., 1998). Within this family
are two major groups of PRRs that are important components of the innate
immune response; the collectins and the mannose receptor. Collectins are
large soluble proteins that mediate pathogen neutralization through the
complement pathway and include pulmonary surfactant proteins (SP-A
and SP-D) and the serum mannose binding protein (MBP) (Drickamer
and Taylor, 1993). These molecules have a collagen tail and a carboxy-
terminal lectin domain. The collagen tail is a ligand for the collectin
receptor, which is found on a variety of mammalian cells including
monocytes, endothelial cells and fibroblasts. The lectin domain recognizes
carbohydrate (CHO) moieties on the surface of viruses, bacteria, fungi,
and protozoa. The other member of the C-type lectin family is the
mannose receptor and is found on antigen presenting cells (i.e.,
macrophages and dendritic cells) (Fraser et al., 1998). This cell-surface
protein directly binds CHO moieties found on the surface of pathogens,
leading to phagocytosis of microorganisms (Ross, 1989; Ezekowitz et al.,
1990).

The recognition of CHO moieties by members of the C-type lectin
super family is mediated by structurally related calcium-dependent CHO-
recognition domains (C-type CRDs) (Drickamer and Taylor, 1993). These
domains recognize the equatorial orientation of the C3 and C4 hydroxyl
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groups in hexoses, N-acetylglucosamine, glucose, fructose and mannose
(Weis et al., 1998). These carbohydrate structures are common
components of cell membrane and cell wall structures in a variety of
pathogens, and include molecules like LPS, LTA, and mannans. In
addition, the specific arrangement of CRDs on the host cell surface favor
the spatial orientation of the CHO moieties that decorate the cell walls of
microorganisms, providing they span the correct distance between the
CRDs (ligands have to span the distance of 45 angstroms) (Ezerkowitz
et al., 1990; Weis et al., 1998). These conditions mediate high-affinity
binding of ligand to the receptor. The configuration of the hydroxyl groups
in the sugars that decorate mammalian glycoproteins (i.e., galactose and
sialic acid), and the repetitive CHO nature of many microbial PAMPs, are
not accommodated by the CRD of C-type lectins. Thus, the broad
selectivity of the monosaccharide-binding site, combined with the
geometry of multiple CRDs in the intact lectins, allows these PRRs to
mediate discrimination between the self and the non-self.

Complement Receptor (CR3)

The complement system is a proteolytic cascade that is activated either
directly or indirectly by non-self recognition (i.e., microorganisms) and
plays a major role in mammalian innate immunity (Ross, 1990). The
activation of complement by microorganisms can have three major
biological effects: (1) fixation of the terminal complement components
resulting in complement-mediated lysis through the formation of a
membrane attack complex (MAC), (2) fixation of the third complement
component (C3) leading to opsonization and phagocytosis by
macrophages and (3) elaboration of the complement anaphylotoxins C3a
and C5a leading to recruitment of immune cells and initiation of an
inflammatory reaction.

Macrophages contain complement receptors on their surface that aid
in the receptor-mediated phagocytosis of opsonized microorganisms
(Wright et al., 1983). Many pathogens are recognized by CR3 and this
receptor has been implicated in their internalization. For example, the
yeast stage of Histoplasma capsulatum uses the CR3/LFA-1/p150, 95 family
of adhesion molecules to enter the human macrophages, employing an
opsonin-independent mechanism (Bullock and Wright, 1987). Legionella
pneumophila uses CR1 and CR3 following opsonization with C3b and C3bi,
respectively (Payne and Horwitz, 1987). Mycobacterium leprae and both
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the promastigote and amastigote stages of Leishmania spp. require C3
opsonization for uptake by CR3 (Schlesinger and Horwitz, 1991). Some
pathogens such as Leishmania spp. can even exploit the fixation of the
complement onto their surfaces in order to increase their uptake into host
macrophages through the CR3 receptor (Brittingham et al., 1995).

Scavanger Receptors (SRs)

Scavanger receptors are a unique type of receptor that bind to both host-
and pathogen-derived ligands, using pattern recognition that does not
induce macrophage activation (Pearson, 1996; Haworth et al., 1997).
These receptors were originally identified by their ability to bind modified
low-density lipoproteins (LDLs), such as oxidized LDL (OxLDL) and
acetylated LDL (AcLDL), and initially studied for their role in
angiogenesis and LDL-cholesterol accumulation by macrophages in
atherosclerotic lesions (Brown and Goldstein, 1983; Krieger and Herz,
1994).

Two classes, SR-AI and SR-AII, were the first macrophage SRs to be
identified and were generated from alternative splicing of mRNA
transcribed from the same gene (Krieger and Herz, 1994). SR-A is found
on monocytes, B-lymphocytes, capillary endothelial cells, platelets, and
adipocytes. Both classes exhibit nearly identical ligand-binding properties,
specifically binding an array of polyionic ligands with high affinity (Krieger
and Herz, 1994). SR-A recognizes polyionic molecules via its collagen-like
domains, and recognition may be determined by the spatial characteristics
of the repeating charged units found on host-derived, synthetic, and
microbial origin. While SRs can bind and internalize many different
ligands, they do not appear to play a role in the activation of immune cells
(Haworth et al., 1997). Therefore, SRs may participate in host defense by
clearing foreign products such as LTA, LPS, or intact bacteria from tissues
and the circulatory system during bacterial sepsis.

A third class of SRs, termed MARCO or SR-BI, has been identified
and shown to bind both AcLDL and bacteria (Kraal et al., 2000). Class B
SRs are composed of members of the CD36 family (Endemann et al., 1993)
and include SR-BI, the lysosomal protein Limp II (Vega et al., 1991), and
Drosophila emp (epithelial membrane protein) (Hart and Wilcox, 1993).
This class of SRs binds a variety of ligands that must contain negatively
charged moieties in order to be recognized (Rigotti et al., 1995). SR-BIs
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(i.e., MARCO), are primarily lipid-binding proteins that are expressed by
cells and tissues involved in host defense and/or lipid metabolism (Acton
et al., 1996). LPS associated with high-density lipoproteins and anionic
environmental particulates appear to bind to SR-BI. Therefore, this class
of SRc may facilitate LPS-clearance by the liver and the removal of
particulates by alveolar macrophages in the lung (Greenwalt et al., 1992).

CD14

The recognition of bacterial endotoxin (i.e., LPS) is an important function
of the innate immune system, and failure to contain bacterial infections
can result in septic shock as a result of the release of LPS from bacteria as
they grow, multiply, or die (i.e., after antibiotic treatment). Therefore,
eukaryotes have developed sensitive immunological surveillance
mechanisms that can detect minute amounts of bacterial LPS (Ulevitch
and Tobias, 1995). The PRR responsible for recognition of this bacterial
PAMP is CD14 (reviewed by Wright, 1995).

Two forms of the soluble LPS receptor (CD14) are constitutively
generated; a 55 kDa form is liberated by escape from GPI-anchoring, and
a 49 kDa form that is derived from the cell membrane by proteolytic
cleavage with a serine protease (Bazil et al., 1989). sCD14 mediates the
binding of LPS to endothelial cells that do not contain a surface LPS
receptor (mCD14) (Tobias et al., 1992). This has been shown to potentiate
LPS-responsiveness in endothelial cells resulting in the expression of
adhesion molecules and cytokines (Pugin et al., 1993). Activation of
macrophages following recognition of bacterial LPS leads to the
production of tumor necrosis factor-alpha (TNFa) (Wright, 1995) and
other pro-inflammatory cytokines including IL-1, IL-6, and IL-8 (Dicks
et al., 2001).

Interestingly, the GPI-anchored mCD14 is unable to transduce a
signal in response after ligation of LPS and requires an accessory signal in
order to initiate a response (i.e., increased gene transcription). The
mCD14 found on macrophages is co-expressed and forms a complex with
another receptor known as the Toll-like receptor-4 (TLR4). The
association of mCD14 with TLR4 has recently provided the investigators
with a link between LPS-binding and the transcriptional responses of
macrophages to this bacterial PAMP.
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Toll-like Receptors (TLRs)

TLRs have received considerable attention as innate PRRs that are
important not only in the recognition of PAMPs but are important in the
initiation and transduction of the intracellular signals that induce innate
immune mechanisms in macrophages (Medzhitov, 2001). The Toll
receptor was originally identified as a key mediator of development in
Drosophila (Anderson et al., 1985), and only later was it found to also
initiate innate anti-fungal responses in the fly (Lemaire et al., 1996). Toll-
receptors are characterized by an N-terminal extracellular domain
containing several leucine-rich repeats (LRRs), and an intracellular
C-terminal Toll/Interleukin-1 receptor (TIR) domain, named for its
homology to the signaling domain of the IL-1 receptor. The TIR domain
interacts with a heterotrimeric complex of death-domain containing
adapter proteins (Sun et al., 2002), ultimately leading to the activation of
the transcription factor NF-kb or its homologues, Dif or Relish, in
Drosophila.

It is apparent that TLRs have an important role in the recognition of
endogenous proteins such as necrotic cells and extracellular breakdown
products (reviewed by Akira, 2003). A variety of endogenous ligands have
also been implicated as potential activators of TLRs, including fibrinogen
(Smiley et al., 2001), fibronectin (Okamura et al., 2001) and heat-shock
proteins (Zhu and Pisetsky, 2001).

Several EST projects have identified sequence fragments with
significant similarity to regions of mammalian TLRs (Zebrafish: GenBanks
accessions BM185313, BG304206, BF158452; Japanese flounder
AB076709, AU091257; Rainbow trout: AF281346). However, none of
these sequences contains both the TIR and LRR domains, which are
hallmarks of the TLR family. The F. ruburipes genome database (Aparicio
et al., 2002), and analysis for fish homologues of the TLR family revealed
that the Toll family is shared by fish and humans. The predicted pufferfish
TLR-2, -TLR-3, TLR-5, TLR-7, TLR-8, and TLR-9 corresponded
structurally to the respective mammalian TLRs and one pufferfish TLR
showed equal amino acid similarities to human TLR-1, TLR-6, and TLR-
10 (Oshiumi et al., 2003). Interestingly, two of the pufferfish genes were
found to be unique to fish and were named TLR-21 and TLR-22. The
pufferfish genome provides evidence for the presence of several TLR genes
in fish, and we have verified that at least one of these receptors is expressed
on goldfish macrophages (Stafford et al., 2003). This goldfish TLR does

C-05.pmd 12/1/2008, 4:13 PM152



Miodrag Belosevic et al. 153

3rd Proof_5-4-08

not have a distinguishable sequence homology with any single mammalian
TLR that has been described but contains both a LRR and a TIR domain.
Further studies are required to elucidate the specific functional
characteristics of this goldfish macrophage TLR.

ANTIMICROBIAL MECHANISMS OF MACROPHAGES

Macrophages possess a repertoire of potent pre-formed antimicrobial
molecules stored within their granules and lysosomes. These organelles
contain a salvo of degradative enzymes and antimicrobial peptides that are
released into the phagolysosome upon ingestion of a foreign organism. In
most cases, degradative enzymes such as proteases, nucleases,
phosphatases, esterases, lipases, and highly basic antimicrobial peptides
actively destroy the phagocytosed organism.

The available evidence points to the conservation of macrophage
antimicrobial mechanisms in lower vertebrates that are similar to those
reported for mammals. The following section structurally and functionally
highlights the role of these macrophage-mediated killing mechanisms in
host defense against infectious agents.

Nutrient Deprivation Mechanisms

Recruitment and Mobilization of Iron-binding Proteins

Commonly associated with infection and/or neoplasia is a condition
known as anemia of infection and chronic disorder (Lee, 1983; Kent et al.,
1994). This condition was originally thought to be a pathological state
induced by infection, but is now known to be a physiological response to
infection, the desired effect of which is to decrease circulating iron,
preventing or limiting the access of this critical metabolic element to
pathogens (Kent et al., 1994). Experimental evidence supporting the
concept of induced iron deprivation as an antimicrobial mechanism has
been summarized by Weinberg (1984): (1) hosts mobilize iron-binding
proteins at sites of infection, (2) hosts recruit iron-withholding
mechanisms in response to microbial infection, (3) increased iron
withholding decreases incidence and intensity of infection, and (4)
pathogenic microorganisms attempt to acquire iron from host tissues and
fluids.

Iron sequestered in macrophages represents a significant portion of the
total metabolically available iron content in mammals (Jacobs, 1977). Iron

C-05.pmd 12/1/2008, 4:13 PM153



154 Fish Defenses

3rd Proof_5-4-08

transported systemically by serum transferrin, enters cells through CD71
receptor-mediated endocytosis, dissociates from its receptor within the
acidified endolysosome, and is subsequently transported inside the cell via
a transporter system (Nunez et al., 1990). Internalized iron accumulates in
labile iron pools and is compounded to low molecular weight proteins
(Jacobs, 1977). This intracellular pool acts as a readily available source of
iron for metabolic processes or use by pathogens (Nunez et al., 1990; Reif
and Simmons, 1990; Byrd and Horwitz, 1991). Excess iron in the cell is
transferred to ferritin for storage (Jacobs, 1977). Ferritin is one of many
iron-containing proteins that are susceptible to inhibition by NO, which
may represent a way of limiting the availability of intracellular iron to a
developing pathogen (Reif and Simmons, 1990). Expression of ferritin is
downregulated in activated macrophages, possibly through the effects of
nitric oxide on iron response factors. These iron response factors are NO
sensitive enzymes whose function is to regulate the status of iron in the cell
(Reif and Simmons, 1990; Drapier et al., 1993; Weiss et al., 1994).

Transferrin is a serum protein primarily involved in the transport of
iron throughout the body and contributes to the deprivation of this
essential element. When activated with cytokines, murine macrophages
increase production of transferrin (Weiss et al., 1997). Transferrin
produced by activated macrophages binds to intracellular iron, which
limits the availability of intracellular iron for certain intracellular
organisms (Byrd and Horwitz, 1991). Furthermore, activated macrophages
have decreased numbers of transferrin receptors on their surface, limiting
the influx of extracellular iron (Hamilton et al., 1984a; Byrd and Horwitz,
1989; Byrd and Horwitz, 2000). Interestingly, blood monocytes do not
possess transferrin receptors on their surface, but acquire these receptors
upon maturation or in response to inflammatory signals (Hamilton et al.,
1984b).

Iron metabolism and immune activation of macrophages are
intimately linked to other antimicrobial mechanisms such as NO
production and tryptophan degradation (see section below). Treatment of
murine macrophage with iron (Fe3+) reduces activity of iNOS, and
chelation of iron, by addition of desferrioxamine, increases activity of
iNOS (Weiss et al., 1993, 1994) and induces increased tryptophan
degradation in human macrophages (Weiss et al., 1999).
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Natural-resistance-associated Macrophage Proteins
(NRAMPs)

NRAMPs are members of the solute carrier family of proteins, and act as
divalent metal/proton co-transporter proteins (Forbes and Gros, 2001).
These proteins are highly conserved across an extremely diverse range of
taxa, and homologues of this protein have been characterized in mammals,
birds, fish, insects, yeast and bacteria (Malo et al., 1994; Forbes and Gros,
2001). Two forms of NRAMP exist in mammals, NRAMP-1 and
NRAMP-2, and share approximately 63% amino acid sequence homology
(Gruenheid et al., 1995). NRAMP-1 is 110 kD integral membrane
phosphoglycoprotein, primarily expressed in macrophages and
granulocytes (Vidal et al., 1996). NRAMP-1 appears to be exclusively
expressed in the lysosomal membrane of phagocytic cells (Gruenheid et al.,
1999), and message expression of the NRAMP-1 gene is induced in
response to IFNg and LPS (Govoni et al., 1995). It is generally believed
that NRAMP-1 acts as an efflux pump, removing divalent cations from the
lumen of the phagolysosome and transporting it into the cytoplasm
(Forbes and Gros, 2001). The co-transport activity of NRAMP-1 also
leads to increased H+ concentrations in the phagolysosome, aiding in the
acidification process of the intra-phagolysosomal milieu and, subsequently,
leading to activation of a number of lysosomal degradative enzymes
(Hackam et al., 1998).

The expression for NRAMP-2 is regulated by alternative RNA splicing
mechanisms that produce two different transcripts, one that contains an
iron response element (isoform I) and another that does not (isoform II)
(Lee et al., 1998). NRAMP-2 is localized predominantly to the plasma
membrane, and mediates iron uptake from acidified endosomes formed
during transferrin receptor-mediated endocystosis (Gruenheid et al.,
1999). Iron transported by NRAMP-2 subsequently associates with the
cytoplasmic labile iron pool (Picard et al., 2000). Other divalent cations
transported by NRAMP-2 include, Zn2+, Cd2+, Mn2+, Cu2+ and Co2+

(Forbes and Gros, 2001).
Treatment of macrophages with bacterial LPS induces a seven-fold

increase in message expression for NRAMP-2 (Wardrop and Richardson,
2000). The sensitivity in expression of NRAMP-2 to stimulation with the
non-self molecules suggests a role of NRAMP-2 in host defense, even
though NRAMP-2 has a ubiquitous tissue distribution (Gruenheid et al.,
1995). Its potential role in macrophage-mediated innate immunity may be
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most influential during the initial stages of phagocytosis, in which divalent
cations can be extruded from the phagosome prior to fusion of the
phagosome with endosomes/lysosomes containing NRAMP-1.

The deprivation of iron and other divalent cations from the
phagolysosome may induce cascading effects on pathogen survival.
Divalent cations are co-factors for many enzymatic reactions, including
those enzymes involved in oxidative phosphorylation, mitochondrial
respiration and DNA replication. Furthermore, many detoxifying enzymes
produced by pathogens, such as superoxide dismutase, are dependent on
divalent cations for functionality (Forbes and Gros, 2001). Limiting the
availability of divalent cations may not only prevent growth and
replication but also increase susceptibility of pathogens to the reactive
intermediates generated by macrophages (Forbes and Gros, 2001).

In fish, unlike mammals, it appears that the NRAMP-2 gene is
duplicated. In rainbow trout, two NRAMP proteins have been identified
(designated as a and b) and both cluster with the mammalian NRAMP-2.
The expression of NRAMPa in rainbow trout was limited to the head-
kidney and ovary while expression of NRAMPb was ubiquitous (Dorshner
and Philips, 1999). In pufferfish, two NRAMP-2 proteins have also been
found—one of them localizing to the late endosomes/lysosomes—
consistent with a divergence towards an NRAMP-1-like molecule
(Blackwell et al., 2001). Three NRAMP transcripts have been identified in
catfish due to alternative splicing in the 3¢ UTR and alternative
polyadenylation resulting in a single functional protein. Injection of catfish
with LPS increased transcription of NRAMP-2 in the kidney, spleen, and
a monocyte/macrophage cell line (Overath et al., 1999; Chen et al., 2002).
In carp, NRAMP-2 expression has also been observed and was found to be
modulated by infections with Trypanoplasma borreli (Saeij and Wiegertjes,
1999).

Tryptophan Degradation

Tryptophan is an essential amino acid, and is the least available amino acid
for metabolism (Ozaki et al., 1987). Plants and select microorganisms
synthesise tryptophan de novo. Indoleamine 2,3-dioxygenase (IDO) is an
inducible protein found in virtually all tissues of the body and is involved
in the catabolism of tryptophan (Taylor and Feng, 1991). This enzyme is
a 42 kD protein that uses superoxide anion to oxidize the pyrrole ring of

C-05.pmd 12/1/2008, 4:13 PM156



Miodrag Belosevic et al. 157

3rd Proof_5-4-08

tryptophan in association with dihydroflavin mononucleotide and
tetrahydrobiopterin as cofactors (Hayaishi et al., 1977).

IDO induction in macrophages deprives intracellular pathogens of
available tryptophan. Tryptophan degradation as an antimicrobial
response was first suggested by Pfefferkorn (1984), who demonstrated that
the protozoan Toxoplasma gondii required tryptophan for intracellular
growth and survival in human fibroblasts. This inhibition of parasite
growth was reversed by the addition of exogenous tryptophan to infected
fibroblast cultures. The effect was not a result of decreased uptake of
tryptophan, but due to an enhanced degradation rate.

Indoleamine 2,3-dioxygenase is an interferon inducible protein
(Taylor and Feng, 1991), and cytokine-activated human macrophages
have several fold higher IDO activity than do monocytes (Carlin et al.,
1989). IFNg is the most potent stimulator of IDO activity and tryptophan
degradation (Carlin et al., 1989), and in some cases can induce an almost
complete depletion of intracellular tryptophan stores (MacKenzie et al.,
1999).

Metabolic products of tryptophan degradation can induce other
antimicrobial functions of activated macrophages. Picolinic acid, a
metabolite of tryptophan degradation, augments NO responses in IFNg-
treated murine macrophages, and synergizes with IFNg for induction of
macrophage tumoricidal activity (Melillo et al., 1993). Picolinic acid
exhibits its NO-inducing effects through a hypoxia-responsive element
located 5¢ to the iNOS gene (Melillo et al., 1995). Picolinic acid also
induces a rapid increase in production of the inflammatory chemokines
MIP-1a and 1b (macrophage inflammatory protein; Bosco et al., 2000) by
macrophages; proteins involved in the recruitment of T cells to the site of
inflammation (Taub et al., 1993).

The Respiratory Burst

Phagocytosis is often accompanied by a dramatic increase in the
consumption of oxygen by phagocytic cells. This burst in oxygen
consumption is not solely required for the increased metabolic demands
necessary for phagocytosis, since metabolic inhibitors such as cyanide do
not significantly affect oxygen consumption by phagocytes (Iyer et al.,
1961). A correlation between this oxidative burst and the formation of
reactive oxygen intermediates has been clearly demonstrated (Iyer et al.,
1961). The respiratory burst is a potent antimicrobial response of
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phagocytic cells such as macrophages and neutrophils (Nakagawara et al.,
1982; Dinauer, 1993; Segal, 1996).

The respiratory burst response has received considerable attention in
teleosts. However, little is known about the biochemical structure of the
enzymes involved in the respiratory burst of fish phagocytes. Secombes
et al. (1992) demonstrated the presence of a low potential b-type
cytochrome that localized to the plasma membrane of rainbow trout
macrophages; a phenomenon similar to cytochrome b558 (gp91phox and
p21phox) in mammalian phagocytes. A polyclonal antibody raised against
a carboxy terminal sequence of human cytochrome b558 also recognized a
90 kD protein in eel neutrophils (Itou et al., 1998).

Significantly more work has been done regarding the regulation of
respiratory burst activity in fish phagocytes stimulated by soluble
mediators (i.e., cytokines). In early studies, the regulation of these
responses in teleost macrophages has relied on the use of crude cytokine-
like preparations. These crude cytokine preparations are obtained by
stimulating kidney leukocytes with mitogens or macrophages with LPS
and collecting the supernatants from stimulated cells. These crude
cytokine preparations contain soluble mediators that have been shown to
activate fish macrophages and neutrophils (Graham and Secombes, 1988,
1990a, b; Chen and Ainsworth, 1991; Secombes et al., 1992; Jang et al.,
1995a; Neumann et al., 1995, 1998, 2000a; Neumann and Belosevic,
1996; Novoa et al., 1996; Stafford et al., 1999; Tafalla et al., 1999; Qin et
al., 2001). These preparations have also been shown to contain factors
that deactivate antimicrobial responses of fish macrophages (Chung and
Secombes, 1987; Jang et al., 1994; Neumann and Belosevic, 1996; Stafford
et al., 1999; Tafalla and Novoa, 2000) indicating that the control of fish
macrophage antimicrobial responses is mediated by a variety of
endogenously derived factors that exhibit ‘cytokine-like’ activities.

The respiratory burst of rainbow trout macrophages can be primed
in vitro by stimulating resident kidney macrophages with culture
supernatants obtained from mitogen-stimulated kidney leukocytes
(Graham and Secombes, 1988, 1990a, b). Priming the respiratory burst
response of rainbow trout resident kidney macrophage requires extensive
cultivation periods [i.e., 48 h] with these supernatants; an effect shared
with their mammalian counterparts (Novoa et al., 1996). The macrophage
activating factor (MAF) responsible for priming respiratory burst activity
appears to be a product of fish T-cells (Graham and Secombes, 1990a),
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and is both heat and acid labile (Graham and Secombes, 1990b).
Production of a MAF that primes trout macrophage respiratory burst
activity can also be induced by antigen-specific stimulation of lymphocyte
cultures in vitro (Francis and Ellis, 1994; Yin et al., 1997). Crude MAF
preparations also induce spreading and adherence of macrophages in
culture (Secombes et al., 1987).

Interestingly, different macrophage sub-populations in fish appear to
display distinct priming kinetics of respiratory burst activity when
stimulated with these crude-cytokine preparations. Our laboratory has
developed a culture system for obtaining high yields of macrophages from
the kidneys of goldfish (Wang et al., 1995b; Neumann, 1999; Barreda et al.,
2000; Neumann et al., 2000b). In this culture system, macrophages are
generated by incubating kidney leukocytes in the presence of cell-
conditioned medium (CCM) containing macrophage growth factor(s)
(MGFs). We previously demonstrated that both kidney leukocytes and a
goldfish macrophage cell line secrete an endogenous growth factor(s) that
selectively induces the proliferation and differentiation of cells in the
macrophage lineage. These in vitro-derived kidney macrophage (IVDKM)
cultures appear to contain three distinct macrophage morphotypes,
represented by macrophage progenitor cells, monocytes, and mature
macrophages. Characterization of these different macrophage sub-
populations was performed using: (1) flow cytometric, (2) function
(phagocytosis, respiratory burst, nitric oxide production), (3)
cytochemical profiles (non-specific esterase, acid phosphatase,
myeloperoxidase), (4) morphology and (5) in vitro proliferation and
differentiation pathways (Neumann, 1999; Barreda et al., 2000; Neumann
et al., 2000b).

The monocyte-like cells found in IVDKM cultures have a significantly
greater basal respiratory burst response than do the more mature
macrophage sub-population (Stafford et al., 2001). The monocytes present
in goldfish IVDKM cultures can be rapidly primed for respiratory burst
activity using crude MAF preparations, displaying enhanced respiratory
burst responses after only 6-24 h of stimulation with crude MAF
preparations. Interestingly, after 24 h of stimulation with MAF, these cells
gradually lose their primed respiratory burst potential (Neumann, 1999;
Barreda et al., 2000; Neumann et al., 2000b).

The mature macrophage-like cells within IVDKM cultures display a
different pattern of priming kinetics compared to the monocyte-like cells.
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The longer the macrophages are stimulated with MAF, the greater their
respiratory burst response (Neumann, 1999; Barreda et al., 2000;
Neumann et al., 2000a). These data are consistent with those observed by
others using resident kidney macrophages isolated from various fish
species (Chung and Secombes, 1987; Secombes et al., 1987; Graham and
Secombes, 1990b; Marsden et al., 1994; Marsden and Secombes, 1997;
Mulero and Meseguer, 1998). In these studies, respiratory burst capacity
was measured ≥ 48h of stimulation with MAF. Recently, differentiation-
mediated alterations in antimicrobial functions have been observed in
rainbow trout at the molecular level. MacKenzie et al. (2003) reported that
following stimulation with LPS, monocyte-like cells appeared to
differentiate into more mature macrophage-like cells, which exhibited
increased phagocytic capacities and expression of inflammatory genes.

The two functional sub-populations identified in IVDKM (i.e.,
monocytes and mature macrophages) display distinct priming kinetics that
are similar to those described for mammalian phagocytes. In mammals,
macrophages need extensive stimulation with IFNg (48-72 h) for
induction of maximal respiratory burst activity (Nathan et al., 1983).
Mammalian neutrophils, on the other hand, can be primed with IFNg after
only 6 h of stimulation, a consequence of protein upregulation and
expression, and not an increased affinity change in the oxidase (Cassatella
et al., 1988). Thus, although the machinery required for respiratory burst
activity may be similar in different cell types, functional regulation of this
response may be specific to individual cells populations.

Although the native molecule(s) responsible for priming respiratory
burst activity in fish have not been identified, others and we have
attempted to purify these molecules from crude-cytokine preparations.
Crude cytokine supernatants contain two distinct MAF activities that
modulate macrophage respiratory burst activity (Chen and Ainsworth,
1991; Neumann et al., 2000a). One activity (corresponding to a protein of
50 kD) induces a rapid but transient priming effect on the respiratory burst
capacity of IVDKM. Stimulation of IVDKM with this molecule for only
6 h results in a greatly enhanced respiratory burst response compared to
controls. However, 48 h after stimulation the respiratory burst capacity of
stimulated macrophages is significantly reduced compared to those
macrophages stimulated for only 6 h (Chen and Ainsworth, 1991;
Neumann and Belosevic, 1999). We have also demonstrated the presence
of a 30 kD factor present in crude cytokine preparations that also
modulates respiratory burst activity in goldfish macrophages. This

C-05.pmd 12/1/2008, 4:13 PM160



Miodrag Belosevic et al. 161

3rd Proof_5-4-08

molecule may be similar to one characterized by Graham and Secombes
(1990b), who fractionated a respiratory burst enhancing molecule with
similar molecular weight from rainbow trout. This molecule induces
unique priming effects on IVDKM and cells stimulated with the 30 kD
MAF continue to increase their priming potential the longer they are
stimulated with this molecule (Neumann et al., 2000a). Interestingly,
when IVDKM are co-stimulated with the 50 kD and 30 kD MAF, the
respiratory burst potential of IVDKM is greater than that induced by
either factor alone (Neumann et al., 2000a). However, the effect is
transient, and IVDKM co-stimulated for 48 h with these factors have
significantly lower respiratory burst potential compared to those
stimulated for 24 h. The 50 kD MAF has also been shown to induce potent
NO induction in goldfish macrophages (Neumann et al., 2000a).

The respiratory burst of fish macrophages can also be primed by
bacterial LPS (Waterstrat et al., 1991; Solem et al., 1995; Taylor and Hoole,
1995; Neumann and Belosevic, 1996; Campos-Perez et al., 1997),
b-glucans from yeast cell walls (Brattgjerd et al., 1994; Jorgensen and
Robertsen, 1995; Dalmo et al., 1996; Tahir and Secombes, 1996;
Robertsen, 1999), and bacterial proteins (Francis and Ellis, 1994).
Macrophage respiratory burst activity can also be primed in vivo by
administration of killed or attenuated bacterial pathogens (Chung and
Secombes, 1987; Enane et al., 1993; Marsden et al., 1994; Yin et al., 1997),
and neutrophils collected after injection of irritants such as casein or heat
killed bacteria or different dietary regimens also display elevated
respiratory burst responses (Itou et al., 1996; Nikoskelainen et al., 2006;
Watanuki et al., 2006).

There is evidence to suggest that a TNFa-like molecule may also be
responsible for the respiratory burst-inducing activity exhibited by crude
cytokine supernatants (Hardie et al., 1994; Jang et al., 1995b; Novoa et al.,
1996; Campos-Perez et al., 1997; Hirono et al., 2000; Qin et al., 2001).
Studies have shown that human recombinant TNFa synergizes with
crude-cytokine preparations to enhance priming of respiratory burst
activity in rainbow trout macrophages (Hardie et al., 1994; Tahir et al.,
1996; Campos-Perez et al., 1997). Moreover, priming of the respiratory
burst can be partially inhibited using anti-human TNFa receptor 1
monoclonal antibodies, suggesting a certain degree of conservation in both
the TNF molecule and its receptor between mammals and teleosts (Jang
et al., 1995b). Supernatants derived from rainbow trout were also highly
toxic to murine L929 cells, which are highly sensitive to mammalian
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TNFa, further suggesting that a functional TNFa-like molecule was
present in fish (Qin et al., 2001). The presence of this cytokine has
recently been confirmed by the cloning of the TNFa gene from a variety
of fish species including rainbow trout, Japanese flounder, carp, catfish,
seabream and turbot (Hirono et al., 2000; Laing et al., 2000; Garcia-
Castillo et al., 2002, 2004; Zou et al., 2002, 2003a, b; Park et al., 2003; Saeij
et al., 2003; Ordas et al., 2006). Furthermore, the recombinant protein has
been expressed and functional studies suggest that teleost TNFa plays a
key role in the induction of inflammatory responses in fish (Zou et al.,
2003), and may also be responsible for induction of ROI production in fish
macrophages.

Another cytokine that plays an important role in the induction of
macrophage antimicrobial responses in fish is IL-1 (reviewed by Bird et al.,
2002). Rainbow trout IL-1 has been cloned (Secombes et al., 1999; Zou
et al., 1999a, b, 2000; Brubacher et al., 2000), and subsequent studies have
resulted in the cloning of the full-length gene in different fish species
including sharks (Bird et al., 2000; Fujiki et al., 2000; Engelsma et al., 2001,
2003; Pelegrin et al., 2001; Scapigliati et al., 2001). This cytokine has been
shown to prime the respiratory burst response in mammalian macrophages
and neutrophils (Ferrante, 1992; Sample and Czuprynski, 1994; Yagisawa
et al., 1995). Recently, recombinant trout IL-1 has been produced and
functional studies performed (Hong et al., 2001, 2003; Peddie et al., 2001).
The recombinant cytokine induced migration of head-kidney leukocytes
(Peddie et al., 2001) and was recently shown to increase protection of
rainbow trout from infections with Aeromonas salmonicida, a finding that
correlated with systemic IL-1b, COX-2, and lysozyme II gene expression
(Hong et al., 2003). The protective effects of IL-1 may also result from the
ability to induce production of ROI by fish macrophages as seen in
mammals.

The investigations of the mechanisms of activation of phagocytes
have shifted from the use of relatively undefined substances such as MAF
to the use of recombinant cytokines. One cytokine of particular interest
with regards to the ROS is IFNg (Nathan et al., 1983). IFNg homologues
have been recently identified in catfish, pufferfish and zebrafish but
comprehensive functional analyses are yet to be performed (Zou et al.,
2004; Igawa et al., 2006; Milev-Milovanovic et al., 2006).

It has been shown that the respiratory burst response plays an
important role in the destruction of several fish pathogens. Renibacterium
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salmoninarum, etiological agent of bacterial kidney disease, is susceptible to
H2O2 killing by trout macrophages and addition of catalase to macrophage
cultures inhibits killing of this fish pathogen in vitro (Hardie et al., 1996).
Graham and Secombes (1988) demonstrated that rainbow trout
macrophages stimulated with crude MAF preparations could inhibit
growth of the bacterium Aeromonas salmonicida. Subsequent work by this
group, and others, demonstrated that killing of select pathogens correlated
with the production of ROI, and the addition of scavengers of reactive
oxygen, such as catalase, abolished the ability of macrophages to restrict
the growth of pathogens (Hardie et al., 1996; Campos-Perez et al., 1997;
Yin et al., 1997).

Nitric Oxide Production (NO)

It was demonstrated in the early 1980s that nitrogen oxides were common
by products of metabolism, and that the treatment of rats with bacterial
endotoxin resulted in increased nitrate levels in body fluids (Green et al.,
1981a, b). Stuehr and Marletta (1985) demonstrated that endotoxin-
stimulated murine macrophages produce both nitrate and nitrite, and
subsequent studies showed that the production of these NO by-products
by macrophages correlated with an increased cytotoxicity against tumors
and pathogens (Hibbs, 1991; James, 1995).

Although constitutive nitric oxide synthase had been demonstrated
from the central nervous system of fish (Brunung et al., 1996; Holmquist
and Ekstrom, 1997) only one report prior to 1995 had demonstrated that
fish possess an inducible form of this enzyme. Schoor and Plum (1994)
demonstrated inducible NO production, using enzyme histochemical
techniques, from kidney homogenates obtained from channel catfish
infected with the bacterium Edwardsiella ictaluri. Our laboratory
subsequently demonstrated that NO production could be induced in a
goldfish macrophage cell line stimulated with bacterial LPS (Wang et al.,
1995). Crude cytokine supernatants were also shown to contain a factor(s)
that synergize with bacterial LPS to induce goldfish macrophages to
produce NO (Neumann et al., 1995), an effect since demonstrated in
several fish species (Yin et al., 1997; Mulero and Mesenguer, 1998; Tafalla
and Novoa, 2000). Nucleotide sequences for goldfish, rainbow trout, carp,
zebrafish, and Atlantic salmon inducible nitric oxide synthase (iNOS)
have been identified (Laing et al. 1996, 1999; Campos-Perez et al. 2000;
Laing Barroso et al. 2000; Saeij et al. 2000; Wang et al. 2001), and share
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approximately 60-70% homology with mammalian-derived macrophage
iNOS. Rainbow trout head-kidney macrophages stimulated with 25-
50 mg/ml LPS expressed maximal levels of iNOS between 2 and 6 h post-
stimulation (Laing et al., 1999). Furthermore, it was shown that the gills
are an important site of iNOS expression in rainbow trout (Campos-Perez
et al., 2000). Following challenge with different fish pathogens iNOS
message was rapidly upregulated in different tissues (Campos-Perez et al.,
2000; Acosta et al., 2005; Tafalla et al., 2005; Prabkaran et al., 2006). For
example, following challenge with Renibacterium salmonarium, iNOS
message in the gills increased rapidly (i.e., between 3 and 6 h) and lasted
for several days, while a delayed expression of iNOS was observed in the
kidneys of challenged trout (i.e., after 24 h) that was rapidly
downregulated (Campos-Perez et al., 2000). Using a combination of
biochemical, immunohistochemical, and immunoblotting analyses, iNOS
immunoreactive cells in head-kidney tissues of rainbow trout were
identified as heterophilic granulocytes, and iNOS positive macrophages
and neutrophils were found in the liver (Barroso et al., 2000) as well as
retina of zebrafish (Shin et al., 2000). In carp, induction of the iNOS gene
was dependent on NF-kb and was observed following stimulation of carp
phagocytes with LPS or Trypanoplasma borreli, which also correlated with
the production of high levels of NO (Saeij et al., 2000).

Unlike mammals where numerous studies have been conducted,
relatively few studies have examined the NO-induced cytotoxic capability
of fish macrophages in vitro. Yin et al. (1997) demonstrated that MAF
activated catfish macrophages were bactericidal towards Aeromonas
hydrophila, and that killing could be partially blocked using NGMMLA, an
inhibitor of NO production. Fish macrophages can be induced to produce
NO in response to intracellular infection. For example, goldfish
macrophages infected with Leishmania major, an obligate intracellular
protozoan pathogen of mammalian macrophages, produce NO in the
absence of any additional exogenous cytokine signals (Stafford et al.,
1999). Induction of this response appears to be mediated via the
recognition of a foreign molecule by the macrophage, since phagocytosis
of latex beads is insufficient for initiating NO production in goldfish
macrophages (Neumann and Belosevic, 1996). This contrasts the scenario
observed in mammalian macrophages, which require an accessory signal
such as IFNg for induction of the NO response (Green et al., 1990). Similar
effects were also reported for fish macrophages infected with the Gram-
positive bacteria (Marsden et al., 1994) as well as exposure to heat-killed
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Trypanosoma danilewskyi and Aeromonas salmonicida (Stafford and
Belosevic, 2003). Gilthead sea bream vaccinated against the pathogenic
bacterium Photobacterium damselae have significantly higher levels of NO
production than non-vaccinated individuals in vivo and in vitro (Acosta
et al., 2005). This heightened response correlated with greater protection
from subsequent bacterial challenge. Using the sea bream/P. damsela model
Acosta et al. (2005) reported that blocking the NO response using the
iNOS inhibitor L-NAME significantly increased the susceptibility of fish
to infection. Similarly, the bactericidal activity of catfish phagocytes
against Aeromonas hydrophila was enhanced following vaccination and this
bactericidal activity was partially blocked by the addition of NG-MMLA
another inhibitor of the NO pathway (Yin et al., 1997). These authors also
reported that the supernatants from immunized cell cultures exposed to
the vaccinating strain induced greater NO response than supernatants
collected from cells that were stimulated with a different bacterium (Yin
et al., 1997). Findings such as these demonstrate the importance of the NO
response in the resistance of fish to certain pathogens.

Identification of the specific factors involved in the NO response has
been facilitated by the availability of purified/recombinant immune
mediators. In turbot, LPS in combination with a turbot IFN-ab-like
molecule induced the NO response in cells otherwise non-response to LPS
alone. However, this stimulatory capacity was not present in all
macrophage subpopulations. Human recombinant TNF-a when
combined with LPS was able to induce a significant enhancement of the
NO production of all macrophage subpopulations in turbot (Tafalla and
Novoa, 2000). Cells treated with pentoxifylline an inhibitor of TNF-a (but
not iNOS) were found to have significantly reduced NO production
compared to controls (Saeij et al., 2003). One of the important molecules
capable of inducing NO response in fish macrophages is enzymatically
cleaved transferrin (Stafford et al., 2001; Stafford and Belosevic, 2003).

ROLE OF TRANSFERRIN IN INDUCTION OF
MACROPHAGE ANTIMICROBIAL RESPONSES

Transferrin is a bi-lobed monomeric serum glycoprotein of approximately
70 to 80 kD and is responsible for the transport and delivery of iron to cells
and is primarily produced in the liver (Ciechanover et al., 1983; Dautry-
Varsat et al., 1983; Hopkins and Trowbridge 1983; Klausner et al.,
1983a, b; Ford, 2001). The N- and C- terminal lobes of transferrin have
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similar amino acid sequence, tertiary structure and are believed to have
evolved as a result of gene duplication (Worwood, 1989; Baldwin, 1993).
The two homologues globular lobes contain deep clefts capable of binding
iron and are connected by a small peptide region (~15 amino acids) called
the inter-domain bridge, which varies in length between different
transferrin species (Anderson et al., 1990; Retzer et al., 1996). Transferrin
is abundant in nature and has been identified in a wide range of organisms
(i.e., insects, crustaceans, fish, and mammals) (Martin et al., 1984;
Bartfield and Law, 1990; Jamroz et al., 1993; Yoshiga et al., 1997). There
is also extensive structural and sequence homology between transferrins
from different species (Baldwin, 1993).

Binding of iron to transferrin creates a bacteriostatic environment by
limiting the availability of iron to replicating pathogens. However, in
addition to its primary described role as an iron-binding protein,
transferrin appears to exhibit a variety of other biological functions. For
example, transferrin induces neutrophilic end-stage maturation (Evans
et al., 1989), supports the growth and differentiation of the human
promyelocytic cell line, HL-60 (Breitman et al., 1980), and selectively
stimulates cellular proliferation of prostatic carcinoma cells (Rossi and
Zetter, 1992). Activation of casein kinase II, an enzyme involved in the
regulation of cell growth, was shown to require the application of
transferrin in combination with an insulin-like growth factor (Wang et al.,
1995a). Transferrin up-regulates chemokine synthesis by human proximal
tubular epithelial cells (Tang et al., 2002), and the addition of transferrin
to rat cultured aortic smooth muscle cells induced a concentration- and
dose-dependent increase in iNOS mRNA and nitrite accumulation.
Elevated transferrin concentrations in cerebral spinal fluid after
subarachnoid hemorrhage also increased iNOS mRNA expression by
smooth muscle cells (Takenaka et al., 2000). A recent study demonstrated
that in addition to the binding of iron, transferrin functions as a protein-
binding protein (Weinzmer et al., 2001), and is one of the constituents
secreted by platelets that can induce phagocytosis (Sakamoto et al., 1997).

In chickens, ovatransferrin is a key inducer of cellular activation
measured by its ability to induce the production of IL-6 and matrix
metallopreoteinases as well as the induction of respiratory burst in
macrophages (Xie et al., 2001, 2002). Ibranim et al. (1998) have reported
that ova transferrin can directly contribute to the killing of bacteria. This
was demonstrated by the identification of a bactericidal domain in the
amino-terminal half molecule (i.e., N-lobe, residues 1-332). The
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antibacterial properties of this domain were dependent on 3 intra-chain
disulfide bonds and the protein sequence within the N-lobe demonstrated
a marked sequence homology to insect defensins that contained 6 highly
conserved cysteine residues. Therefore, ova transferrin is believed to be
one of the key components found in inflammatory chicken serum that is
capable of not only mediating immune cell functions but can also
contribute to the direct killing of bacterial pathogens.

Teleost transferrin has also been described as an acute phase protein
and increased levels of transferrin expression were observed following
bacterial infections in rainbow trout (Bayne et al., 2001). We have shown
that transferrin can induce NO production by activated goldfish
macrophages (Stafford et al., 2001; Stafford and Belosevic, 2003).
Transferrin must be cleaved in order for it to activate fish macrophages to
produce NO. The native protein (~55-60 kD) undergoes proteolytic
cleavage in goldfish leukocyte cultures stimulated with mitogens and/or
mixed lymphocyte reactions (Stafford et al., 2001). The resultant peptides
of 33-37 kD synergized with LPS for induction of NO in goldfish
macrophages. Products released from necrotic fish cells (i.e., macrophages
and neutrophils) appear to play a major role in the cleavage of transferrin
into its active NO-inducing form (Stafford and Belosevic, 2003). The
connection between fish neutrophils, macrophages and transferrin
provides an interesting model for understanding inflammation and
regulation of the immune response of phagocytes in fish. During the initial
phase of inflammation, vascular leakage of capillaries initiates swelling at
the site of infection. In mammals, transferrin has been shown to leak into
inflammatory sites during this early phase of inflammation (Bergman and
Kolarz, 1976; Basran et al., 1985; Colditz et al., 1992; Raijmakers et al.,
1997).

In the goldfish, serum components have also been found to leak into
the peritoneal cavity following induction of an inflammatory response
(Chadzinska et al., 2000). Neutrophils are one the first immune cells
recruited to the site of inflammation, and their migration into the site may
initiate the cleavage of transferrin via the production of neutrophil-
derived proteases (i.e., elastase, gelatinase, matrix metalloproteases, etc.).
We have recently shown that the intracellular contents of goldfish
granulocytes were capable of cleaving transferrin (Stafford et al., 2001).
Monocytes that are subsequently recruited to the inflammatory site—and
resident tissues macrophages—may then recognize the cleaved transferrin
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products as a signal for initiating the production of NO. This would be
analogous to the recognition of endogenous proteins by TLRs in mammals
(Beg, 2002). Although fish monocytes do not appear capable of producing
NO (Neumann et al., 2000a), transferrin may initiate the differentiation
of these cells into the more mature macrophage phenotypes, as is the case
in mammals (Bose and Farina, 1995). This may cause monocytes to
become responsive to signals that initiate NO production. Differentiation
of human monocytes into more mature phenotypes results in the acquired
capacity to produce NO (Anderseen et al., 1984). We have observed a
similar effect in goldfish monocytes (Neumann et al., 2000).

This novel finding implicates transferrin as primitive regulator of
immune phagocyte function in lower vertebrates and possibly in higher
vertebrates. Moreover, it is interesting to speculate that proteins
homologous to transferrin may play an important role in the induction of
the NO response in invertebrate immunocytes. It has been reported by
several groups that invertebrate immunocytes possess the capacity to
produce NO in response to immune challenge (Torreilles and Guerin,
1999). Since many invertebrates possess transferrin-like molecules (Baker
and Lindley, 1992), it is conceivable that proteolytic cleavage of
transferrin-like molecules may represent a primitive form of
immunoregulation of innate immunity, and specifically, macrophage
antimicrobial functions.

CONCLUSION

The recognition and elimination of invading pathogens is vital for host
survival. Macrophages play a central role in host protection and cells
functionally reminiscent of the vertebrate macrophage are present in
virtually all metazoan organisms, attesting to the importance of these
phagocytic cells in host defense in all multicellular organism. Macrophages
contain a repertoire of non-self recognition receptors (i.e., PRRs) that
recognize molecular patterns found on pathogens surfaces called PAMPs,
and many of these innate immune receptors are highly conserved
throughout evolution (i.e., Toll and TLRs). Recognition of PAMPs by
PRRs leads to the rapid phagocytosis of the invading microbe followed by
their eventual destruction using a variety of preformed enzymes or
production of reactive intermediates (i.e., ROI and RNI) by inducible
antimicrobial pathways.
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Phagocytosis is the ancestral defense mechanism of all metazoan
animals and is essential in preventing the dissemination of infectious
agents. Many of the antimicrobial effector responses of vertebrate
phagocytes are similar across diverse animal taxa. Inducible antimicrobial
responses such as the respiratory burst pathway and production of NO
have been demonstrated in fish phagocytes, and display biochemical and
physiological similarities to homologous responses induced in mammalian
phagocytes. Both respiratory burst activity and NO induction have been
shown to be critical effector mechanisms in limiting the growth of fish
pathogens and studies addressing the regulation of these responses in fish
have provided some novel insights into how these mechanisms are
regulated in vertebrates.
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INTRODUCTION

SEA BASS AS A FISH MODEL

Immunological studies have been mostly performed in mammals and this
could be taken as a basis for studies in other vertebrates. However, striking
differences exist in manipulating homeothermic and ectothermic animals,
for instance, mice and teleosts. Immunological studies in mice take
advantage of characteristics such as: (i) better tolerance of external
temperature ranges and a constant internal environment for studying
substances administered to the animal, (ii) a minor sensitivity to stress and
handling, (iii) presence of inbred strains to reduce individual variability in
experiments, and (iv) the presence of markers for leucocyte populations,
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subpopulations and molecules. These features are different when studying
teleost fish, but in recent years, some difficulties have been diminished
with the production of inbred strains of carp (Bandin et al., 1997; Fischer
et al., 1998), trout (Ristow et al., 1998), zebrafish (Link et al., 2004) and
medaka (Tsukamoto et al., 2005) as also with the discovery of many genes
homologous to known mammalian ones.

In addition, the zebrafish model is becoming a powerful system in
studies of vertebrate immune development and disease, since it is possible
to perform large-scale genetic screens on transparent, readily accessible
embryos, in order to identify novel genes involved in pathogenesis, and to
study the fate and effects of introduced substances (Trede et al., 2004; van
der Sar et al., 2004; Langenau and Zon, 2005). However, with advances in
current technology, a limitation of the zebrafish model is represented by
the size of fish, since it is difficult to envisage in vitro and in vivo cell biology
experiments with zebrafish leucocytes.

Despite these improvements, the availability of cellular markers for
leucocytes in teleosts is, at present, scarce and heterogeneous. Most
leucocyte markers are directed to B-cells, granulocytes and thrombocytes
(for a review see Scapigliati et al., 1999). On the other hand, although
clear evidence of T-cell activities exist in teleosts, markers for T-cells are
at present only available for two species: sea bass (Scapigliati et al., 1995)
and carp (Rombout et al., 1998). The hypothesis that T-cell
subpopulations exists in fish is supported by molecular and cell biology
data in trout, since CD8 and CD4 co-receptors were cloned (Hansen and
Strassburger, 2000; Suetake et al., 2004) and biological activities were
studied (Fischer et al., 2006). The hypothesis is reinforced by data on the
presence of the major histocompatibility complex (MHC) molecules class
I and II on the surface of teleost cell populations (Rodrigues et al., 1998;
Stet et al., 1998; Kruiswijk et al., 2002).

The mAb DLT15 was the first marker for T-cells in fish, and gave the
opportunity to describe for the first time the content of T-cells in lymphoid
and non-lymphoid organs in a piscine model (Romano et al., 1997).

Due to its importance in aquaculture, sea bass rearing is being
continuously improved, mostly in southern European countries (Nehr
et al., 1996). A great deal of work has been performed on the prevention
of the main pathologies that affect this species in aquaculture, which are
vibriosis (Dec et al., 1990), pasteurellosis (Bakopoulos et al., 1997) and
virosis (Sideris, 1997; Skliris and Richards, 1999). The current status of
knowledge on sea bass immune system is henceforth reported.
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INNATE IMMUNITY

Innate responses are rapidly mounted in response of invading organisms
and include a complex network of molecules and cells that operate to kill
and/or inactivate the putative pathogen. The leucocytes involved in
innate responses are mononuclear phagocytes, polymorphonuclear
leucocytes, and natural-killer cells. Molecules involved in innate
responses are antibacterial peptides, lysozyme, transferrin, complement,
reactive oxygen intermediates (ROI), cytokines, chemokines, and Toll-
like receptors (TLR).

Cells

Widely employed methods to assess some cellular innate responses against
invading organisms include measurement of ROI using nitroblue
tetrazolium (NBT assay), and measurement of quantitative phagocytosis.
These approaches were employed in a previous study, where the
phagocytic activity of head-kidney adherent cells following stimulation by
bacterial (Aeromonas salmonicida) and fungal (Candida albicans)
pathogenic agents was studied using light microscopy and measuring ROI
production (Bennani et al., 1995). In this work, the ratio of macrophages
to pathogenic agents and the amplitude of ROI response varied with the
type of pathogenic agent, and opsonization by fish serum increased
macrophage ROI response. Phagocytic responses of macrophages were
further studied (Esteban and Meseguer, 1997) morphologically by
analysing the influence of leucocyte source, bacterial species, presence or
absence of a bacterial wall, bacterial status (live or dead), and bacterial
opsonization. This work showed that peritoneal macrophages from sea
bass showed a greater capacity to engulf bacteria than did those isolated
from blood which, in turn, had greater engulfment properties than those
isolated from head-kidney.

In another study, immune response of sea bass after intracoelomic
immunization with the protozoan parasite Sphaerospora dicentrarchi was
studied (Muñoz et al., 2000). In this work, significant increases in serum
lysozyme, NBT-producing cells, and antibody-secreting cells were
detected.

The in vitro spontaneous cytotoxic reaction of head-kidney, blood or
peritoneal exudate leucocytes against tumor target cells (NK activity) was
studied by transmission and scanning electron microscopy, and effector
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cells exhibited ultrastructural features of either monocytic or lymphocytic
lineages (Mulero et al., 1994). The non-specific cell-mediated cytotoxicity
process was further studied morphologically, indicating the fact that
leucocytes were able to kill their targets by inducing necrosis and
apoptosis, in a similar way to mammalian cytotoxic cells (Meseguer et al.,
1996). In another study, the spontaneous in vitro cytotoxic activity against
tumor cell lines by unstimulated sea bass leucocytes was determined using
the trypan blue exclusion test and lactate dehydrogenase release assay, and
a high anti-tumor cell line activity of resident peritoneal leucocytes was
found. A low activity was displayed by head-kidney and spleen cell
populations, whereas blood leucocytes revealed no significant activity.
Eosinophilic granule cells, isolated from a peritoneal wash, appeared to be
responsible for most of the in vitro cytotoxic activity (Cammarata et al.,
2000). Some parasites can affect sea bass health in aquaculture, and
although a specific humoral response against these organisms was reported
recently (Muñoz et al., 2000). These results show that immunization with
the protozoan Philasterides dicentrarchi resulted mainly in the activation of
the non-specific immune response measured by lysozyme activity,
enhanced phagocytosis by macrophages and active ROI production.

Some diet-related changes in non-specific immune responses have
been studied, and showed the modulation of responses to substances such
as a-tocopherol and dietary oxidized fish (Obach et al., 1993; Sitjà-
Bobadilla and Pérez-Sánchez, 1999). In this last work, non-specific
immune factors assayed included plasma lysozyme and complement
activities, natural haemolysis against sheep red blood cells, and
chemiluminescence response of head-kidney phagocytes as a measure of
ROI activity.

Modulation of innate reactions to pathogens by immunostimulants
and immunoadjuvants has been the subject of various studies. The effects
of long-term oral administration of a combination of dietary glucans,
alpha-tocopherol and ascorbic acid on the innate immune response has
been reported (Bagni et al., 2000). Alternative pathways of complement
activation and lysozyme activity were both significantly enhanced in fish
fed with glucans and elevated doses of vitamins. In this study it was also
pointed out that in comparison to lysozyme activity, which showed marked
individual variation, complement-mediated haemolytic activity was a
more reliable indicator of immunocompetence.

A more recent study from the same group described several innate and
acquired immune parameters in relation to short- and long-term feeding
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with yeast beta-glucan and alginic acid preparations (Bagni et al., 2005).
In this work, the serum complement, lysozyme, total proteins and heat
shock protein (HSP) concentrations at various days after short-term and
long-term feeding cycles were measured. Significant elevation of serum
complement activity, of serum lysozyme, and gill and liver HSP
concentration were observed at 30 days after the end of treatments. Over
the long-term period, no significant differences were observed in innate
and specific immune parameters.

Taken together, the results of this elegant work suggested the potential
of alginic acid and beta-glucans to activate some innate immune responses
in sea bass, and particularly under conditions of immunodepression related
to environmental stress.

Yeast beta-glucans were also employed to stimulate in vitro leucocytes
isolated from different tissues (Vazzana et al., 2003), and in this study it
was solely observed an enhanced chemiluminescence activity after
stimulation.

Key molecules of innate defence reactions against bacteria are TLRs,
and recently some of the TLR mammalian counterparts have been cloned
in zebrafish (Phelan et al., 2005), trout (Rodriguez et al., 2005) and sea
bream (Genebank accession no AY751797), but no sequences are at
present available for sea bass.

Molecules

In sea bass, the knowledge on cells and molecules of innate responses is
not extensive. Antibacterial peptides are produced by virtually any animal
species (for a review see Reddy et al., 2004), but despite their importance,
no information is available on sea bass. The only study regarding an
antibacterial peptide of the hepcidin family produced in response to Gram-
negative bacteria was performed in an evolutionary relative of sea bass
(Shike et al., 2002).

The presence in teleosts of typical inflammatory activities involving
neutrophils and macrophages, as well as the presence of pro-inflammatory
cytokines, has been established. Efforts in finding fish homologues of
mammalian cytokine genes led to the cloning of important molecules such
as IL-1b, TNFa, IL-8 and IL-18. The common employed strategy was to
use degenerate primers designed to amplify evolutionarily-conserved
regions in the target molecule and preparing cDNA from cells likely able
to express it at high levels. This approach has been successful for the
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cloning of IL-1b from rainbow trout (Oncorhynchus mykiss) (Zou et al.,
1999a), the first non-mammalian sequence obtained, and subsequently
from sea bass (Dicentrarchus labrax) (Scapigliati et al., 2001). These cloned
genes for pro-inflammatory cytokines were studied to assess the expression
patterns induced by LPS in various organs and tissues and to clarify their
gene structure, but the knowledge on the biological activity of
recombinant mature peptides is available only for few molecules.

In this respect, sea bass is the fish species in which much work on IL-
1b bioactivity has been done (Scapigliati et al., 2006). Fish IL-1b lacks the
sequence coding for ICE cleavage site (Zou et al., 1999a), as it happens in
other non-mammalian vertebrates. However, by alignment with known
sequences the putative initiation site of the mature peptide can be
predicted. In sea bass, a predicted putative mature peptide starting at
Ala86 was designed and the availability of a recombinant IL-1b (rIL-1b)
molecule has allowed the characterization of in vitro and in vivo IL-1b
biological activities in this teleost species (Buonocore et al., 2003, 2005).
For many years since its discovery, the main way to test the presence of
IL-1-containing preparations was the lymphocyte-activating factor (LAF)
assay which employed murine thymocytes from young animals (Krakauer
and Mizel, 1982). The LAF-assay has been employed to test the effects of
rIL-1b on sea bass thymocytes, and the results obtained are shown in
recent studies (Buonocore et al., 2005; Scapigliati et al., 2006). The data
show a dose-dependent increase of proliferation induced by rising
concentrations of the cytokine. The highest quantity of rIL-1b employed
(50 ng/ml) induced some downregulation of proliferation statistically not
different by values obtained using Con-A only and IL-1b at 0.5 ng/ml,
probably due to toxicity for the cells. No synergistic effect of IL-1 and
Con-A was observed. Using thymocytes from non-inbred fish, a mean of
one fish out of three responded to rIL-1b (Scapigliati et al., 2006).

The bioactivity of sea bass rIL-1b was also tested for its effects on cell
function using the D10.G4.1 cells, an IL-1-dependent murine Th2 cell
line, and a clear induction of proliferation was evident with a dose-
dependent increase at different IL-1b doses. Very interestingly, whilst
proliferation was still increasing with the highest dose of sea bass rIL-1b
tested (30 ng/ml) relative to the proliferation induced with human rIL-1b
(14 pg/ml), it was clearly noted that a far greater concentration of sea bass
rIL-1b was needed. This discrepancy has been explained when the 3D-
structure of fish IL-1R become available (Scapigliati et al., 2004).
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The phagocytosis of foreign substances is affected by IL-1b (Crampe
et al., 1997; Hong et al., 2001), and this assay has been adapted in sea bass
to test rIL-1b (Buonocore et al., 2005). The results from these experiments
clearly showed that added rIL-1b increased both the percent phagocytosis
and the phagocytic index. Some experiments already performed in trout
were adapted to sea bass (Buonocore et al., 2005), thus it was shown that
rIL-1b increased COX-2 transcription in a dose-dependent manner (50
ng/ml of rIL-1b produced an effect on the expression that was quite similar
to that seen with 5 mg/ml of LPS), and that rIL-1b increased gene
expression through the autocrine induction of IL-1, as observed in
mammals (Dinarello et al., 1987; Warner et al., 1987). Cytokines can have
an immunoadjuvant effect when administered together with vaccine
formulations (Tagliabue and Boraschi, 1993), and, taking advantage of
preliminary observations performed in carp (Yin and Kwang, 2000), sea
bass rIL-1b was tested as an immuno-adjuvant in vaccination
experiments. The vaccine selected was a commercial and efficient bacterin
preparation against the sea bass pathogen Vibrio anguillarum, and was
administered intraperitoneally. The results obtained with these
experiments indicated that the recombinant molecule, when present
together with the antigenic preparation, enhanced the serum antibody
response, as seen by the increased production of specific anti-Vibrio
immunoglobulins (Buonocore et al., 2004).

Cytokines are known to exert their effects through specific receptors
on the cell surface of target cells, and binding of cytokines to these
receptor induce physiological activities mediated by intracellular cascades
of second messengers. In teleost fish, virtually nothing is known on the
effects induced by cytokines on second messengers, but considering that
specific IL-1R have been identified in fish (Scapigliati et al., 2004), it is
likely to speculate that they may transduce intracellular signaling.

On this basis, 100 ng/ml of rIL-1b were added to head-kidney
leucocytes of sea bass previously loaded with the Ca++-testing molecule
FURA-2, and a clear and reproducible increase in Ca++ concentration
inside cells was observed (Scapigliati et al., 2006). This observation is
interesting and might reflect acquired differences of IL-1-driven, signaling
during evolution, since in mammals IL-1b did not directly affects Ca++

metabolism in leucocytes (Georgilis et al., 1987; Rosoff et al., 1988).
Another molecule related to the immune system is COX-2 that is

involved in fundamental processes of vertebrate innate immunity and
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inflammatory processes (Yu et al., 1998; Mitchell et al., 2002; Steer and
Corbett, 2003). Macrophages are the cell population mainly involved in
the production of COX-2 upon activation (Patel et al., 1999; Joo et al.,
2004), and they have been shown to perform this activity also in teleost
fishes (Brubacher et al., 2000). Indeed, macrophages play a major role in
the first-line innate defence against pathogens, and the intimate
involvement of COX-2 in these activities has previously been shown (Zou
et al., 1999b; von Aulock et al., 2003). Sea bass COX-2 full-length cDNA
(2350 bp) was predicted to contain 596 amino acids that include a classic
19-aa signal peptide. This cDNA is much shorter than its mammalian
counterparts (usually 4.0-4.5 kb), but its size is in accordance with that of
the other known fish COX-2 sequences. There is high conservation of
amino acids essential for its biochemical function. These include 12
conserved cysteines and fundamental residues for catalysis (Arg-106,
Tyr-340 and Tyr-369), aspirin acetylation (Ser-514) and haem
coordination (His-193 and His-372).

The COX-2 molecule was not constitutively expressed in sea bass
head-kidney and was induced by LPS, a virulence factor of many
pathogens, which may have a Gram negative like action, by a pro-
inflammatory molecule like sea bass IL-1b (Buonocore et al., 2004) and by
i.p. injection with a common pathogen, Vibrio anguillarum (Buonocore
et al., 2005). These results confirm what has been found with other
mammalian and bird COX-2 genes (Xie et al., 1991; Janicke et al., 2003)
and suggest that COX-2 is involved in inflammatory processes in sea bass.

ACQUIRED IMMUNITY

Immunoglobulins and B-cells

Antibody responses are mounted within bony fish after immunization with
particular antigens (Kaattari and Piganelli, 1996; Manning and Nakanishi,
1996; Joosten, 1997a; Palm et al., 1998; Meloni and Scapigliati, 2000) and
in response to vaccination (Marsden et al., 1996; Boesen et al., 1997;
Marsden and Secombes, 1997; Palm et al., 1998; Lange et al., 2001). In
higher vertebrates, there are several Ig classes, determined by the type of
heavy chain they possess, that have different structure and function. It is
evident from molecular and biochemical studies that teleost species
looked at to date produce predominantly an antibody with one type of
heavy chain (m), called IgM (Warr, 1995). Indeed, IgM is the predominant
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B-cell antigen receptor conserved among vertebrates (Marchalonis et al.,
1992; Scapigliati et al., 1997), and is presently considered to be the only
class of immunoglobulin universally found in all jawed vertebrates
(Bengten et al., 2000). Recently, other classes than IgM have been found
in fish, namely IgD (Wilson et al., 1997; Stenvik and Jörgensen, 2000), IgT
(Hansen et al., 2005), and IgZ (Danilova et al., 2005). Fish IgM is
composed of heavy and light polypeptide m chains, each with an antigen
binding (variable) region and a more constant class-specific region. These
chains combine in equimolar amounts to give a complex polymeric
molecule, usually a tetramer in teleosts, although it can also be monomeric
(Warr, 1995). Both membrane-bound and secreted forms of
immunoglobulin exist in fish (Clem et al., 1977). The membrane receptor
form of Ig differs from that of the secreted form, and it is able to activate
intracellular second messenger pathways in response to immunoglobulin
cross-linking (van Ginkel et al., 1994), and in response to antigen binding
(MacDougal et al., 1999). The conspicuous switch from IgM to a low
molecular weight immunoglobulin (IgG in mammals) that occurs in the
course of an immune response in higher vertebrates is not, however,
manifested in fish. Fish antibodies are of lower affinity and diversity than
those of mammals, with only a low level of heterogeneity in the antibodies
produced in response to a single, defined hapten (Du Pasquier, 1982).

All jawed vertebrates (Gnathostomata) have B cells. With the
exception of some B cells in cartilaginous fish that express germ-line joined
Ig genes, all B cells, irrespective of the organization of their Ig genes
rearrange the Ig-gene segments somatically (Du Pasquier, 1993). B
lymphocytes represent about 15% of the human circulating lymphoid pool
and are the only cells which produce antibodies. They are classically
defined by the presence of endogenously produced Ig and by the presence
of surface-associated Ig inserted into the plasma membrane which
functions as an antigen receptor (BcR). Interaction of antigens with these
membrane antibody molecules initiates the sequence of B-cell activation,
which leads to the development of effector cells, or plasma cells, that
actively secrete antibody molecules. Upon direct or cell-mediated contact
with an antigen, B-cells change their biological status from a ‘cognitive
phase’ to an ‘effector phase’, and the binding of antigen to membrane Ig
on B cells is the initiating event in B lymphocyte activation and, therefore,
in humoral immunity.
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In sea bass several studies reported on the antibody response against
various antigens, and the knowledge on antigen-induced humoral
immunity is increasing. Here, we will summarize the main obtained results.

Total Serum Immunoglobulins

A previous study was addressed to evaluate the content of serum total
antibody concentration with respect to age, gender, and water oxygenation
levels (Scapigliati et al., 1999). A total of 586 sera were tested by ELISA
assays and the results have shown that the total Ig content increased in sea
bass with age/size. These data are in agreement with observations of other
workers, which reported an increase of serum Ig in relation to size in
catfish (Klesius, 1990), trout (Sànchez et al., 1993), and turbot (Estèvez
et al., 1995). In these previous works, however, the size of the fish was the
main consideration, and no information on age of the animals was given.
It is important to note that, in our knowledge, 10-year-old sea bass were
never sampled previously. More recently, some authors reported on the
serum antibody response of red drum against bacteria in relation to the age
of fish (Evans et al., 1997). Although not necessarily reflective of total
serum Ig concentration, they showed that the percentage of red drum
within a natural population, which exhibited serum antibody responses
against indigenous bacteria, increased with the age of the animals. It is
matter of speculation whether the rise of Ig with age depends on the non-
specific accumulation of the molecule, or from an increase of Ig specific for
diverse antigens encountered during the life of the animal.

By analysing sera for total Ig content with respect to the period of
sampling, the results showed that winter was the season in which a higher
serum Ig concentration was present. In teleost fish, some size-related and
season-related variations of physiological activities have been described
(Zapata et al., 1992). For instance, seasonal changes in the humoral
immune response and the lymphoid tissues were observed in Sebastiscus
marmoratus (Nakanishi, 1986), a seasonal trend in serum lysozyme activity
and serum total protein content has been reported for the dab
(Hutchinson and Manning, 1996) and, more recently, some authors
reported on the serum antibody response of red drum against bacteria in
relation to the age of fish (Evans et al., 1997). It should be noted that in
humans seasonal variation in total IgG and IgM were reported in children
exposed to air-borne lead particles (Wagnerova et al., 1986), and serum
IgE levels were found to be related to the menstrual cycle (Vellutini et al.,
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1997). Other parameters investigated were the immune response to
Chlamidia pneumoniae in relation to gender, (von Hertzen et al., 1998), and
serum antibody levels for commensal oral bacteria in relation to age
(Percival et al., 1996). In dogs, the influence of age on serum total IgE
content was investigated (Racine et al., 1999) and it was shown to increase
with age.

For a better understanding of the data obtained in sea bass, it should
be observed that the presence of Ig or Ig-like molecules have been
demonstrated with various methods in the eggs and/or newborn fry of
several species, and the uptake of Ig-like in the eggs studied in detail in sea
bream and sea bass (Picchietti et al., 2002, 2004). Winter is the spawning
period for sea bass and it is, therefore, conceivable that the higher Ig
content detected in winter in blood could be a consequence of storing
some Ig in developing eggs during oogenesis. Indeed, in sea bass, a
concentration of 3.85 ± 0.9 mg/ml of purified Ig (corresponding to 6 mg/g
egg weight) was shown, and immunocytochemical analysis of paraffin
sections from 5-day post-hatched embryos revealed an accumulation of
material immunoreactive with the anti-Ig mAb DLIg3 in the yolk sac
(Scapigliati et al., 1999).

The effect of water oxygenation levels was also investigated, and fish
Ig levels were significantly higher for fish maintained in hyperoxygenated
water, than for those reared in running non-hyperoxygenated seawater. To
better understand these data, it is important to note that a slight difference
in organ distribution of B-cells and T-cells in lymphoid organs of sea bass
reared at different water oxygenation conditions has been observed
(Abelli et al., 1998). Further experiments are required to explain these
data and relate observed differences to other physiological parameters,
perhaps the increase of some metabolic activities induced by water
hyperoxygenation. For instance, it has been described that a low level of
oxygen in water can induce a rise in the concentration of cortisol and
plasma catecholamines, which, in turn, can induce immunodepression
(Sorensen and Weber, 1995). In stress-induced immunosuppression the
action of cortisol appeared to operate via specific receptors on leucocytes
(Schreck, 1996). Indeed, the immuno-neuro-endocrine system may be
important among the variety of mechanisms involved in the response of
fish to stress factors such as temperature, salinity, season and crowding
(Schreck, 1996; Bly et al., 1997; Pickering, 1999).

Taken together, the results obtained by analysing total Ig content
showed that in sea bass, like in mammals, there is a modulation of Ig
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concentration not directly related to an evident immune function. This
suggests a conservation of this feature in vertebrates and stimulates further
research for its understanding.

Antigen-specific Immunoglobulins

Teleost fish display a primary and a secondary humoral response upon
antigen administration, although a difference relative to mammals is that
a shift in Ig class is absent (Van Muiswinkel, 1995). Sea bass is a teleost
species susceptible to many pathogens, the most studied pathology being
vibriosis and a septicaemia caused by Vibrio anguillarum serotypes 01 and
02 and Photobacterium damselae subsp. piscicida. With regard to V.
anguillarum, during experimental or ‘in field’ vaccination trials, it is usual
to employ a bacterin suspension (killed bacteria) administered
intraperitoneally, orally or by immersion. In an early work (Dec et al.,
1990), a comparison of oral vaccination of sea bass with respect to
intraperitoneal administration showed the inefficiency of oral treatment,
as measured by both antigen-specific Ig serum titers and bacteriostatic
activities. However, passive immunization using serum from orally
vaccinated fish (2 months after vaccination) conferred some protection
against a challenge carried out by inoculation of virulent Vibrio.
Subsequently, the relationships between the levels of total protein, Ig and
antibody activity in serum of sea bass broodstock, following one or two
intraperitoneal injections of heat-killed V. anguillarum, were investigated
(Coeurdacier et al., 1997). Results from this work showed that Vibrio
injection did not modify serum protein levels, and that Ig production was
significantly higher in immunized animals, whereas no significant
difference was found between males and females in antigen-specific
antibody levels.

With regard to the Gram-negative P. damselae, previously classified as
Pasteurella piscicida, many studies have addressed the effects of this
organism on the immune system in relation to the preparation of effective
vaccines. In previous work (Bakopoulos et al., 1997), fish were injected
with live as well as heat-killed bacteria, and serum antibody titers
determined by western blot analysis. Great variation among the sera was
evident with reference to the recognition of antigens in the high molecular
weight group, whereas lipopolysaccharide and/or lipoprotein situated in
the low molecular weight group products appeared to be the most
immunogenic material in the bacterial cell. Western blot analysis was also
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employed to assess the presence of Pasteurella antigens in organs of sea bass
(Pretti et al., 1999), and showed variability in the molecular weight of
antigens recognized by immune sera. This reported variability was further
studied (Mazzolini et al., 1998) using different antigen preparations
administered intraperitoneally. Interestingly, bacterial extracellular
products carried out most of the toxic activity.

As already reported, the main sea bass infective pathologies are
vibriosis and pasteurellosis, caused by gram-negative bacteria. In
particular, the pasteurellosis, present in the Mediterranean Sea since about
1990 (Barriero et al., 1991) and caused by Photobacterium damselae sub.
piscicida (Phda), is particularly virulent and population of resistant sea bass
have been not yet naturally selected. Some studies showed that Phda is an
intracellular bacteria, colonizes mucosal epithelium of gills and intestine
(Magarinos et al., 1996; Lòpez-Dòriga et al., 2000), expresses some
polysaccharides (Bonet et al., 1994) and activates innate defenses
(Santarem and Figueras, 1995). Phda expresses its pathogenic effect after
contact with host mucosal epithelia (epidermis, gills, intestine). As result,
a vaccination that stimulates the mucosal immunity system (gills and/or
intestine), may represent the best way to stimulate the immune system and
to give protection towards further exposure to pathogen.

The production of antigenic formulations to be used as a potential
vaccine anti Phda was tested in a Japanese yellowfish (Kawakami et al.,
1997), and in the sea bass (Mazzolini et al., 1998; Dos Santos et al., 2001).
In another work, intraperitoneal inoculation of Phda did induced
production of specific antibodies in serum, even if with low titer
(Bakopoulos et al., 1997), and immune positivity to the bacterium in liver
(Pretti et al., 1999). Despite these efforts, the way to vaccinate sea bass by
immersion against pasteurellosis is still under improvement.

Vaccination of sea bass is usually performed by immersion in juveniles
of 2-4 gr using killed bacteria because it was demonstrated that at this size
the immune system is complete in its humoral and cellular component
(Abelli et al., 1996; Picchietti et al., 1997; Dos Santos et al., 2001) and it
can react to the vaccination without side effects like tolerance (Petrie-
Hanson and Ainsworth, 1997). Nowadays, the most common methods of
vaccination by immersion of teleosts consist in maintaining a high
concentration of juvenile fish immersed in a solution with water and
vaccine for a few minutes. An efficient stimulation of the mucosal immune
system through surfaces in direct contact with the antigen, as gills
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(Davidson et al., 1997, Moore et al., 1998), intestine and epidermis
(Jenkins et al., 1994; Joosten, 1995; Lumsden et al., 1995; Robohm and
Koch, 1995) seems to play a major role to confer a significant protection.

Some molecules have been tested as putative adjuvants for their
ability to increase the antigenic capability in mucosal environments,
especially in mammals. In fish, during a mucosal vaccination of catfish it
was used a cholera toxin as adjuvant, with encouraging results about
protection against live pathogen challenge (Hebert et al., 2000). Recently,
the Escherichia coli heat-sensible enterotoxin (LTK63) was demonstrated
in humans to be very efficient in increasing antibody response of antigen
supplied through mucosal vaccination (Lycke and Holmgren, 1986;
Czerkinsky et al., 1989; Vervelde et al., 1998). The LTK63 was produced
by a natural mutant strain that has lost its ability for ADP-rybosylation and
thereby its toxicity (Neidleman, et al., 2000). This mutant toxin was
produced as recombinant peptide, tested for its potential immunoadjuvant
capability in sea bass juveniles, and the results presented in this work.

This experimental work has been organized by using young fish (ca.
5 g) deriving from a genetically wild broodstock and maintained in a fish
farm in a controlled environment at 16-18°C. Fish were maintained in
1000-liter tanks with running filtered seawater and were treated by
immersing batches of 25 fishes for 2 minutes in 30 liters of an experimental
vaccine anti-Phda (AVL/Schering Plough) used following the suggested
dilution (1:10 in sea water). The animals were treated with and without
LTK63 adjuvant (500 ng/ml), whereas controls received a mock
stimulation, then they were transferred again in respective tanks and
maintained in aquacultured normal condition. After 21 days the same
treatment was repeated with the same vaccine dose, but without adjuvant.
The fish were sampled at day 0, day 21, day 40 and day 70 after initial
treatment, and blood was taken out by cutting tail after lethal anaesthesia
with 1 g/l of MS-622. As the fish were very small, it was necessary to make
pools of blood from 4-5 animals. The sera were than frozen at –20°C.

The presence of anti-Phda specific antibody was tested in pools of sera
by ELISA using a polyclonal anti-sea bass IgM as previously described
(Scapigliati et al., 1999), and the presence of anti-Phda specific antibody
produced in vitro by head kidney cells of individual fish was tested, as
previously described (Meloni and Scapigliati, 2000).

At 21 days, the amount of specific antibody was barely detectable,
with no significant differences between experimental fish groups
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(Fig. 6.1a), at 40 days was present an evident antibody titer against Phda
in vaccinated animals, and this titer was raised in the experimental group
treated with the LTK63 immunoadjuvant (Fig. 6.1b). At 70 days, the
specific antibody titer against Phda was even higher in vaccinated animals,
but LTK63 did not showed a further increase (Fig. 6.1c). These results
clearly showed that the vaccination without boosting does not induce a
relevant antibody titer, whereas a vaccine boosting after 21 days induces
a significant antibody titer anti-Phda. Interestingly, the immunoadjuvant
LTK63 supplied with the vaccine anti-Phda increased the amount of
specific immunoglobulins measured at day 40, but did not had an effect
day 70. At this time, the specific anti-Phda titer was still high.

The presence of anti-Phda specific antibody was also tested in same
fish through an in vitro production of antibody by head-kidney cells and
gills cells, and the results are shown in Fig. 6.2. In head-kidney (Fig. 6.2a)
the presence of specific antibody was evident in all samplings, and
increased steadily from day 21 till day 70. The fish group treated with
LTK63 did not showed differences in this assay. In cells from gills an
intense production of Ig was detected (Fig. 6.2b) at all sampling dates, and
also in this organ no additive effects induced by LTK63 were observed.

To study humoral reactions of the sea bass, some mAbs have been
prepared against Ig and Ig-bearing cells (Scapigliati et al., 1999). All these
mAbs were prepared using Ig as the immunogen purified with various
biochemical methods (Estévez et al., 1994; Palenzuela et al., 1996). Most
of these mAbs recognized the Ig heavy chain, whereas a few were obtained
against the light chain (Romestand et al., 1995; Scapigliati et al., 1996; Dos
Santos et al., 1997). In particular, in the first report (Romestand et al.,
1995), the obtained mAb were employed to set up an ELISA assay to
detect total and antigen-specific serum Ig, whereas the organ distribution
of Ig-bearing cells was not studied. Shortly after, a mAb raised against the
light chain of the Ig molecule was selected to be effective in recognizing
the immunization antigen both in denatured and native form (Scapigliati
et al., 1996). In this work, sea bass Ig were single-step purified from whole
serum by affinity chromatography on protein A-sepharose and used as
immunogen in mice. Among the positive hybridomas obtained, some
clones were selected according to their ability to recognize either the Ig
light chain (DLIg3) or the heavy chain (DLIg13 and DLIg14). DLIg3
stained in IIF and flow cytometric analysis 21% of PBL, 3% of thymocytes,
30% of splenocytes, 33% of head-kidney leucocytes, and 2% of
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Fig. 6.1 ELISA assay. Figure 6.1 shows the results of indirect ELISA assay on pooled sera
of young sea bass vaccinated against Photobacterium damselae bacterin and tested at day
21 (a), 49 (b), and 70 (c) after vaccination. Control fish are shown by black bars, vaccinated
fish by empty bars, and LTK63-treated fish by grey bars. From each fish group not less than
20 pooled sera were analysed in duplicates, displayed values are the mean ± standard
deviation of absorbance measured at 492 nm (in the Y-axis), at various serum dilutions
(represented in the X-axis by the log of the reciprocal serum dilution).
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Fig. 6.2 In vitro production of anti-Phda immunoglobulins. Cells obtained from head
kidney (a) and gills (b) at indicated days (in the X-axis) were incubated with the
immunisation antigen (Photobacterium damselae bacterin) adsorbed onto plastic for
48 hours at 18°C. Cells were then removed and specific antibody detected by ELISA.
Control fish are shown by black bars, vaccinated fish by empty bars, and LTK63-treated fish
by grey bars. From each fish group, 5 individuals were analysed in duplicates, displayed
values are the mean ± standard deviation of absorbance measured at 492 nm (in the Y-
axis).

gut-associated lymphoid tissue (GALT) (Romano et al., 1997). DLIg13
and DLIg14 were unable to stain living cells by IIF and FACS, but
recognized fixed cells following avidin-biotin complex (ABC)-
immunoperoxidase staining of sections from spleen, head-kidney and
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midgut. The mAb DLIg3 (IgG class) was the most interesting mAb
obtained, since it worked in all systems used, and was used to set up a
sensitive ELISA assay (detection limit 1.2 ng/ml) to detect and quantify
purified and serum Ig. In later work (Dos Santos et al., 1997), three anti-
Ig mAbs were selected (WDI 1-3) with criteria based on ELISA, Western
blot, IIF and flow cytometric analysis. All mAb were found to belong to the
IgG class, and were effective in detecting antigen-specific antibody titers
in ELISA. Under reducing conditions WDI 1 recognizes the heavy chain
and both WDI 2 (slightly) and WDI 3 (strongly) recognize the light chain.
The average percentages of surface Ig-positive cells in PBL, head-kidney,
spleen, thymus and gut for the different mAbs were similar to that
previously reported, so confirming the estimation of B-cells in sea bass
organs. mAbs DLIg3 and WDI 1-3 were also employed in immunogold
labelling, and showed specificity for subpopulations of lymphoid cells
(B-cells, plasma cells and macrophages) in both PBL and lymphoid tissues
(Dos Santos et al., 1997; Romano et al., 1997).

T-cells

The existence of T-cell populations has been known within bony fish since
the 1970s (Stolen and Makela, 1975), as demonstrated “in vitro” by the
proliferation induced with mitogens (Etlinger et al., 1976; Sizemore et al.,
1984) and non-self antigens (Marsden et al., 1996), by the responses in the
mixed-leukocyte reaction (Miller et al., 1985), and by the function as
helper cells in antibody production against thymus-dependent antigens
(Miller et al., 1987). The importance of antigen processing and
presentation in the generation of secondary in vitro immune responses in
the channel catfish to both simple and complex T-dependent antigens
were shown by Vallejo et al. (1991). In this work, employing functionally
active long-term monocyte lines as antigen-presenting cells ‘putative
restriction’ of immune responses by PBL as responders was revealed, and
these results provided evidence that alloantigens, presumably MHC or
MHC-like molecules, could drive antigen presentation and restriction of
teleost immune responses similar to the situation in mammals. Another
T-cell activity shown to take place in teleosts is the graft-versus-host
reaction (GVHR). A model system of clonal triploid ginbuna and
tetraploid ginbuna-goldfish hybrids was employed to demonstrate GVHR
in carp (Nakanishi and Ototake, 1999). In this work, sensitized triploid
cells were injected into tetraploid recipients and a typical GVHR was
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induced, leading to the death of recipients within one month, thereby
suggesting the presence of allo-reactive Tc in teleosts. An evidence of an
in vivo T-cell activity in bony fish was provided by Abelli et al. (1999).

The sea bass is, at present, the only marine species for which a specific
anti putative T-cell marker is available. The mAb DLT15, specific for
thymocytes and peripheral T-cells, was obtained by immunizing mice with
paraformaldehyde-fixed thymocytes from juvenile sea bass (Scapigliati
et al., 1995). This antibody (IgG3 subclass) is able to recognize its
antigen(s) both in living cells and in tissue sections, and its use in IIF and
cytofluorimetric analysis of leucocytes enriched over Percoll permitted the
first evaluation of a T-cell population in sea bass, consisting of 3% of PBL,
9% of splenocytes, 4% of head-kidney cells, 75% of thymocytes, 51% of
GALT, and 60% of gill-associated lymphoid tissue (Romano et al., 1997).
In view of the desire for oral delivery of antigens, gut-associated lymphoid
tissue has been the subject of particular research, since it revealed a
striking abundance of T-cells (Abelli et al., 1997), and a remarkable
precocity of their appearance during development (Picchietti et al., 1997).
DLT15 was used in immunocytochemistry to show for the first time in a
piscine system T-cell activity in vivo, where muscle transplants have been
grafted onto allogenic recipient fish (Abelli et al., 1999). The
immunocytochemical analysis with DLT15 of rejected sea bass muscle
allografts showed that many cells infiltrating the tissue were DLT15-
positive. Another important use of DLT15 was to purify immunoreactive
cells from sea bass organs, mainly from blood and gut-associated lymphoid
tissue (Scapigliati et al., 2000). The purification was performed using
labelled immunobeads with leucocyte fractions enriched by Percoll density
gradient centrifugation, and the purity of DLT15-purified cells was 90%
for gut-associated lymphoid tissue, and 80% for blood leucocytes.

Some information is available on ‘in vitro cell biology responses of sea
bass T-cells. Previous studies reported that leucocytes from head-kidney
proliferated poorly in response to mitogens, which in mammals, are
specific for T-cells, such as concanavalin-A or phytohemagglutinin
(Volpatti et al., 1996; Galeotti et al., 1999).

Recently, some studies investigated in sea bass some ‘in vitro’ responses
of T-cells, such as thymocyte proliferation, and allorecognition. The
presence of IL-1-containing preparations can be tested in mammals
employing the lymphocyte-activation assay (LAF) with murine
thymocytes from young animals (Krakauer et al., 1982; Oppenheim et al.,
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1982). The LAF-assay has been adapted to test the effects of rIL-1b on sea
bass thymocytes, and the obtained results were reported in recent works
(Buonocore et al., 2005; Scapigliati et al., 2006). The data showed a dose-
dependent increase of proliferation induced by rising concentrations of the
cytokine from 0.2 to 50 ng/ml. At difference with mammals, no synergistic
effect between IL-1 and lectins in inducing thymocyte proliferation was
observed.

Another recent investigation performed on sea bass reported the first
direct quantitative determination of an ‘in vitro’ T-cell activity from
primary cultures of leucocytes in a teleost species (Meloni et al., 2006). In
this study, a number of cellular activities of sea bass PBL against allogeneic
PBL inactivated by irradiation were studied. The number of T-cells and
B-cells were evaluated after two weeks of incubation by using specific
mAbs in immunofluorescence and flow cytometry. The results showed an
increase of T cells in a one-way mixed leucocyte reaction (MLR), whereas
the percentage of B cells remained similar to that in control PBL. The
increase of T-cells in MLR cultures was also confirmed using RT-PCR
through the analysis of the T-cell receptor b (TcR) mRNA expression. As
previously reported in mammals (Kronke et al., 1984), the addition of
cyclosporin-A to the MLR caused a significant decrease in T-cell
proliferation, thus suggesting a close similarity between fish and
mammalian T-cell behaviour. Leucocytes from MLR cultures displayed an
enhanced cytotoxic activity against xenogeneic target cells with respect to
control PBL, raising the possibility of the presence of cytotoxic-like T
lymphocytes. Additionally, this work also measured the cellular activation
of PBL induced by allorecognition during a MLR. This latter was done by
measuring with FURA-2 AM the mobilization of intracellular Ca++,
induced by adding anti- lymphocyte mAbs (DLT15 and DLIg3), that
resulted affected in MLR with respect to controls, thus suggesting the
presence of activated lymphocytes.

Immunoregulatory Molecules

T-cell Receptor

At contrast with B lymphocytes, T lymphocytes have antigen receptors
which are not secreted and are membrane molecules distinct but
structurally related to the antibody molecule. In mammals, the T
lymphocyte family is subdivided into functionally distinct cell populations
with different cell-associated macromolecules, the best defined of which
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are helper T-cells (Th) and cytolytic (or cytotoxic) (Tc) T-cells. Th and Tc
recognize only peptide antigens that are associated with MHC proteins
expressed on the surface of accessory cells. As a results T-cells recognize
and respond to cell surface-associated but not soluble protein antigens, in
contrast to B-cells that can respond to proteins, nucleic acids,
polysaccharides, lipids, and small chemicals (Babbitt et al., 1985). The
development of technologies for propagating monoclonal T-cell
populations in vitro, including hybridomas and antigen-specific T-cell
clones (Kappler et al., 1981) was a milestone for the study of TcR. All the
cells in a clonal T-cell population that are derived from a single cell are
genetically identical, and therefore express identical TcR different from
the receptors produced by all other clones. Therefore, TcR produced by
any clone express unique determinants, or idiotypes, in their antigen-
binding regions that are not present on the antigen receptors of any other
clone. This feature has been the basis for a successful attempt in studying
T-cell acitivity without the use of specific markers, namely the molecular
study of antigen-induced V-D-J rearrangements of the TcRb chain with
the immunoscope methodology (Boudinot et al., 2001, 2002). In these
works, the DNA sequences originating by V-D-J rearrangements have
been amplified by PCR using specific primers, and the pools of amplified
sequences separated by chromatography. In immunized fish, a rapid
induction of rearrangements was detected as a rise in the number of
detected chromatographic peaks.

The cloning of TcR genes revealed that they, like Ig genes, utilize
somatic rearrangement as a mechanism of generating diversity with
variable (V), constant (C), and joining (J) segments remarkably similar in
size and organization to those found in Ig genes. The antigen-MHC
receptor on the majority of T-cells, including MHC-restricted helper
T-cells and cytotoxic T lymphocytes, is a heterodimer consisting of two
polypeptide chains, designated a and b, covalently linked by a disulfide
bond. In mammals, the a chain is a 40-50 kDa acidic glycoprotein, and the
b chain is a 40-45 kDa uncharged or basic glycoprotein. The ab
heterodimer recognizes complexes of processed peptides, generated from
foreign protein antigens, bound to self MHC molecules (Abbas et al.,
1991). This heterodimer provides T-cells with the ability to recognize
antigen-MHC complexes, but both the cell-surface expression of TcR
molecules and their function in activating T-cells are dependent on a
group of associated proteins that form the CD3 complex (Van Wauwe
et al., 1984; Tsoukas et al., 1985). The CD3 complex in mammals consists
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of at least five distinct integral membrane proteins of 16-28 kDa non-
covalently associated one another and with the TcRab heterodimer. The
gd TcR is another type of TcR present on the surface of a subset of
ab-negative peripheral T-cells and immature thymocytes (Heilig and
Tonegawa, 1986; Koning et al., 1988). In addition to mammals, the
ab- and gd- TcR have been cloned in other vertebrate species, as seen in
birds (Sowder et al., 1988), and in amphibians (Chretien et al., 1997; Haire
et al., 2002). As above reported, T-cells of vertebrates must have the TcR
complex on their cell surface and, consequently, the sea bass leucocytes
immunopurified with mAb DLT15 should be enriched in cells expressing
mRNAs coding for ab and/or gd chains of TcR. This approach was
addressed to identify and clone the sea bass TcR by homology cloning
using degenerate oligonucleotide primers derived from the peptide
sequences MYWY and VYFCA of the rainbow trout TcRb (Partula et al.,
1995), thus allowing the molecular cloning of the sea bass TcRb-chain Vb

region (Scapigliati et al. 2000).

CD8 Co-receptor

In mammals, the recognition of peptides presented by MHC molecules on
antigen presenting cells to cytotoxic and helper T-cells is mediated by a
number of receptor-ligand or receptor-counter receptor interactions. This
process involves the T-cell coreceptors CD8 and CD4 which bind to MHC
class I and II molecules, respectively. Cytotoxic reactions and cellular
equivalents of CD8+ cytotoxic cells have been reported recently in fish
(Fisher et al., 2003, 2006; Secombes et al., 2005) and the first fish CD8a
gene was cloned in rainbow trout a few years ago (Hansen and
Strassburger, 2000).

Sea bass CD8a has been recently cloned (Buonocore et al., 2006) and
its size was in accordance with other fish and mammalian counterparts.
The overall structure seems well conserved during evolution, although
some differences are evident. Most cysteine residues are present in all
CD8a sequences, but an extra cysteine in the IgSf V domain was found
only in mammals and the second cysteine of the CXCP motif in the
cytoplasmic tail, responsible in mammals for p56lck binding, was lacking in
all the fish sequences. This latter finding is quite relevant, as the
association of CD8a with p56lck leads to the phosphorylation of the T-cell
receptor by tyrosine kinases as shown in higher vertebrates. The major
source of CD8a expression in sea bass was the thymus, in agreement with
the finding that this organ is a main site for T cell lymphopoiesis in all
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vertebrate species (Hansen and Zapata, 1998). The availability of known
3D structures for human and mouse CD8a Ig-like domains allowed the
creation of a sea bass protein model by comparative modelling. The
analyzed N-terminal CD8a region contains two cysteine residues that are
fundamental for the folding of the IgSf V domain in mammals and the
distance of these residues in the sea bass model is sufficient to allow
disulfide bond formation. The comparison of secondary structures suggests
that all b-strands in this region are well conserved among species,
although some little differences can be appreciated.

The MHC class I and II molecules have not been yet characterized in
sea bass although a short MHC II class II sequence is available (Venkatesh
et al., 1999).

ONTOGENY OF THE IMMUNE SYSTEM

In contrast to higher vertebrates, most fish species are free-living
organisms already at the embryonic stage of life. Living in an aquatic
environment, they must have defense mechanisms to protect themselves
against a variety of microorganisms. Consequently, during a rather long
period, the fish are dependent on their innate immune system, and it is
expected that this develops at a very early embryonic age. A very good
review on the ontogenesis of fish leucocytes has been recently published
(Rombout et al., 2005), In this work emerged that best characterized fish
species are two cyprinids (zebrafish, carp) and sea bass, and that timing of
leucocyte appearance may vary considerably among species. This review
clearly shows that, dependent on the species, young fish use innate
mechanisms during the first weeks/months of their development, and this
may find application for the defense of farmed fish against pathogens at
early age. It is evident that T-cells develop much earlier than B-cells in all
species investigated. Extra-thymic origin of T cells mostly of the gd
phenotype was reported in mammals, and the data obtained on zebrafish,
carp, and sea bass reported in the review, indicate that a similar process
takes place in bony fish. This is an important finding, since thymus and
gut-associated lymphoid tissue (GALT) are evolutionary related and
GALT possibly precedes thymus during evolution.
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INTRODUCTION

Immunoglobulins form the humoral component of the adaptive immune
system. An immunoglobulin molecule is made up of a heterodimer of two
immunoglobulin heavy (IGH) and two light chains (IGL). The heavy and
light chains are composed of variable and constant domains. In mammals,
immunoglobulin heavy chain genes are classified mainly into five isotypes:
IgM (m), IgD (d), IgG (g), IgA (a) and IgE (e). However, not all
mammalian Ig homologs have been found in other vertebrates. Among
the Ig isotypes, definitive orthologs of mammalian IgM and IgD have been
reported in most of the non-mammalian vertebrates (Dahan et al., 1983;
Kokubu et al., 1988; Schwager et al., 1988a, b; Wilson et al., 1997;
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Ota et al., 2003; Ohta and Flajnik, 2006; Zhao et al., 2006). However, few
of the Ig heavy chain isotypes discovered in non-mammalian vertebrates
have been assigned ‘non-conventional’ nomenclature since they were not
readily classifiable to mammalian Igs based on the structure and genomic
organization. IgX (x) (similar to IgA) and IgY (y) (ortholog of IgG) have
been reported in birds, reptiles and amphibians. Recently, IgF (similar to
IgY) has been discovered from frog (Xenopus laevis) (Zhao et al., 2006).

The chromosomal organization of immunoglobulin loci has been
thoroughly described in mammals, wherein the variable heavy chain (VH)
segments are followed by the diversity (DH), the joining (JH) and constant
(CH) domain exons. This arrangement is called the classical ‘translocon’
type. In mammals, the m constant domain exons are located closest to the
JH segments and followed in order by d, g, e, and a constant domains. In
amphibians, the known constant Ig domains are IGM, IGD, IGX, IGY, and
IGF and these are present in the same order (Ohta and Flajnik, 2006;
Zhao et al., 2006). Although, the overall translocon type arrangement of
the IGH loci is found conserved in birds and amphibians, some species-
specific variations in the order and orientation of the genes have been
observed. Variations in the transcriptional orientation of constant genes
have been reported in duck IGH locus; the a (in inverted transcriptional
orientation) is located between m and g regions (Zhao et al., 2000).

Among fish, the cartilaginous and bony fishes have distinct genomic
organization of IGH loci. Cartilaginous fish have a distinct ‘multi-cluster’
type of organization of IGH loci; each cluster is a unit of VH, DH, JH and
CH segments, wherein the gene rearrangements are restricted to individual
clusters (Du Pasquier and Flajnik, 1999). Among teleosts, catfish
(Ictalurus punctatus) has been one of the first and widely studied IGH loci
(Wilson et al., 1990, 1997; Ghaffari and Lobb, 1991, 1992, 1999; Warr
et al., 1991, 1992; Ventura-Holman et al., 1996; Bengten et al., 2002, 2006;
Ventura-Holman and Lobb, 2002). Studies in Atlantic salmon, Salmo salar
(Hordvik et al., 1999), Atlantic cod, Gadus morhua (Stenvik and
Jorgensen, 2000), Atlantic halibut, Hippoglossus hippoglossus (Hordvik,
2002), Japanese flounder, Paralichthys olivaceus (Srisapoome et al., 2004)
and fugu, Takifugu rubripes (Saha et al., 2004) have significantly
contributed to the understanding of IGH loci in teleosts. The genome
projects of fugu (Aparicio et al., 2002) and zebrafish (Danio rerio; http://
www.sanger.ac.uk/Projects/D_rerio/) have significantly aided in the
characterization of the teleost IGH loci (Sakai and Savan, 2004; Danilova
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et al., 2005; Savan et al., 2005b). These and other studies [(rainbow trout,
Oncorhynchus mykiss (Hansen et al., 2005)] give an emerging consensus
that the IGH loci in bony fishes shares a slightly different genomic
organization compared to other vertebrates. In this chapter, we will discuss
the IGH loci comparing similarities and differences across teleosts.

IMMUNOGLOBULIN HEAVY CHAIN LOCI IN TELEOSTS

The Heavy Chain Variable (VH) Region

The VH, DH, and JH segments in the variable region provide structural
diversity necessary for the recognition of antigens. These gene segments
undergo processes such as somatic recombination, junctional diversity and
somatic mutation. A 110 residue VH region is composed of four
framework (FR) regions and three complementarity determining regions
(CDR).

The VH genes are classified into families based on the nucleotide
identities and genes with 80% nucleotide identity belong to the same
family (Bordeur and Riblet, 1984). Furthermore, Ota and Nei (1994)
classified VH genes across vertebrates into five major groups A to E.
Among these groups, bony fish VH genes were represented in groups C
and D.

In teleosts, extensive VH gene repertoire analysis has been conducted
through cDNA cloning. Thirteen VH cDNA clones from Atlantic cod
were identified which were classified into three VH families (Bengten
et al., 1994). The studies on expressed VH genes from Arctic char
(Salvelinus alpinus) and trout were classified into eight and eleven families,
respectively (Roman et al., 1996; Andersson and Matsunaga, 1998). In
zebrafish, 74 cDNA clones identified as VH genes were classified into four
families (Danilova et al., 2000). To investigate the diversity of
immunoglobulin heavy chain variable domain in cold-adapted teleosts
emerald rock cod Trematomus bernacchii, 45 cDNA clones from spleen
library were analyzed (Coscia and Oreste, 2003). These VH sequences
were divided into two gene families, which clustered into groups D and C.
In catfish, the VH genes were classified into 13 families (Ghaffari and
Lobb, 1991; Warr et al., 1991; Ventura-Holman et al., 1996; Yang et al.,
2003).
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Genomic Structure of VH

Similar to VH genes in mammals, the genomic structure of the fish
variable gene segment is composed of a short 5¢UTR (un-translated
region), a leader peptide (L) interrupted by a short intron (L1-intron-L2),
a variable segment ending with a heptamer-spacer-nonamer
recombination signal sequence (RSS) at the 3¢UTR. The variable
domains invariantly harbor two cysteines (IMGT numbering Cys23 and
Cys104) important for intra-domain-disulphide bridge, Typ41 residue in
FR2 region and the Tyr-Tyr-Cys (YYC) residues in the FR3 region.

The VH segments from zebrafish IGH locus were identified from a
genome contig (ZV5 No. zK148A13.00312) of 11.04 Mb in length (Sakai
and Savan, 2004; Danilova et al., 2005). These VH segments are present
upstream of novel z domains and in the same transcriptional orientation
(Fig. 7.1). A total of 49 VH segments were found in a 94.2 kb (94,232 bp)
segment of this contig (Fig. 7.1; Table 7.1). The region contained 49 VH
segments divided into 12 families including 10 pseudo-genes (Table 7.1).
Among the 49 VH segments identified, 39 segments fulfilled the
requirement to be designated as functional and 10 were classified as
pseudogenes (Brodeur et al., 1988; Kabat et al., 1991) (Table 7.1). Out of
the 10 pseudogenes, VH12, VH37, and VH16 had truncation’s and others
encountered premature-termination in the VH region. A highly
conserved octamer motifs (ATGCAAT) was present in 34 VH genes and
this motif was present upstream of the leader region of VH segment.

Fig. 7.1 IGH loci in teleosts. A genomic map of IGH locus showing the m, d and novel Ig
constant domains from pufferfish, zebrafish and rainbow trout. The arrowheads represent
the transcriptional orientation of the gene segments.
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Table 7.1 Summary of VH segments in zebrafish.

Name Octamer bp TATA bp ATG gt/ag Heptermer bp Nonamer hits to VH Defects in the
of Dr psuedogene

VH1 ATACAAAT 23 CCTATACATG 18 + + CACAGCG 23 ACAAATACT CA473026 – F
VH2 ATGCAAAT – – – + + CACCGTG 23 ACAAAAACT – – ORF

VH3 ATGCAAAT 24 AGTATTTAAG 43 + + CACAGTG 23 ACAAAAACC – – ORF
VH4 ATGTAAAT 9 CATATTTATA 62 + + CACAATG 23 GCAAAAACA – – ORF

VH5 ATGCAAT 24 AGTATTTAAG 43 + + CACAGTG 23 ACAAAAACC – deletion VH(56) P

VH6 ATGCAAAT 24 GTTATAACGG 33 + + CACAGTG 23 GCAAAAACA AW184426 – F

VH7 ATGTAAAT – – – + + CACTGTG 23 ACAAAAACC – – ORF
VH8 ATGCAAAT 40 GATAGAAAGA 31 + + CACAGAG 23 TCAAAAACA – – ORF
VH9 ATGTAAAT – – – + + CACAATG 24 ACAAAAACA – – ORF

VH10 ATGCAAAT 24 GTTATAATGG 33 + + CACAGTG 23 TCAAAAACC CK239518 – F
VH11 ATGCAAAT – – – + + CACAGTG 23 ACAAAAACC CK240200 – F

VH12 – – – – – – CACAGTC 21 TCAAATACT – truncated P

VH13 – – – – – – CACAATT 23 ACAAAAACA – – ORF

VH14 ATGCAAAT 24 GTTATAACGG 33 + + CACAGTG 23 TCAAAAACC CK239518 – F
VH15 ATGCAAAT – – – + + CACAGTG 23 ACAAAAACC CK240200 – F

VH16 – – – – + – TGCAGTG 23 ACAAACACA – truncated(48–102) P

VH17 ATGCAAAT 24 AGTATTTAAG 42 + + CACAGTG 23 ACAATAACC CK240200 – F

VH18 – – – – – – CACAGTG 23 ACAAAAAAA – – ORF
VH19 ATGCAAAT 14 TTTATTAAGT 43 + + CACAGTG 23 TCAAAAACT CK239518 – F
VH20 ATGCAAAT 15 TGTACAAAAG 55 + + CACAGTG 22 ACAAAAACC – – ORF

VH21 ATGCAAAT 15 TTATAAGTTGT 62 + + CACTGTG 23 ACAAAAACC – – ORF
VH22 ATGTAAAT – – – + + CACAGTG 23 ACAATAATG – – ORF
VH23 ATGCAAAT 66 ATGATAAAGG 51 + + CACAGCA 23 ACAATAAAT – – ORF

VH24 ATGCAAAT 14 CATTTAAGCA 65 + + CACAGCA 23 ACAAAAACC – – ORF

(Table 7.1 contd.)
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VH25 ATGCAAAC 15 CCTATATAAA 39 + + CACTGTG 23 AGGTAAACC – – ORF

VH26 ATGCAAAT 10 CTTAAAACCT 49 + + CACAGTG 24 ACAAAAAAC – – ORF
VH27 ATGCAAAT 16 CATATTTAAA 36 + + CACTGTG 23 TCAAAAACT – – F

VH28 ATGCAAAT 17 TTTATAAGCC 61 + + – – – – Ter in VH region from 80 P

VH29 – – – – – – – – TCAAAAACT – fragment of VH only P

VH30 ATGCAAAC – – – + + CACAGTG 23 ACAAGAACT – – ORF
VH31 ATGCAAAT – – – + + CACAGTT 22 ACAAAAATA AF273897 – F

VH32 ATGCAAAC 85 CATATTCTTT 10 + + CACTGTG 23 ACAAGAACT AF273879 – F
VH33 ATGCAAAT 50 GTTATAAACT 63 + + CACAGTT 22 ACAAAAACA AF273880 – F
VH34 ATGCAAAC 38 CATATTTAAA 48 + + CACAATA 22 ACATAAACC – – ORF

VH35 ATGCAAAC 13 CCTTTAAAAG 96 + + CACAGTG 22 ACAAAATCT AF273883 – F

VH36 – – – – + + CACAGAT 23 ACAAGAACT – Ter in VH region from 94 P

VH37 TTGCAAAAT 60 CTTATTTAAC 141 + + CACTGTG 23 ACAAAAACC – truncated from 100 P

VH38 ATGCAAAT 31 ATGATAAAGG 38 + + CACAGCA 23 ACAAAAACA – – ORF
VH39 – – – – + + CACAGAT 23 ACAAGAACT – – ORF

VH40 ATGCAAAT 10 CTTAAAAACT 49 + + CACAGTG 22 GCACAAAAT – Ter in VH region from 55 P

VH41 ATGCAAAT 16 CATATTTAAA 39 + + CACTGTG 23 TCAAAAACA – – ORF

VH42 ATGCAAAC 17 TTTATAAGCC 69 + + TGCAGTG 23 ACATAAATG – Ter in VH region from 3 P

VH43 ATGCAAAT 17 TGTGTAAATA 55 + + CACAGTG 22 ACATAAACC – – ORF

VH44 ATGCAAAT – – – + + CACAGTG 23 ACAAAAACA – – ORF
VH45 ATGCAAAT 13 TGTATATAAC 72 + + CACAGCG 23 ACAAGAACT – – ORF
VH46 – – – – + + GACACTC 24 TCAAAAACC – – ORF

VH47 ATGCAAAT 41 TGTCTATATG 36 + + CACAGTA 22 ACAAAAACA CD758662 – F

VH48 ATGCAAAT – – – + – CACAATG 23 GCACCTTAA – Ter in VH region from 94 P

VH49 ATTCAAAT 18 TCTATTCTCT 82 + + CACAGTC 22 TCAAAAACA – – ORF

P: Psuedogene; ORF: Open-reading frame; F: Functional gene

(Table 7.1 contd.)
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Among the rest, nine and eight genes had loosely defined or without
octamer motifs, respectively. TATA box were also identified in 31 VH
genes, with some sequences harboring two such motifs. The
recombination signal sequences (RSS; heptamer) essential for the V-DJ
rearrangement are present at the 3¢UTR of the VH. Among the 49 VH
sequences, twenty of them harbored heptamers (CACAGTG) that were
highly conserved; three RRS sequences did not show conservation of the
first three nucleotides (CAC) and two heptamers did not harbor the RSS
motifs. Nonamer motifs, however less conserved, were present in 48 VH
sequences. The heptamer and nonamer sequences were separated by
23±1 nucleotides. The identified VH gene segments could be classified
into 12 families (Table 7.2). However, studies by Steiners group (Danilova
et al., 2005) reported 39 functional genes and 8 pseudogenes from their
zebrafish IGH locus analysis. Recently, Bengten and co-workers (Bengten
et al., 2006) reported 55 genes on the catfish IGH locus, among which, 27
genes were classified as functional. The 28 pseudogenes either had
inframe-stop codons, frame shifts or 5¢ or 3¢ gene fragments. Compared to
zebrafish, catfish has a low ratio of functional genes. Peixoto and Brenner
(2000) characterized 50 kb of fugu VH locus and two VH families were
identified from eight full-length VH genes.

Table 7.2 Classification of zebrafish VH segments into families.

Families of IGHV segments VH segments

I 1-1a, 1-2, 1-3, 1-5, 1-11, 1-15, 1-17
II 2-4, 2-6, 2-16, 2-18
III 3-7, 3-21
IV 4-8, 4-10, 4-14, 4-19
V 5-9, 5-13
VI 6-20, 6-22, 6-23, 6-24, 6-38
VII 7-25, 7-39, 7-27, 7-41
VIII 8-30, 8-32, 8-45
IX 9-31, 9-33, 9-49, 9-46
X 10-37, 10-44
XI 11-26, 11-47, 11-43, 11-28, 11-42, 11-43, 11-35
XII 12-36, 12-48

aThe first number corresponds to the family and the second to the VH segment listed in Table 7.1
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Diversity Heavy (DH) Region

The structure of the DH region in fish is similar to its mammalian
counterparts. The DH sequences are flanked with heptamer and nonamer
motifs separated by conventional 12±1 bp spacers.

In zebrafish, nine DH segments have been identified by the analysis of
IgZ and IgM transcripts. Among those identified DH segments, four are
placed upstream of z region and five are located upstream of m region (Fig.
7.1). The DH segments are composed of 10 to 42 bp coding nucleotides
and 12 bp recombination signal sequences (RSS) elements with conserved
heptamers and nonamers. In fugu, we have identified five DH-gene
segments in fugu IGH locus, these segments are placed upstream of the
novel Ig (one DH-gene segment) and m (four DH-gene segments)
domains. The DH1 is present 1.2 kb upstream of the new IgH CH1
domain and is a 15-nt-long segment open in all the three reading frames.
DHm1 to DHm4 segments span a 1.5 kb region present 3.7 kb upstream of
m exon. In rainbow trout, Hansen and co-workers (2005) report at least
three and six DH-gene segments upstream of the t and m regions,
respectively. In catfish, five DH-gene segments have been identified
upstream of JH cluster and the sixth DH-gene segment is located between
VH11 and VH1 gene segments. Furthermore, two additional D-like
segments have also been reported to be present in the VH locus (Bengten
et al., 2006).

Joining Heavy (JH) Region

The JH gene segments have a characteristic WGXG motif. The JH
segments have an upstream RSS, which includes a T-rich nonamer, a 22
to 23 spacer, and a heptamer.

In zebrafish, a total of 7 JH segments have been identified. Two JH
gene segments are placed 5¢ of z1 exon and the remaining five are present
upstream of m1 (Fig. 7.1). These segments are composed of 15 to 17 amino
acids. Similarly, in fugu, five and one JH gene segments are found upstream
of the new Ig C1 and m1 exons, respectively (Saha et al., 2004; Savan et al.,
2005b). In rainbow trout, two and five JH gene segments were found
upstream of t1 and m1 exons, respectively (Hansen et al., 2005). Hayman
and Lobb (2000) reported a total of 9 JH (JH1 to JH9) gene segments
upstream of m1 exon, tightly clustered within a region spanning about
2.2 kb in catfish. Recently, Bengten and co-workers (2006) have shown an
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additional three JH-gene segments, thereby increasing the total JH
segments to 13 in catfish. Among these, two JH segments (JH13 and
JH14) are present in the JH cluster upstream of m. One JH-gene segment
(JH12) is present along with DH-gene cluster in catfish. Atlantic salmon
possesses five JH segments located 0.5 to 1.6 kb upstream of m1 exon
(Hordvik et al., 1997).

Constant Regions on the Teleosts IgH Loci

Structure of IgZ/IgT/IgH Region

Recently, novel Ig heavy chain region on the teleost IGH loci were
discovered (Sakai and Savan, 2004; Danilova et al., 2005; Hansen et al.,
2005; Savan et al., 2005b) (Fig. 7.1; Table 7.3). As this Ig class did not
share similarities to any known Ig isotype and was identified during the
same time, it was independently named as IgZ (zebrafish), IgT (rainbow
trout) and IgH (fugu). However, some typical similarities exist among
these Ig isotypes: (1) the genomic position (relative to IgM) of these
constant domains are similar in the IGH loci of these fish; (2) the novel
Ig isotype is sandwiched between two D and J clusters upstream of m
region; and (3) the zebrafish and trout Ig isotype is composed of four
constant domain encoding exons and two membrane coding exons (TM1

Fig. 7.2 The genomic organization of novel Igs. The fugu IgH comprises two exons
encoding for the new constant and membrane coding exons (Tm1 & Tm2). Zebrafish and
rainbow trout genes are composed of four constant domains and two membrane-coding
exons.
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Table 7.3 List of teleost species where Ig heavy chain genes have been cloned.

Species IgM References IgD References Novel IgH References

Zebrafish +1/+2 +/+ Zimmerman and Steiner 20063 +/+ Danilova et al. (2005)
Catfish +/+ Wilson et al. (1990) +/+ Wilson et al. (1997); –/–

Bengten et al. (2002)
Common carp +/+ Nakao et al. (1998) +/– CA9662914 (unpublished) +/+ Savan et al. (2005a)
Rainbow trout +/+ Hansen et al. (2005) +/+ Hansen et al. (2005) +/+ Hansen et al. (2005)
Fugu +/+ Saha et al. (2005) +/+ Saha et al. (2004) –/– Savan et al. (2005b)
Japanese flounder +/+ Aoki et al. (2000); +/+ Aoki et al. (2000); –/– –

Srisapoome et al. (2004) Hirono et al. (2003);
Srisapoome et al. (2004)

Atlantic salmon +/+ Hordvik et al. (1992) +/+ Hordvik et al. (1999); –/– –
Hordvik et al. (2002)

Atlantic halibut +/– AAF694885 (unpublished) +/+ Hordvik (2002) –/– –
Atlantic cod +/+ Bengten et al. (1991) +/+ Stenvik and Jorgensen (2000) –/– –
Tilapia +/– AY522596 (unpublished) –/– – –/– –
Yellow tail +/– Savan, R. & Sakai, M., pers. comm. –/– – –
Grouper +/– Cheng et al. (2006) –/– – –/– –
Brown trout +/– Hordvik et al. (2002) +/– Hordvik et al. (2002) –/– –
Wolf fish +/– Espelid et al. (2001) –/– – –/– –
Blackfin icefish +/– Ota et al. (2003) –/– – –/– –
Chinese perch +/– AAQ148455 (unpublished) –/– – –/– –
Haddock +/– CAH047525 (unpublished) –/– – –/– –
1Genomic information published;
2cDNA information available or published;
3A.M. Zimmerman and L.A. Steiner. The zebrafish IgD gene: exon usage, chimerism and quantitative expression profiles during development. Abstract in 10th ISDCI conference,
July 1–6th 2006 Charleston, SC, USA;
4Expressed sequence tag of IgD (incomplete sequence);
5Accession number of a single representative sequence has been shown.
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and TM2) (Fig. 7.2). Surprisingly, the fugu IgH is a two constant domain
isotype (Savan et al., 2005b). Furthermore, a hinge-like region between
CH1 and CH2 was identified first from the expressed gene and later
confirmed on the genomic sequence. This hinge segment is present within
CH2 exon. A preliminary investigation by computational modeling
predicts the presence of a hinge (Savan et al., 2005b). This hinge region
is composed of 21 amino acid residues with repeats of Val-Lys-Pro-Thr
(VKPT). A similar pattern of fused hinge region has been seen only in
mammalian IgA. Recently, in frog, a novel two-domain Ig isotype called
IgF was identified (Zhao et al., 2006). This isotype has a hinge region
between CH1 and CH2, which is encoded by a separate exon. Although
there is low similarity among hinge sequences across species, hinge might
have evolved early in vertebrates (Zhao et al., 2006).

The exons encoding the novel heavy chain constant domains
harbored typical immunoglobulin domain motifs ([FY]-x-C-x[V]-x-H).
The first domain (CH1) harbored three cysteine residues. The first Cys
residue is important for disulphide linkage with VHL chain and the other
two Cys are involved in intra-domain disulphide linkages to form the core
Ig-domain loop. The remaining constant domains harbor two conserved
Cys residues, each required for intra-domain disulphide linkages to form
Ig-domain loops. All the constant domains had splice sites (GT/AG)
conserved at the intron/exon junctions.

In phylogenetic studies, the novel Ig isotypes formed a distinct cluster
apart from the known Igs (Danilova et al., 2005; Savan et al., 2005b).
Zebrafish, carp and trout z/t isotypes clearly belong to a single Ig class and
might be found in other teleosts. The structural differences of the novel
fugu Ig isotype compared to z/t might have functional consequences that
remain to be clarified. The carp m-z chimera is an interesting Ig that needs
to be cloned in other fish species.

Structural Variations and Expression of the Novel Ig
Isotype

The functional data on novel isotypes is limited as they are just beginning
to be identified in other teleosts (Fig. 7.3). Here we will discuss the
investigations conducted in zebrafish, rainbow trout, fugu and common
carp (Cyprinus carpio L.). The IgT/Z isotype is expressed as secretory and
membrane forms in zebrafish (Danilova et al., 2005), rainbow trout
(Hansen et al., 2005) and common carp (Savan, R., Sogabe, K.,
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Fig. 7.3 Schematic representation of the transcripts of novel IgH chain isotypes cloned in
teleosts.

Kemenade, L. and Sakai, M., pers. comm.). Furthermore, an unusual IgM-
IgZ chimeric isotype, expressed in membrane and secretary forms, has
been cloned from common carp (Savan et al., 2005a). This chimera is
composed of VH, m1 (CH1) and z4 (CH2) Ig domains. This new IgM-IgZ
isotype in fish has a novel structure, wherein it harbors only two constant
domains, with m1 as the first domain and z4 as the second domain. It
would be interesting to find out the type of a recombination event
occurring for the formation of a m-z chimera. At present, we think in carp
there might be two IGH loci in tandem (as seen in catfish; Bengten et al.,
2002) or a rearranged IGH locus on a separate chromosome. Furthermore,
the prevalence of this isotype in other teleosts and its function needs to be
addressed.

In fugu, when a tissue wide gene expression was conducted by RT-
PCR, spleen, anterior kidney (mammalian equivalent of bone marrow),
liver, intestine and gill tissues were positive for the s- and m-forms of novel
Ig. By in situ hybridization, lymphocytes strongly expressing novel Ig were
detected. Further confirmation of strong expression of the novel Ig in gill
epithelial cells, and goblet cells in the intestinal epithelium was observed.
The production of fugu Ig on mucosal surfaces predicts a role in mucosal
immunity. In zebrafish, this gene was expressed in thymus, pronephros and
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mesonephros. The zebrafish, IgZ was largely restricted to the primary
lymphoid tissues.

In an ontogeny study conducted in fugu, the novel membrane form
was first detected at 4 days post fertilization (dpf), while the secretory form
was expressed 1 dph (days post-hatching), i.e., 8 dpf. In the same study,
IgM was first expressed at 4 dpf. In case of trout, IgZ and IgM were
expressed during the same period. Contrastingly, in zebrafish, IgZ was
expressed prior to IgM. Although further studies are needed in other
teleosts to study the ontogeny of Ig isotypes, the above results indicate that
the novel Ig is expressed during the same time or earlier than IgM.

The structure of IGH locus in teleosts is similar to the tandemly
arranged TCRa/TCRd loci (Danilova et al., 2005). As the TCRa/TCRd
loci rearranges to produce ab and gd T-cells, the arrangement of the IGH
loci in fish ensures that IgM and IgZ are mutually exclusive. Furthermore,
Danilova et al. (2005) suggest that the time and tissue specificity of IgM
and IgZ expression might indicate that these isotypes are produced in
separate B-cell lineages.

Structure of IgM Region

IgM is found in most of the vertebrates and is presumed to be
evolutionarily ancient. In vertebrates, this isotype exists as secretory
(sIgM) and membrane (mIgM) bound forms. IgM is expressed on B-cells
(membrane-bound form) and this is the first isotype expressed during
B-cell development. The secretory form (produced by plasma cells upon
B-cells differentiation) of IgM is known to exist in multimeric forms.
Predominant among those are monomers (Elasmobranchs), tetramers (in
teleosts) and pentameric (vertebrates) forms. With an exception to
human IgM hexamer, the multimeric form of IgM in mammals is formed
in association with J chain.

IgM is the most widely cloned and characterized immunoglobulin in
fish (Wilson et al., 1990; Bengten et al., 1991; Lundqvist et al., 1998;
Espelid et al., 2001; Saha et al., 2004; Srisapoome et al., 2004; Cheng et al.,
2006) (Table 7.3). The m region is composed of four constant-coding exons
(mCH1 to mCH4) and two membrane-coding exons (mTM1 and mTM2).
This genomic structure of m gene is common in all vertebrates. The
membrane (mm) and secretory (ms) forms of IgM transcript are generated
from the same genomic region by alternative RNA processing. However,
the processing of the mm in teleosts is distinct from other vertebrates. Most
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of the vertebrates have a cryptic donor splice site at the m4 exon, which
splices directly to TM1 exon. However, in teleosts, the cryptic site in the
m4 is absent and the splicing takes place between m3 exon and TM1.
However, this evolutionary adaptation, deletion of CH4 domain in mm has
been shown to have no effect on its function.

IgM is the major immunoglobulin isoform expressed in teleosts. IgM
positive cells have been found in spleen, head kidney, and kidney
confirming that these tissues are major sites of antibody production in fish
(Saha et al., 2005). The pronephros (head-kidney) is known to be the
primary organ for B and plasma cells (Rijkers et al., 1980; Razquin et al.,
1990; Zapata and Amemiya, 2000). However, B and plasma cells have also
been found in thymus, which is a T-cell maturation site (Schroder et al.,
1998; Grontvedt and Espelid, 2003). The expression of IgM positive cells
is also seen in mucosal organs such as the skin, gills, and intestine.
Danilova and Steiner (2002) reported IgM+ B cells from pancreas.

Delta (ddddd) Region

In the IGH loci of vertebrates, IgD is located downstream of IgM. In
mammals, IgD exists as secreted and membrane-bound forms. In B-cells,
IgM and IgD are co-expressed and their expression is regulated through
RNA processing. IgD is made up of two and three constant domains in
human and mouse, respectively. The number of hinge encoding exons
varies between human (one) and mouse (two). Among the lower
vertebrates, IgD was first discovered in catfish (Wilson et al., 1997). The
fish IgD has the first constant domain of m1 followed by seven constant
domains encoded by d gene. This chimeric IgD molecule is formed by
splicing of m1 into the d1 exon. Reports of cloning of IgD from birds,
cartilaginous fish (IgW is homologous to IgD), lungfish and recently from
frog suggests that this isotype along with IgM are primordial (Ohta and
Flajnik, 2006). However, the function of this isotype is still not clear.

After the first report of IgD from catfish (Wilson et al., 1997), this
isotype has been reported in other teleosts like Atlantic cod (Stenvik and
Jorgensen, 2000), Atlantic salmon, Atlantic halibut (Hordvik, 2002),
Japanese flounder (Hirono et al., 2003) fugu (Saha et al., 2004) and
zebrafish (Sakai and Savan, 2004; Danilova et al., 2005) (Table 7.3).
Compared to mammalian IgD, teleostean orthologue has a unique
structural organization. In a majority of teleosts, IgD is composed of seven
constant region-encoding exons (dCH1 to dCH7) and two exons coding
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for the membrane region (dTM1 and dTM). However, species-specific
exceptions to this basic structure can be seen in teleosts (Table 7.4).
Tandem duplications of d1-d2 have been seen in Atlantic cod and similar
tandem duplications of d2-d3-d4 has been reported from Atlantic halibut,
Atlantic salmon and recently also from catfish. In fugu and spotted green
pufferfish, an unusual duplication of six d domains can be seen (Saha et al.,
2004; Savan, R. and Sakai, M., pers. comm.). Contrastingly, d domains are
not duplicated in Japanese flounder (Srisapoome et al., 2004). In zebrafish,
d region consists of 16 d domains and two membrane-coding exons. Here,
d2-d3-d4 domains are repeated four times in tandem and the first repeat
has a stop codon within the d2 domain. The expression of this gene is not
yet confirmed in zebrafish.

Table 7.4 Genomic organization of the d domains in teleosts.

Species Genomic structure References

Pufferfish (d1-d2-d2-d3-d4-d5-d6)2-d7-TM1-TM2 Saha et al. (2004)

Catfish d1-d2-(d2-d3-d4)3-d5-d6-d7-TM1-TM2 Bengten et al. (2006)

Atlantic cod d1-d2-dy-d1-d2-Ydy-d7-TM1-TM2-//-Yd7 Stenvik and Jorgensen (2000)

Japanese flounder d1-d2-d2-d3-d4-d5-d6-d7-TM Srisapoome et al. (2004)

Atlantic salmon d1-d2-(d2-d3-d4)2-d5-d6-d7-TM1-TM2 Hordvik et al. (1999)

Zebrafish d1-d2-(d2-d3-d4)4-d5-d6-d7-TM1-TM2 Sakai and Savan (2004)
Danilova et al. (2005)

In fish, however, the secretory type of IgD has so far been reported only
in catfish (Bengten et al., 2002). In fugu, IgD gene is expressed in the
spleen and head kidney. The expression pattern is similar to IgM. The
functional role of IgD remains to be examined in mice and humans. The
structural variations of the IgD in vertebrates indicate that this isotype
may differ in their biological properties (Zhao et al., 2002).

CONCLUSION

Although, the basic structure of the IGH loci is conserved, species-specific
variations exist across teleosts. In general, teleosts have three major Ig
heavy chain isotypes. Analysis of IGH genomic region suggests no
additional discovery of IgH genes will be forthcoming, at least not from
downstream region of d gene (Bengten et al., 2006). The novel Ig isotype,
along with IgM and IgD, will prove to be good tools to study the immune
responses and biology of B-cells in fish.
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INTRODUCTION

The milieu inhabited by fish, whether pelagic or demersal, marine or
freshwater, teems with a huge diversity of microorganisms. For them, the
fish body is a stable, nutrient-rich habitat, ideal for exploitation. Some,
including commensals and opportunists, lodge on the skin surface or
colonize the gut, urogenital tract or gills. Others, more usually pathogens,
invade the blood, organs and internal tissues, their entry facilitated by the
lack of keratin in the skin, which, if present, would confer a degree of
imperviousness to abrasion and proteolytic attack. For fish, therefore,
wounds and injuries may not represent the only portal for microbes to gain
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access to the rich pickings of the fish body. Copious mucus secretion on
mucosal surfaces helps to some extent in the mechanical removal of
microorganisms, but it is costly to produce and may itself promote the
growth of bacteria as a nutrient. Wherever microbes colonize, they pose a
threat to the well-being of the fish host, draining it of its resources, causing
disease or imposing a metabolic cost in terms of immunological reaction.
Control of microbial growth—not only on exposed surfaces but also within
the tissues—is thus crucial not only to survival but also to the fitness,
growth, and reproductive success of fish.

Clearly, both the internal body fluids and the mucosal secretions need
to contain microbicidal agents that can act as general disinfectants. Such
compounds are well recognized as key components of the systemic and
mucosal defence systems of other animals and are especially important to
animals that lack specific ‘adaptive type’ immunity or those that, like fish,
possess one that may be age or temperature dependent, slow to develop
and short-lived.

Earlier, reviews of the microbicidal agents produced by fish have been
given by Yano (1996) and Ellis (1999, 2001), although these researches
have focused on factors such as lytic enzymes (e.g., lysozyme),
agglutinating factors, oxyradicals and protease inhibitors. The present
review concentrates on another group of agents, the antimicrobial
peptides (AMPs). These were discovered some 25 years ago by Hans
Boman’s group (Hultmark et al., 1982), Robert Lehrer et al. (Selsted et al.,
1985) and Michael Zasloff (1987) in insects, mammals and amphibians,
respectively. Now, over 700 AMPs have been found from acoelomates,
amphibians, mammals and higher plants as well as protostome and
deuterostome invertebrates, but reports for teleosts did not appear until
about 20 years ago (Lazarovici et al., 1986; Thompson et al., 1986) and it
took yet another decade for research to really gain momentum. In recent
years, the number of AMPs found in fish has grown considerably (Fig. 8.1).

In this chapter, we will describe the diversity of AMPs and other low
molecular weight microbicidal proteins presently known for fish, and
consider their structure, range of activity, sites of expression and modes of
action. We will also discuss the extent to which environmental or
physiological factors affect their expression and activity and what we still
need to know if we are to exploit these molecules to enhance disease
control in aquaculture.
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General Characteristics of Animal AMPs and their Role
as Components of the Immune System

Antimicrobial peptides are low molecular weight cationic proteins, usually
comprising less than 100 amino acids. They are products of single genes
and kill microbes in a stoichiometric rather than enzymatic manner. In all
the animal groups studied so far, AMPs are typically produced by epithelial
cells, the liver, lymphoid tissue or phagocytes and may be expressed either
constitutively or induced upon non-self challenge. Most AMPs kill their
targets by depolarizing and permeabilizing the outer bacterial cell wall in
various ways but others may disrupt cell metabolism or interfere with
DNA synthesis (Devine and Hancock, 2002; Zasloff, 2002). Some
synergize together or with lysozyme to attack bacteria in a multifarious
manner (Patrzykat et al., 2001; Concha et al., 2004).

AMP’s function in immunity is to disinfect the exposed surfaces such
as the eye, gut and urogenital tract, but they also kill bacteria that may

Fig. 8.1 Research on fish antimicrobial peptides over the last two decades. Bars show the
cumulative number of publications regarding antimicrobial peptides from bony fish. The
dashed line represents the percentage of papers reporting molecular studies within each
year.
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enter the body through injuries, preventing them from proliferating until
they are sequestered and eliminated by the phagocytes and other
components of the systemic immune system. Very few have cytotoxic
effects on eukaryotic cells because they attack bacterial targets—namely
the cytoplasmic membrane underlying the cell wall—that have a different
composition in eukaryotic cells. They are, in effect, direct broad-spectrum
natural antibiotics and their great value is that there are only few ways by
which the bacteria can resist their effects (Devine and Hancock, 2002).
Interestingly, however, in addition to their disinfecting properties, some
cationic AMPs in mammals help modulate the inflammatory response by
stimulating leucocyte chemotaxis, inhibiting or promoting chemokine and
cytokine production and by regulating pro-inflammatory responses to
microbial cell wall components (Bowdish et al., 2005). A few have also
been found to kill tumours or interrupt viral replication (Hancock et al.,
1995). Thus, they not only help the host control its microflora, but also
protect it from the harmful effects of their cell wall components or
products.

From the hundreds now characterized from multicellular organisms, it
is clear that AMPs comprise a very diverse collection of proteins but most
are cationic, hydrophobic and amphipathic, i.e., folded into a shape that
segregates clusters of charged amino acids from hydrophobic ones. There
is no formal and universally accepted classification system for AMPs as a
whole, but for convenience they are usually divided into structurally
different categories. These include: (1) linear peptides with an a-helix, (2)
cysteine-rich molecules with two or more disulphide bonds that form
b-sheets, (3) tailed loop peptides constrained by a disulphide bridge and
(4) peptides with over representation of one or two amino acids, one of
which is often proline (Boman, 1995; Devine and Hancock, 2002). These
are all ribosomally encoded and are usually synthesized as prepropeptides
that may undergo posttranslational modification, such as terminal
amidation. The immature proteins may be stored in intracellular granules
before being processed by proteolytic cleavage so as to liberate the active
peptide. However, a few unusual AMPs are also known that are fragments
of proteins with other known functions (Boman, 1995).

Many animals express a variety of AMP types, no doubt, to have an
arsenal capable of dealing with a variety of microbial types. Whilst some
AMP types are common across a variety of taxa, e.g., defensins and
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cathelicidins, others may possess types that are unique to that family or
genus. Certainly, individual taxa tend to share similar types of AMPs
perhaps because the AMPs have evolved and diversified along with their
hosts. Thus, for example, different amphibian species tend to express
similar groups of peptides to each other but are unlike those expressed by
mammals or insects. Given that the teleosts constitute a hugely diverse
and ancient group of vertebrates it is, therefore, likely that they will have
their own unique clusters of AMPs as well as others well known in other
vertebrates. Here we will describe the diversity of AMPs found so far in fish
and consider their structure, phylogenetic relationships, bioactivities and
patterns of expression.

Antimicrobial Peptides from Teleosts

Given that bony fish are the largest and most diverse group of vertebrates,
comprising over 24,000 species (Hedges, 2002), it is somehow surprising
that only circa 60 AMPs have been identified to date in some 30 teleost
species (Table 8.1). Nevertheless, the relatively limited research done on
fish AMPs has unveiled a remarkable diversity amongst these molecules,
ranging from amphipathic a-helices to b-strands with complex
intramolecular disulfide bond patterns. Bony fish also express a
surprisingly high number of AMPs derived from proteins known to have
other functions.

Pardaxins were the first antimicrobial peptides to be isolated from fish.
These excitatory toxins with cytotoxic properties are secreted by flatfish of
the genus, Pardachirus (Lazarovici et al., 1986; Thompson et al., 1986).
Initially, these 33-residue peptides were isolated on the basis of their pore-
forming properties and were thought to protect the fish against predation
as they possess shark-repellent properties (Lazarovici et al., 1986;
Thompson et al., 1986). The antimicrobial properties of pardaxin were
established circa 10 years later by Oren and Shai (1996). In sodium
dodecylphosphocholine micelles, pardaxin has an amphipathic hinge-
helix-hinge-helix structure with separately clustered hydrophobic and
hydrophilic regions (Porcelli et al., 2004). The a-helical structure is
common to many known animal AMPs (Zasloff, 2002) and its
amphipathic nature is fundamental to disruption of bacterial cytoplasmic
membranes, either by a ‘barrel-stave’ or ‘carpet’ mechanism (Huang,
2000).
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Table 8.1 Alphabetical list of antimicrobial peptides identified to date from bony fish.

Peptide Species References

ApoA-I, -II Common carp (Cyprinus carpio) Concha et al. (2004)

CATH-1, -2 Rainbow trout (Oncorhynchus mykiss) Chang et al. (2005)
Atlantic salmon (Salmo salar) Chang et al. (2006)

Chrysophsins Red seabream (Pagrus major) Iijima et al. (2003)

DB-1, -2, -3 Zebrafish (Danio rerio) Zou et al. (2007)
Orange-spotted grouper (Epinephelus coioides) Zou et al. (2007)
Tiger pufferfish (Takifugu rubripes) Zou et al. (2007)
Green-spotted pufferfish (Tetraodon nigroviridis) Zou et al. (2007)

Dicentracin European sea bass (Dicentrarchus labrax) Salerno et al. (2007)

Epinecidin-1 Orange-spotted grouper (E. coioides) Yin et al. (2006)

Hepcidins Red sea bream (P. major) Chen et al. (2005)
European sea bass (D. labrax) Rodrigues et al. (2006)
Zebrafish (D. rerio) Shike et al. (2004)
Atlantic halibut (Hippoglossus hippoglossus) Park et al. (2005)
Blue catfish (Ictalurus furcatus) Bao et al. (2005)
Channel catfish (Ictalurus punctatus) Bao et al. (2005)
Japan sea perch (Lateolabrax japonicus) Ren et al. (2006)
Hybrid striped bass (Morone chrysops ¥ M. saxatilis) Shike et al. (2002)
Mozambique tilapia (Oreochromis mossambicus) Huang et al. (2007)
Japanese flounder (Paralichthys olivaceus) Hirono et al. (2005)
Winter flounder (Pleuronectes americanus) Douglas et al. (2003a)
Atlantic salmon (S. salar) Martin et al. (2006)
Turbot (Scophthalmus maximus) Chen et al. (2007)

Hipposin Atlantic halibut (H. hippoglossus) Birkemo et al. (2003)

Histone H1 Coho salmon (Oncorhynchus kisutch) Patrzykat et al. (2001)
Rainbow trout (O. mykiss) Noga et al. (2001)
Atlantic salmon (S. salar) Richards et al. (2001)

Histone H2A Rainbow trout (O. mykiss) Fernandes et al. (2002)

Histone H2B Atlantic cod (Gadus morhua) Bergsson et al. (2005)
Hybrid striped bass (M. saxatilis ¥ M. chrysops) Noga et al. (2001)

HLPs Channel catfish (I. punctatus) Robinette et al. (1998)

HSDF-1 Coho salmon (Oncorhynchus kisutch) Patrzykat et al. (2001)

Kenojeinin I Fermented skate (Raja kenojei) Cho et al. (2005)

LEAP-2 Blue catfish (I. furcatus) Bao et al. (2006)
Channel catfish (I. punctatus) Bao et al. (2006)
Rainbow trout (O. mykiss) Zhang et al. (2004)

MAPP Oriental weatherloach (Misgurnus anguillicaudatus) Dong et al. (2002)

Misgurin Oriental weatherloach (M. anguillicaudatus) Park et al. (1997)

Oncorhyncin I Rainbow trout (O. mykiss) Smith et al. (2000)

Oncorhyncin II Rainbow trout (O. mykiss) Fernandes et al. (2004b)

Oncorhyncin III Rainbow trout (O. mykiss) Fernandes et al. (2003)

Parasin I Amur catfish (Parasilurus asotus) Park et al. (1998)

(Table 8.1 contd.)
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Pardaxins Red Sea Moses sole (Pardachirus marmoratus) Lazarovici et al. (1986)
Peacock sole (Pardachirus pavonicus) Thompson et al. (1986)

Pleurocidins Atlantic halibut (H. hippoglossus) Patrzykat et al. (2003)
American plaice (Hippoglossoides platessoides) Patrzykat et al. (2003)
Yellowtail flounder (Limanda ferruginea) Patrzykat et al. (2003)
Mud dab (Limanda limanda) Brocal et al. (2006)
Winter flounder (P. americanus) Cole et al. (1997)

Piscidins White bass (Morone chrysops) Lauth et al. (2002)
Striped bass (Morone saxatilis) Lauth et al. (2002)
Hybrid striped bass (M. saxatilis ¥ M. chrysops) Silphaduang and Noga

(2001)

Ribosomal Atlantic cod (G. morhua) Bergsson et al. (2005)
proteins Rainbow trout (O. mykiss) Fernandes and Smith

(2002)

SAMP H1 Atlantic salmon (S. salar) Luders et al. (2005)

SSAP Rockfish (Sebastes schlegeli) Kitani et al. (2007)

(Table 8.1 contd.)

Another group of a-helical fish AMPs are the pleurocidins. They are
19-26 residue peptides found as multiple isoforms in several flatfish
species, including the winter flounder, American plaice, white flounder
and halibut (Patrzykat et al., 2002; Douglas et al., 2003b). In the winter
flounder, pleurocidin is expressed in epithelial mucous cells of the skin,
indicating that it plays a role in mucosal immunity (Cole et al., 1997).
Parasin is a 19-residue N-terminal histone-derived, a-helical peptide
fragment produced by the amur catfish in response to epidermal injury
(Park et al., 1998). Other histone-derived AMPs isolated from various fish
species include histone-derived fragment 1 (HSDF-1) (Patrzykat et al.,
2001), hipposin (Birkemo et al., 2003), oncorhyncin II (Fernandes et al.,
2004b), oncorhyncin III (Fernandes et al., 2003) and salmon antimicrobial
peptide (SAMP) (Luders et al., 2005) (Table 8.1, Fig. 8.2).

Piscidins are 22-residue a-helical AMPs first discovered in the gills
(Silphaduang and Noga, 2001; Lauth et al., 2002) and on the skin of bass
(Lauth et al., 2002). In common with pleurocidin and parasin, piscidins
can adopt an amphipathic a-helical structure in hydrophobic
environments that mimic cell membranes (Noga and Silphaduang, 2003;
Campagna et al., 2007). Similar piscidin-like peptides, chrysopsin,
epinecidin and dicentracin, have been identified in the red sea-bream
(Iijima et al., 2003), orange-spotted grouper (Yin et al., 2006) and
European sea bass (Salerno et al., 2007), respectively. In fact, there is
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Fig. 8.2 Schematic representation of antimicrobial fish histones and histone-derived
peptides. Histones H1, H2A and H2B from bony fish have well documented antibacterial
properties. In addition, potent antimicrobial peptides are generated by proteolytic cleavage
of these molecules, including HSDF-1 and oncorhyncin II from histone H1, hipposin and
parasin from histone H2A and oncorhyncin III from the chromosomal protein H6. In this
scale bar indicates 10 residues (circa 1 KDa).

growing evidence that piscidins are widespread amongst Perciformes, as
Silphaduang et al. (2006) detected piscidin-like epitopes in members of the
families Moronidae, Sciaenidae, Cichlidae, Siganidae and Belontidae.

Hepcidins (formerly termed LEAP-1 for liver-expressed antimicrobial
peptide 1) are cysteine-rich antimicrobial peptides. This group of AMPs
was first discovered in mammals as low molecular weight peptide
antibiotics synthesized in the liver (Park et al., 2001). The first fish
hepcidin was found by Shike et al. (2002) in gill extracts of hybrid striped
bass. To date, this remains the only fish hepcidin for which the primary
structure has been obtained experimentally. In solution, this 21-residue
peptide has two anti-parallel b-sheets and its 8 cysteines form four
intramolecular disulfide bonds, a structure that is similar to its mammalian
counterpart (Lauth et al., 2005). Another liver-expressed antimicrobial
peptide (LEAP-2) has been found in rainbow trout (Zhang et al., 2004)
and catfish (Bao et al., 2006). It is a systemic AMP that contains a core
structure with two disulfide bonds formed by cysteine residues in relative
1-3 and 2-4 positions (Krause et al., 2003). However, not all cysteine-rich
fish AMPs are hepcidins, as has been exemplified by an unusual cysteine-
rich AMP isolated from loach (Dong et al., 2002). This 94-residue peptide
has no homology to known proteins, is anionic and circa 20% of its residues
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are cysteine (Dong et al., 2002) but in other respects it remains poorly
understood.

The cathelicidin family of AMPs are a large number of diverse proteins
that are characterized by a conserved N-terminal region, known as the
cathelin-like domain (Tomasinsig and Zanetti, 2005). All known
cathelicidins share structural features, namely a highly conserved
preproregion and four invariant cysteines in the cathelin-like domain,
which are likely to be involved in two disulfide bonds (Tomasinsig and
Zanetti, 2005). Two cathelicidin genes, CATH-1 and CATH-2, have been
identified in rainbow trout and Atlantic salmon (Chang et al., 2005, 2006).
Like their mammalian counterparts, CATH-1 and CATH-2 are likely to
be processed by elastase (Chang et al., 2006).

A third group of cysteine-rich AMPs are the defensins. In vertebrates,
this AMP family is large and subdivided into a-, b- and q-defensins,
according to the pattern of their 3 intramolecular disulfide bridges (Ganz,
2003a). Using a comparative genomics strategy, Zou and collaborators
have recently identified classical defensins in zebrafish, tiger pufferfish,
green-spotted pufferfish and orange-spotted grouper (Zou et al., 2007).
The putative primary structure of fish defensins suggests that they are
homologous to mammalian b-defensins and that their secondary structure
is likely to be composed of three b-strands with a conserved pattern of 3
intramolecular disulfide bonds (Zou et al., 2007). In zebrafish, defensins
are present as multiple copies clustered in the genome, similarly to their
tetrapod counterparts.

Classification of Fish Antimicrobial Peptides

Despite the diversity amongst their primary structures, most fish AMPs
can be grouped in five families, namely the cathelicidins, defensins,
LEAPs, piscidins and histone-derived peptides (Table 8.2).

Cathelicidins have been found in mammalian species from various
orders (Tomasinsig and Zanetti, 2005), chicken (Xiao et al., 2006), bony
fish (Chang et al., 2005, 2006) and Atlantic hagfish (Uzzell et al., 2003),
confirming that cathelicidin genes have arisen early during chordate
evolution. CATH-1 and CATH-2 from salmonids have a conserved gene
structure comprising four exons and are closely related to hagfish HFIAP,
rabbit p15S and guinea pig CAP11 cathelicidins (Chang et al., 2006). The
finding of b-defensin-like peptides in teleosts supports the hypothesis that
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b-defensins may represent the ancestral form of the defensin family in
vertebrates.

Most teleost species examined contain more than one hepcidin gene.
Expansion of the hepcidin gene family is particularly noteworthy within
the Percomorpha group, which includes Perciformes, Pleuronectiformes
and Tetraodontiformes. Remarkably, we have recently identified at least
13 hepcidin genes clustered in six scaffolds of the tiger pufferfish genome
(J.M.O. Fernandes, R. Sugamata, V.J. Smith and Y. Suzuki, unpubl. data),
emphasizing how prominent these types of AMPs are in teleosts.
Phylogenetic analysis of all the hepcidin-coding sequences identified in
fish reveals the relationships between the various paralogues (Fig. 8.3), so
it is likely that most tiger pufferfish hepcidins could have been generated
by recent tandem gene duplication events. Interestingly, hepcidins from
the more ancient fish groups (Salmoniformes, Cypriniformes and
Siluriformes) cluster together with the mammalian genes (Fig. 8.3).

The structural similarity between hepcidin and LEAP-2 indicates that
they belong to the same family, which collectively constitute liver-
expressed antimicrobial peptides. For example, channel catfish hepcidin

Table 8.2 Categorization of fish antimicrobial peptides in families, based on their
homology, secondary structure and genomic organisation. Relevant references are listed
on Table 8.1.

Family Structure Activity Exons Members

Cathelicidins N/d Gram-(+), Gram-(–) 4 CATH-1, -2

Defensins Three b-strands with N/d 3 DB-1, -2, -3
3 disulfide bondsa

LEAP Two b-sheets with Gram-(–), fungi 3 HepcidinLEAP-2
2/4 disulfide bonds

Piscidins Amphipathic Gram-(+), Gram-(–) 4b Pleurocidin
a-helix Piscidin

Chrysophsin
Epinecidin-1
Dicentracin

Histone-derived Variable Gram-(+), Gram-(–), fungi N/d Parasin
HSDF-1
Oncorhyncin II, III
Hipposin
SAMP H1

aSecondary structure predicted by comparative modelling.
bGene structure only determined for epinecidin-1.
N/d: not determined.

C-08.pmd 12/1/2008, 4:14 PM250



Valerie J. Smith and Jorge M.O. Fernandes 251

3rd Proof_5-4-08

Fig. 8.3 Phylogram of hepcidins. This phylogenetic tree was reconstructed from a
Bayesian inference of phylogeny conducted for 1,000,000 generations. Convergence was
achieved after circa 150,000 generations. Bayesian posterior probabilities are represented
as percentages at the tree nodes. Only values greater than 50% are shown. The liver-
expressed antimicrobial peptide 2 (LEAP2) sequences were used as outgroup to root the
tree. Abbreviations of binomial scientific names are as follows: As, Acanthopagrus
schlegelii; Cf, Canis familiaris; Dl, Dicentrarchus labrax; Dr, Danio rerio; Fh, Fundulus
heteroclitus; Gm, Gillichthys mirabilis; Hh, Hippoglossus hippoglossus; Hs, Homo sapiens;
If, Ictalurus furcatus; Ip, Ictalurus punctatus; Lj, Lateolabrax japonicus; Mc, Morone
chrysops; Mm, Mus musculus; Ol, Oryzias latipes; Om, Oreochromis mossambicus; Omy,
Oncorhynchus mykiss; On, Oreochromis niloticus; Pa, Pleuronectes americanus; Pm,
Pagrus major; Po, Paralichthys olivaceus; Rn, Rattus norvegicus; Sm, Scophthalmus
maximus; Ss, Salmo salar; Ssc, Sus scrofa; Tn, Tetraodon nigroviridis; Tr, Takifugu
rubripes.
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(Bao et al., 2005) and LEAP-2 (Bao et al., 2006) have a similar 3 exon/
2 intron structure and their coding sequences share approximately 44%
identity at the nucleotide level.

A closer look at the genomic organization, amino acid sequence and
secondary structure of pleurocidins, piscidins, chrysophsins, epinecidin-1
and dicentracin reveals striking similarities. Bayesian inference of
phylogeny using their putative precursor sequences clearly shows that they
share a common evolutionary origin (Fig. 8.4) and that the current
nomenclature system is misleading. Pleurocidin WF3 from the winter
flounder, for instance, is more closely related to moronecidin (piscidin)

Fig. 8.4 Unrooted radiation tree of piscidins. A Bayesian phylogenetic analysis of
pleurocidins (Ple), moronecidins (Mor), chrysopsins (Chr), piscidin (Pis), epinecidin (Epi)
and dicentracin (Dic) was performed essentially as described in (Fernandes et al., 2007a).
The tree was reconstructed using an average mixed model of amino acid evolution and
1,000,000 generations. The reliability of this topology is supported by the generally high
Bayesian posterior probabilities, calculated from the last 9,000 trees and shown as
percentages at the tree nodes. Only values greater than 50% are indicated. Abbreviations
of species names are as follows: Dl, Dicentrarchus labrax ; Ec, Epinephelus coioides; Gc,
Glyptocephalus cynoglossus; Hh, Hippoglossus hippoglossus; Hp, Hippoglossoides
platessoides; Lf, Limanda ferruginea; Ll, Limanda limanda; Mc, Morone chrysops; Ms,
Morone saxatilis; Pa, Pleuronectes americanus; Pm, Pagrus major; Sc, Siniperca chuatsi.
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from the Chinese perch than to pleurocidin WF1L from its own species
(Fig. 8.4). We propose that pleurocidins, piscidins, chrysophsins,
epinecidin-1 and dicentracin are members of the same family and that this
family be designated the piscidins. Pleurocidin has recently been shown to
be part of the cecropin superfamily of AMPs, which includes not only the
insect and mammalian cecropins, but also the amphibian dermaseptins
and insect ceratotoxins (Tamang and Saier, 2006). Hence, we deduce that
piscidins are a family of ancient host defence peptides widespread across
invertebrate and vertebrate taxa. It is not clear whether pardaxins are
homologous to piscidins, as their primary structures are rather different.
Without examining their precursor sequences and gene structure we are
not confident at this point in time to include them within the piscidin
family.

Some AMPs are produced by proteolytic cleavage of larger proteins of
previously known function (Boman, 1995; Zasloff, 2002). In fish, most
AMPs from this category isolated to date are derived from histones.
Histone-derived peptides have been found in diverse groups of fish,
including Salmoniformes, Siluriformes and Pleuronectiformes (Table 8.2).
A few others include a 40S ribosomal protein, S30 (Fernandes and Smith,
2002) and apo-lipoproteins Apo-A1 and 2 (Concha et al., 2004).

Effect of Microbial Infection or Immune Challenge on
AMP Production

Antibacterial proteins produced by the skin or at mucosal surfaces are
often expressed constitutively at levels which make isolation of the
proteins from mucus extracts fairly easy (Lazarovici et al., 1986; Thompson
et al., 1986; Cole et al., 1997; Fernandes et al., 2002, 2003, 2004b;
Fernandes and Smith, 2002) but this is not always the case with systemic
AMPs. With the internally synthesized AMPs, there may be no baseline
expression until immune challenge, or else the levels are too low in naïve
fish for assay led detection. Isolation may be further confounded by
constitutive lysozymes, which are abundant in teleosts (Yano, 1996; Smith
et al., 2000; Fernandes et al., 2004a). However, several systemic fish AMPs
are upregulated by challenge with the non-self, such as injection of LPS,
bacteria or vaccines, which increases their concentration to detectable
levels and facilitates purification or finding of mRNA transcripts. Fish
AMPs that strongly induced by immune challenge include cathelicidins
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(Chang et al., 2005, 2006) and hepcidins or hepcidin-like LEAPs (Shike
et al., 2002; Douglas et al., 2003a; Zhang et al., 2004; Bao et al., 2005; Chen
et al., 2005; Lauth et al., 2005; Rodrigues et al., 2006; Huang et al., 2007)
and a BPI-like gene in channel catfish (Xu et al., 2005). In tiger pufferfish,
immunostimulation by subcutaneous injection of endotoxin (LPS) has a
differential effect in expression levels of the various hepcidin genes (J.M.O.
Fernandes, R. Sugamata, V.J. Smith and Y. Suzuki, unpublished), thus
showing that the hepcidin paralogues are differentially regulated and
might have distinct functions in immunity and iron homeostasis.
Defensins are expressed—albeit at low levels—in untreated fish although
this can up-regulated by immune stimulation (Zou et al., 2007).

The response to induction may be strong and occur within hours. For
example, in channel catfish, liver hepcidin expression may increase
fourfold within 4 h, rising to over 20 fold in 48 h following bacterial
injection (Hu et al., 2007). However, upregulation in other organs may be
less dramatic (Hu et al., 2007). In channel catfish with anaemia—a disease
commonly found in pond-raised individuals—the hepatic hepcidin
transcript levels are approximately 14% of that of healthy specimens (Hu
et al., 2007), indicating that hepcidin is also involved in iron homeostasis
in fish. Enhanced AMP expression and concomitant increased levels of
mature proteins in the body no doubt help combat infection, as
demonstrated by Jia et al. (2000), who reduced mortality of coho salmon
from Listonella (Vibrio) anguillarum by pump injections of synthetic a-
helical AMPs. Unfortunately, there is a dearth of data on AMP expression
and survival of juveniles or adult fish to infection. Thus, while we view the
role of antimicrobial peptides as key effectors in the innate defence
armoury of fish, there is insufficient experimental evidence to support the
notion that genetic modification of fish to increase AMP expression would
be beneficial to disease control in aquaculture.

Antimicrobial Potency and Spectra of Activity

Most fish AMPs are potent antibiotics with a broad spectrum of activity at
micromolar concentrations (Table 8.2). In fish, data for bioactivities are
limited to those proteins that have been purified de novo, expressed
recombinantly or made synthetically. As many recent reports of fish AMPs
have come from data mining approaches, little is known about the spectra
of activity or potency of the encoded proteins. As far as we are aware, only
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pleurocidin has been expressed in vitro by recombinant technology (Brocal
et al., 2006), although more studies have been performed with synthetic
peptides. These include HSDF-1 and -2 (Patrzykat et al., 2001),
pleurocidin (Murray et al., 2003), pardaxin (Porcelli et al., 2004), piscidin
(Chinchar et al., 2004), hepcidin (Lauth et al., 2005) and cathelicidin
(Chang et al., 2006). Comparing the potency of different peptides,
wherever material is available is difficult, since various researchers have
used different assays and the bacterial strains tested are not standardized.
In general, however, most are active against both Gram positive and Gram
negative bacteria. The mode of action of AMPs usually involves binding,
insertion and disruption of the bacterial cell membrane via the ‘carpet’ or
‘barrel-stave’ mechanism proposed by Shai (1999) and Huang (2000).
Several fish AMPs, namely pardaxin, show some degree of selectivity,
which is related to their biophysical properties and to the composition of
lipid moiety with which they interact (Thennarasu and Nagaraj, 1996;
Porcelli et al., 2004). Pardaxin has distinct haemolytic and antibacterial
domains; the 11-residue carboxy-terminal tail is responsible for its non-
selective effects against erythrocytes and bacteria, whereas its amino-
terminal helix-hinge-helix accounts for its cytolytic activity against
bacteria (Oren and Shai, 1996). Piscidins have broad-spectrum
antibacterial, antifungal and antiparasitic activity against a number of fish
and human pathogens, including MRSA strains of Staphylococcus
(Silphaduang and Noga, 2001; Noga and Silphaduang, 2003). In addition,
piscidins also have potent antiviral activity and they reduce the viral
infectivity of channel catfish virus by 50% at a concentration of 4 mM
(Chinchar et al., 2004). Synthetic white bass hepcidin is only active
against Gram-positive bacteria and filamentous fungi (Lauth et al., 2005).
It does not kill Gram-negative bacteria or yeast (Lauth et al., 2005).
Rainbow trout cathelicidins CATH-1 and CATH-2, produced by
chemical synthesis, on the other hand, inhibit the growth of Gram-positive
and Gram-negative bacteria but are only bactericidal against Gram-
negative bacteria (Chang et al., 2005). The potential antimicrobial activity
of fish defensins is yet to be confirmed experimentally, but histones and
histone-derived peptides have been shown to exhibit potent broad-
spectrum antibacterial and antifungal activities (Park et al., 1998;
Robinette et al., 1998; Richards et al., 2001; Fernandes et al., 2002, 2003,
2004b; Birkemo et al., 2003; Bergsson et al., 2005). The catfish HLPs,
which are similar to histone H1 and histone H2B, additionally, have
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antiparasitic activity against young and mature trophonts (feeding stage)
of the protozoan ectoparasite Amyloodinium ocellatum, the causative agent
of amyloodiniosis (Noga et al., 2001, 2002).

Synergistic activity between fish AMPs was first demonstrated in coho
salmon for HSDF-1, a peptide derived from the N-terminus of histone H1.
On its own, this synthetic 26-residue peptide is devoid of antimicrobial
activity against the fish pathogens, Aeromonas salmonicida and Listonella
anguillarum, even at concentrations in excess of 1 mg◊ml–1, but in the
presence of winter flounder pleurocidin or hen egg white lysozyme, it is
highly active against these bacteria at concentrations as low as 16 mg◊ml–1

(Patrzykat et al., 2001). Reports of synergism between fish AMPs and other
antimicrobial proteins are scarce but significant synergy has been observed
between white bass hepcidin and moronecidin (Lauth et al., 2005) and
between a cationic peptide derived from the carboxy-terminus of the
apolipoprotein A-I and hen egg white lysozyme (Concha et al., 2004).

Sites of Tissue Expression

Essentially there are two main sites of AMP expression in fish. One is the
boundary surface that interfaces with the outside environment, and the
other is the blood and internal organs. Both face different types of
microbial threat. The external surface, which includes not only the skin
epithelia but also the eye, gill surface, gut and urogenital tract, has to deal
with water-borne opportunists of a diverse type. The body organs, on the
other hand, are largely protected from microbial attack by the external
barriers; so they face threats from potential pathogens, many of which
have developed strategies to avoid recognition and elimination by the
host’s adaptive immune system. It might be expected, therefore, that the
mucosal surfaces and internal tissues might express their own suites of
antimicrobial proteins.

Considering first the mucosal surfaces, it is striking that many appear
to belong to the category of AMPs that are, or are derived from, larger
proteins with other functions. They include histones, histone-like proteins
(Park et al., 1998; Robinette et al., 1998; Noga et al., 2001; Patrzykat et al.,
2001; Richards et al., 2001; Cho et al., 2002a; Fernandes et al., 2002, 2003,
2004b; Birkemo et al., 2003; Bergsson et al., 2005), ribosomally derived
proteins (Fernandes and Smith, 2002; Bergsson et al., 2005), high density
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lipoprotein plus its principal apolipoproteins (Concha et al., 2003, 2004),
and an L-amino acid oxidase (Kitani et al., 2007) (Table 8.1). These are
not ‘dedicated’ classical AMPs but proteins—or protein fragments—
present throughout the body that participate in a number of other
important cellular or physiological processes. Furthermore, these types of
proteins are not confined to teleosts but are present in nearly all
multicellular animals. In fish mucosa, they are conspicuous because of
their antimicrobial activities, although some are known contribute to
defence in other vertebrate taxa, notably amphibian skin (Park et al.,
1996) and mouse macrophages (Hiemstra et al., 1999). Histones
themselves have been known for over forty years to have antibacterial
properties in mammals (Hirsch, 1958). Since these types of molecules
must occur in their intact form in every cell, one might expect that they
also contribute to internal defence throughout the body. However, they do
not seem to feature significantly in reports for blood or tissue AMPs from
most multicellular organisms. Their dominance as antimicrobial effectors
in fish mucosa might be because the fish skin offers unique opportunities
for them to be exposed in an appropriate form to interact with and kill
microorganisms in vivo. As yet, we do not know the full details of the
underlying mechanisms, but in many ways fish skin, like that of
amphibians, represents a ‘special case’ because it is not keratinized. Thus,
the epithelial cells are very vulnerable to abrasion and physical damage.
Shearing forces could allow organelles and nucleosome proteins to be
released into the skin mucus, where they could be processed to a
microbicidal form, a scenario that has been very elegantly demonstrated
for parasin by Cho et al. (2002a). In this study, immunohistochemistry was
used to show that unacetylated histone H2A (the precursor of parasin),
together with procathepsin D is present in the cytoplasm of mucous gland
cells of catfish. Upon wounding, a metalloprotease (matrix
metalloproteinase 2) activates procathepsin D to cathepsin D (Cho et al.,
2002b) which, in turn, cleaves histone H2A (Cho et al., 2002a). This
enzymatic cascade reaction culminates in the production of parasin, which
is then secreted to the mucosal layer that coats the skin (Cho et al.,
2002a). However, it is unclear whether other histone- or ribosomally
derived proteins are generated in the skin in the same way.

Conspicuous as the above proteins are in fish skin, more conventional
AMPs are certainly also expressed in the mucosal surface. The best
understood to date are the pleuricidins and pardaxins (Thompson et al.,

C-08.pmd 12/1/2008, 4:14 PM257



258 Fish Defenses

3rd Proof_5-4-08

1986; Cole et al., 1997, 2000; Adermann et al., 1998; Douglas et al., 2003b;
Patrzykat et al., 2003) (Table 8.1). Pleuricidins are present in the mucin
granules of the skin and the intestinal goblet cells and sometimes also in
the gill filaments (Cole et al., 1997, 2000; Douglas et al., 2003b). Pardaxins
are present in exocrine secretions from the epithelial glands of sole
(Lazarovici et al., 1986; Thompson et al., 1986; Adermann et al., 1998).
Some piscidins also appear to occur in the skin epithelia of several fishes
from the suborder Percoidei, including bass and Atlantic croaker
(Micropogonias undulatus), although expression is not confined to the
epithelial cells (Lauth et al., 2002; Silphaduang et al., 2006).

Of the AMPs expressed within the internal tissues of fish, the best
studied are the hepcidin and the hepcidin-like proteins, including the
LEAP peptides. In all species found to synthesize these, the main site of
expression is the liver (Table 8.3). However, lower but significant
transcript levels have also been found in spleen, gill or intestine (Bao et al.,
2005, 2006; Chen et al., 2007), especially after immune stimulation, with
detectable levels found to be expressed in stomach, trunk kidney, gut,
blood, skin or gonad depending on species (Bao et al., 2005,
2006; Chen et al., 2007) (Table 8.3). Occasionally hepcidins or hepcidin-
like transcripts have been reported for muscle but this may depend on the
species and peptide type. Atlantic salmon, for example, appear to express
one type of hepcidin (sal-1) in muscle but not another (sal-2) (Douglas
et al., 2003a). In turbot (Scophthalmus maximus), no expression seems to
occur in muscle, although hepcidin genes are transcribed in a wide range
of other tissues (Chen et al., 2007). With respect to LEAP-2, both channel
(Ictalurus punctatus) and blue (I. furcatus) catfishes express it constitutively
in various tissues, including skin, intestine, head-kidney and muscle (Bao
et al., 2006), whereas in rainbow trout LEAP-2 is only expressed in the liver
(Zhang et al., 2004) (Table 8.3).

Cathelicidins, are another group of fish expressed by multiple tissues,
but are predominant in lymphoid tissues. In rainbow trout, CATH-1 is
only expressed upon bacterial challenge, whilst CATH-2 transcripts are
constitutively present in spleen, head-kidney, intestine, gills and skin
(Chang et al., 2006). Similarly, b-defensins in pufferfish and grouper are
expressed by several organs, usually the gill, gonad, gut, kidney, muscle,
skin and spleen (Zou et al., 2007), but it is not clear from the assays used
for these analyses how much the signal detected in non-lymphoid organs
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Table 8.3 Expression sites of the main AMPs in fish tissues.

AMP Type Primary site Secondary sites Species  References

Histones, histone-like and H2A Skin epithelium Channel catfish Robinette et al. (1998)
Histone-derived fragments Noga et al. (2001)

H2A (parasin 1) Skin epithelium Amur catfish Park et al. (1998)

H2A Skin epithelium Rainbow trout Fernandes et al. (2002)

HSD-F Skin mucus Blood Coho salmon Patrzykat et al. (2001)

HLP (HLP1, 2 & 3) Skin Channel catfish Robinette et al. (1998)

H2B Skin epithelium Gill, spleen Cod Bergsson et al. (2005)

H1 (oncorhyncin II) Skin Rainbow trout Noga et al. (2001)
Fernandes et al. (2004)

H1 Skin Blood Coho salmon Patrzykat et al. (2001)

H1 Liver Atlantic salmon Richards et al. (2001)

H1 Channel catfish Noga et al. (2001)

H6 (oncorhyncin III) Skin Rainbow trout Fernandes et al. (2003)

Hipposin Skin Atlantic halibut Birkemo et al. (2003, 2004)

Pardaxins P1, P2 Epithelial glands Peacock sole Thompson et al. (1986)

P3 Exocrine secretion Peacock sole Zagorski et al. (1991)
P4, P5 Skin Red Moses sole Lazarovici et al. (1986)

Nagarajai (1996)
Aldermann et al. (1998)

High-density lipoproteins HDL Skin Blood Carp Concha et al. (2002)

HDL-derived apolipoproteins ApoA-1, ApoA-2 Blood Carp Concha et al. (2004)

(Table 8.3 contd.)

C
-08.pm

d
12/1/2008, 4:14 P

M
259



260
Fish D

efenses

3rd Proof_5-4-08

Piscidins and pleuricidins Piscidin 1 Mast cells Skin, gill, spleen, White bass Silphaduang and Noga (2001)
head-kidney

Piscidin 2, 3 Mast cells Skin, gill, gut Striped bass Lauth et al. (2002)
Silphaduang and Noga (2001)

Dicentracin Leucocytes European sea bass Salerno et al. (2007)

Epinecidin-1 Leucocytes Spotted grouper Yin et al. (2006)

Pleuricidin Skin epithelium Gill Winter flounder Cole et al. (1997)
Patrzykat et al. (2002)
Douglas et al. (2003)

Chrysophsin Gill Red seabream Iijima et al. (2003)

Pleuricidin Skin and epithelia Winter flounder Cole et al. (1997)
Patrzykat et al. (2002)
Douglas et al. (2003)

Pleurocidin Skin and epithelia American plaice Douglas et al. (2003)

Pleurocidin Skin and epithelia American halibut Patrzykat et al. (2002)

Pleurocidin Skin and epithelia Mud dab Brocal et al. (2006)

Hepcidins, Hepcidin Liver Oesophagus, Winter flounder Douglas et al. (2003)
hepcidin-like proteins stomach

Sal-1 Liver Blood, muscle Atlantic salmon Martin et al. (2006)

Sal-2 Gill, skin Atlantic salmon Martin et al. (2006)

Hepcidin Liver Skin heart, Zebrafish Shike et al. (2004)
abdominal organs

Hepcidin Liver Several tissues Turbot Chen et al. (2007)
(not muscle)

Hepcidin Liver Other tissues Red seabream Chen et al. (2005)
and brain

(Table 8.3 contd.)

(Table 8.3 contd.)
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(Table 8.3 contd.)

Hepcidin Liver Blue catfish Hu et al. (2007)

JF-1, JF-2 Liver Other tissues Japanese flounder Hirono et al. (2005)
Matsuyama et al. (2006)

Hepcidin Liver Intestine, kidney, Tilapia Huang et al. (2007)
spleen

Hepcidin Liver Gills Striped bass Shike et al. (2002)
Lauth et al. (2005)

Hepcidin Liver Kidney, spleen Halibut Park et al. (2005)

Hepcidin Liver Japanese sea perch Ren et al. (2006)

Hepcidin Liver Various tissues European sea bass Rodriques et al. (2006)

LEAPs LEAP-2 Liver Other organs Channel catfish Bao et al. (2005)
(not brain)

LEAP-2 Liver Tissues (not brain Rainbow trout Zhang et al. (2004)
or stomach)

Defensins b-defensins Various tissues Zebrafish, Pufferfish Zou et al. (2007)

Cathelidins asCATH-1, Head kidney Atlantic salmon Chang et al. (2006)

as CATH-2 Head kidney Gill, spleen Atlantic salmon Chang et al. (2006)

rtCATH-2 Head kidney Gill, intestine, Rainbow trout Chang et al. (2005)
skin, spleen
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can be attributed to AMPs expressed in the blood perfusing them.
Pleurocidins and piscidins, in particular, show multi-tissue expression
(Douglas et al., 2003b; Silphaduang et al., 2006) (Table 8.3) but as these
proteins are abundant in the eosinophilic granular (or mast) cells
(Silphaduang and Noga, 2001), the signals could come, at least in part,
from the blood. With respect to blood-derived AMPs, piscidin-like
molecules such as epinecidin-1 from the grouper (E. coidoides) and
diacentrin from the European sea bass (D. labrax) have been reported for
monocytes and granular leucocytes in the head-kidney, peripheral blood
and peritoneal cavities (Yin et al., 2006; Salerno et al., 2007). However,
crysophysin, a piscidin-like peptide from the red sea bream (C. major), has
so far been isolated only from the gill epithelia (Iijima et al., 2003). As
regards the b-defensins, the zebrafish paralogues are differentially
expressed in separate tissues: zfDB1 is preferentially expressed in skin,
kidney, gill and muscle, whereas zfDB2 is only present in the gut and zfDB3
shows a ubiquitous pattern of expression (Zou et al., 2007).

Other blood-borne antibacterial proteins include a 13 kDa protein
isolated from the erythrocytes of O. mykiss (Fernandes and Smith, 2004)
and the apolipoproteins, apoA-1 and apoA-2, purified from the plasma of
carp, C. carpio (Concha et al., 2004) (Table 8.3).

Changes in Expression during Development

With regard to the presence of AMPs during embryogenesis and
maturation, it seems that some AMPs, mainly liver-expressed AMPs
(hepcidins and hepcidin-like LEAPs) are present very early on in ontogeny
of fish. Bao et al. (2005) have reported that catfish (I. punctatus) eggs
express transcripts for hepcidin as early as 8 h post-fertilization, i.e., pre-
organogenesis, and that expression continues and increases up to 17 days.
Interestingly, the lowest levels of hepcidin transcription seem to occur
immediately after hatching (Bao et al., 2005). Another hepcidin-type
AMP in eggs of catfish, LEAP-2, is not expressed until 3 days after
fertilization, although it is doubtful that a functional protein is present in
the eggs at this time as the transcript is spliced only on day 6 post hatching
(Bao et al., 2006). Thereafter, the mRNA for the mature protein is
continuously expressed for at least a further 17 days, the length of the
study period (Bao et al., 2006). In turbot, increasing levels of hepcidin have
been detected in embryos from 2 h post-fertilization until 95 h (the larval
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stage) and is most marked at 47 h when the tail buds form (Chen et al.,
2007). It should be noted that hepcidin and LEAP AMPs are not the only
microbicidal molecules associated with juvenile fish. A study by Douglas
et al. (2001) has found that pleurocidin transcripts are present in the
juveniles of the Winter flounder (P. americanus) but become detectable
only after at 13 days post-hatching.

It is interesting to note that peptides synthesized by the liver and other
tissues in adults are already present pre-organogenesis in newly fertilized
eggs. Certainly, eggs and embryos need protection from microbial
colonization from the moment of release from the mother, as the aquatic
environment is hostile and rich in microbes. One would, therefore, expect
that to favour egg survival, either the mother would transfer antimicrobial
proteins to them from her own body, or that the eggs would begin
synthesizing their own antimicrobial arsenal as soon as possible. While
IgM is known to be passively transferred to eggs by the mother (Mor and
Avtalion, 1989; Takemura and Takano, 1997), less is known about
maternal transfer of innate defence molecules, especially broad-spectrum
bactericidal proteins. There are several opportunities for the female to
endow her eggs with antibacterial molecules, either during development of
the eggs in her ovary or when they pass down the oviduct to the outside.
It is noteworthy that LEAP-2 is known to be expressed in ovary in catfish
(Bao et al., 2006), while hepcidin has been reported to be expressed in
turbot gonad, albeit at levels lower than the liver (Chen et al., 2007). It is
clear that lysozyme may be transferred from the mother to her ova, as a
study by Balfry and Iwama (2004) has shown that levels of lysozyme
activity in the maternal kidney of coho salmon (O. kisutch) correlate with
the levels of activity in her unfertilized eggs. Since the eggs then display
increasing levels of lysozyme activities as they develop through alevins to
first feeding fry, de novo synthesis of lysozyme must occur (Balfry and
Iwama, 2004). It is plausible that AMPs, which are generally smaller, and
therefore less ‘costly’ molecules to make than lysozyme, could also be
available to the developing eggs in the same way. Lysozyme, whether
maternally derived or synthesized by the eggs or hatchlings, is a powerful
weapon against many Gram-positive bacteria, but is far less active against
Gram-negatives or fungi. Working in synergy with AMPs, however, can
maximize its antibacterial potency. This is clearly an interesting and
important area for further investigation, but it would appear that the
choice of model species is crucial, as differences in the levels of lysozyme
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activities at each developmental stage vary between species or strains
(Balfry and Iwama, 2004). Thus, whilst AMPs are strong candidates for
developmentally early defence molecules in fish because they are small,
easily synthesized without mature organs or tissues and can diffuse rapidly
to the egg surface, in reality the dynamics of expression and synthesis of
bioactive proteins may be more complex.

Environmental Effects on AMP Expression and Activity

A smaller number of papers that examine the fish response to stress
include some measurement of changes in antimicrobial activities of tissues
or epidermal extracts, but very few have undertaken a thorough
investigation of the environment. Environmental conditions are likely to
have significant effects on fish, not only because factors such as
temperature profoundly affect metabolism and growth (Johnston, 2003),
embryonic development (Fernandes et al., 2006; 2007b), behaviour
(Wilson et al., 2007) and functioning of the adaptive immune system of
fish (Morvan et al., 1998), but also because these animals are in such
intimate contact with a medium that can vary dramatically in chemical
composition. Thus, water-borne contaminants can easily cross the skin
gills and other epithelial surfaces and disturb the homeostatic integrity,
leading to a state of immune suppression (Dunier and Siwicki, 1993; Bly
et al., 1997; Arkoosh et al., 1998).

Certainly, various physiological stresses such as handling are known to
affect innate immune reactivity in fish but increased mucus production of
the skin epithelium may give the appearance of enhanced antibacterial
defence. Evidence for this has been given by Demers and Bayne (1997) in
relation to lysozyme activity in rainbow trout, O. mykiss. More recent work
has shown that mucus lysozyme levels may decrease in O. mykiss exposed
to high levels of sewage although this is mainly in females and juveniles,
which generally have higher levels of lysozyme in the mucosa than males
(Hoeger et al., 2005).

Surprisingly, few studies have actually measured AMP expression
levels in fish exposed to pollutants, temperature change or other
environmental disturbances. One study of temperature effects by
Chinchar et al. (2004) found that the antiviral activity of four synthetic
striped bass piscidins remains unchanged over a wide of water
temperatures, being retained at 4°C as well as at 26°C. Fernandes et al.
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(2004a) have also reported that muramidases from skin secretions of
rainbow trout, O. mykiss, function at both 5°C and 20°C, but insufficient
studies have been made to draw general conclusions about effects of
temperature on the activity of fish AMPs. More importantly, we need to
know not only how AMP potency is affected but also how temperature
affects their expression at the gene level.

Apart from temperature, salinity is an important environmental factor
for fish, especially those migrating between fresh and seawater for
reproduction. Salt concentration is known to impair the activity of many
animal AMPs by interfering with the interaction between the positively
charged AMP molecules and the negatively charged bacterial surface.
There is a dearth of information about how immune gene expression
changes in fish during the transition from seawater to fresh, or vice versa,
but functional studies of AMP activities in vitro indicate that some are
sensitive to salt concentration but others are not. For example: in rainbow
trout, O. mykiss, histone H2A is active, at least against the Gram-positive
bacterium, Planococcus citreus, at NaCl concentrations ranging from
140 mM (freshwater levels) to 550 mM (seawater levels), but the MIC is
16-fold higher at 550 mM NaCl than at 140 mM, showing that some
impairment of activity occurs at the higher salt levels (Fernandes et al.,
2002). Likewise oncorhyncin III, an N terminal fragment of non-
chromosomal histone H6, shows weaker killing at seawater salt
concentrations than in freshwater; in this case, the MIC is circa 8-fold
higher at 550 mM NaCl than at 140 mM (Fernandes et al., 2003). High
salt has also been observed to completely inhibit the antibacterial activity
of a ribosomal protein, L35, isolated from skin mucus of Atlantic cod, G.
morhua (Bergsson et al., 2005) but pleurocidin from flounder remains
unaffected (Cole et al., 2000; Douglas et al., 2003b). As yet, we can only
speculate that tolerance to high and low salt might be associated with
migration between salt and freshwater as changes in AMP expression have
yet to be tracked over the life history of anadromous species.

The influence of other cations on AMP activity have seldom been
investigated, although Cole et al. (2000), have reported that 10 mM Mg2+

and Ca2+ impair antibacterial activity of pleurocidin from winter flounder.
In contrast, increased NaCl concentrations, up to 150 mM, had no such
effect (Cole et al., 2000). Possibly, the divalent cations stabilize the
bacterial cell membrane against depolarization, whereas Na+ destabilizes
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it. Ions, such as NH4
+ and Fe3+ may also affect antibacterial defence, but

in unexpected ways. Increased levels of ammonia can occur under intense
housing conditions, which are highly stressful for fish. Curiously, Robinette
and Noga (2001) have found that while histone-like protein-1 is
significantly depressed in epithelial skin scrapings taken from channel
catfish under overcrowded conditions, overall antibacterial vigour of the
skin secretions is actually elevated, indicating that other antimicrobial
proteins might be stimulated by such stress.

The effect of iron levels on hepcidin expression is particularly
interesting, as hepcidins appear to act as iron-regulating ‘hormones’
(Ganz, 2003b; Shi and Camus, 2006; Hu et al., 2007). Elevated levels of
iron in the diet have been found to increase transcript levels of hepcidin
in sea bass (D. labrax) by approximately 30% compared to fish maintained
on control or iron-deficient diets (Rodrigues et al., 2006). Similar
elevation in hepcidin expression under iron-overload conditions has also
been noted in zebrafish (Fraenkel et al., 2005), but in Japanese flounder,
hepcidin-1 expression tends to decrease while hepcidin-2 remains
unchanged (Hirono et al., 2005). Indeed, in catfish, hepatic transcript
levels of hepcidin correlate with serum iron concentrations and with the
degree of saturation of transferrin (Hu et al., 2007). In the natural
environment, free iron is rapidly removed from solution by photosynthetic
micro-algae; so it is unlikely than levels of iron would be a major soluble
toxic threat to marine fish.

CONCLUSIONS

From the above review it is clear that in the last 10 years, our knowledge
of teleost antimicrobial proteins has rapidly expanded, and nowadays an
increasing number of AMPs are being discovered at a very rapid rate.
Some, such as the hepcidins, cathelicidins and defensins, are well known
in higher vertebrates, so their presence in fish demonstrates that they have
been evolutionary conserved within the vertebrate line. However, the
Teleosteii taxon contains over 24,000 species, so only a very small, and
largely unrepresentative, number of fish species has been studied, most
having been selected as experimental models for their commercial value.
A great many more AMP types almost certainly exist. Until we have a
more complete picture of the AMPs expressed within the fish group as a
whole, it will be difficult to establish general trends and draw conclusions
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about AMP diversity and phylogeny in finfish. From the information
available so far, however, it appears that fish AMPs show the same basic
structural types as ‘classical’ AMPs (e.g., a-helices, and cys-rich proteins
with disulphide bonds and ) found in other groups.

Interestingly, whilst the application of molecular approaches, from
PCR to EST studies and whole genome sequencing, have greatly improved
our knowledge of fish AMP types, structure and expression, it has not
provided as much information about the in vivo role of these molecules.
Over expression and knockdown experiments using model fish species,
such as the tiger pufferfish, zebrafish and medaka, would certainly shed
light into this matter but to date, no such studies have been reported
despite their feasibility. In fact, transgenic medaka carrying insect and
porcine cecropin genes, previously integrated into their genomes, have
been produced and the expression of cecropin transgenes conferred on the
host was found to increase resistance to the fish pathogens Pseudomonas
fluorescens and Listonella anguillarum (Sarmasik et al., 2002). Apart from
this pioneering study, we know very little about the spectra of activity of
many fish AMPs and the extent to which the fish relies on them, as
opposed to other innate defence strategies, in protection against infection
is still largely conjectural. Certainly, there have been relatively few
expression studies and of those published so far, most have focused on
determining tissue sites of synthesis in adults. Additionally, we still need
more studies that track AMP expression during early development and in
response to experimental microbial challenge. Likewise, we are still largely
ignorant about how fish AMPs interact with other phases of the immune
system; how some exert their effects on their microbial targets; and how
known pathogens evade their inhibitory or killing effects. It is likely that
fish AMPs are not only powerful endogenous antibiotics with broad
spectrum activity but they may also display roles, such as wound healing
and regulation of inflammatory and immune responses. Important too is a
clarification of how environmental conditions impact on AMP expression
and activity. Such information could have great bearing not only for
aquaculture production of eggs and young fry but also for protection and
preservation of endangered wild stocks.

Finally, we have also yet to realise any potential benefits that fish AMP
discovery and characterization might offer to biotechnology and
biomedicine. Over the last decade, our knowledge about these molecules
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has massively improved but we are only just scratching the surface. There
could well be some big surprises in store and many new features to be
revealed about these remarkable, evolutionary ancient and potentially
useful molecules in fish.
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INTRODUCTION

All vertebrates have mechanisms to protect themselves from pathogens.
Likewise, all vertebrates possess a strategy to ensure individual
reproductive success. While different classes of vertebrates approach these
life-sustaining requirements differently, numerous commonalities exist.
All vertebrates investigated to date possess an immune system comprising
innate and adaptive branches. Immune responses are induced by
numerous stimuli and are finely coordinated by intercellular associations
of membrane complexes and signaling molecules. Due to cross talk
between physiological systems, the immune status and, consequently,
responsiveness to such stimuli are modulated by hormones, including
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those critical to the reproductive system. As a result, general
immunocompetence is influenced by the reproductive status. Fish are no
exception to this vertebrate scenario. Surprisingly, communication
between the immune system and reproductive endocrine system of this
class of organisms is poorly characterized.

Fish immunologists and physiologists have recognized and
experimentally addressed, to a limited extent, the communication
network between the immune and endocrine systems. Such work has
predominantly focused on neuropeptides (releasing hormones),
polypeptides (prolactin, growth hormone and insulin growth factor-1) and
the stress hormone cortisol (Maule and Schreck, 1991; Arnold and Rice,
1997; Narnaware et al., 1997; Weyts et al., 1999; Yada et al., 1999, 2004,
2005; Esteban et al., 2004). Cortisol, a steroid hormone, is perhaps the
best-studied hormone effector molecule of the immune system. The role
of cortisol as an immune modulator was first described in mammals, but
immunomodulatory actions of this hormone have also been observed in
fishes (Jaffe 1924; Selye, 1936a, b; Wendelaar Bonga, 1997). Similar to
mammals, stressed fish exhibit elevated plasma cortisol levels and altered
(generally suppressed) immune responses. The role of cortisol as an
immune regulator has been the primary focus of fish immuno-endocrine
research.

Steroid hormones, with the exception of cortisol, are generally not
included in discussions of immunity. The intent of this chapter is to
emphasize the importance of sex steroids (specifically estrogens) vis-a-vis
the regulation of immune function. This will entail a brief introduction to
steroids and fish immune function, an introduction to estrogen receptors,
a brief summary on the effects of estrogens on the mammalian immune
system and the current state of knowledge regarding estrogens and piscine
immune function. In addition, the subject of endocrine disruption will be
introduced and the potential of endocrine disruptors to affect normal
immune function in fish considered.

STEROID HORMONES AND FISH IMMUNE FUNCTION

Steroid hormones are lipid-soluble, low molecular weight molecules that
serve as cellular messengers in an intracrine, autocrine, paracrine or
endocrine fashion. Transit of this class of hormones in the blood is often
facilitated by non-covalent associations with binding proteins (i.e., sex
hormone-binding globulin, cortisol-binding protein and serum albumin)
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that serve as circulating chaperones. Steroids may also circulate as free,
unbound molecules. Given the lipophillic nature of steroids, they readily
diffuse from the blood through the cell membrane and into the cytoplasm
of both target and non-target cells. General cell signaling by this family of
hormones involves cytoplasmic or nuclear receptors that bind to hormone
response elements in the DNA and, subsequently, modulate
transcriptional activity. Accumulated evidence also purports rapid,
transcription-independent signaling initiated by steroid hormones
(Bartholome et al., 2004; Braun and Thomas, 2004; Mourot et al., 2006).
The potency of steroid hormones is similar to that of cytokines as they
elicit their actions in target tissues at nanomolar concentrations (Turnbull
and Rivier, 1999).

Steroid hormones are lumped into five major categories: progestens,
mineralocorticoids, glucocorticoids, androgens and estrogens. These
categories represent the receptor type targeted by these hormones. All
steroid hormones and the related vitamin D are derived from the substrate
cholesterol. Cholesterol is an endogenously synthesized 27-carbon
molecule that is an integral component of cell membranes, and a required
molecule for bile production and the metabolism of the fat soluble
vitamins (A, D, E and K). Conversion of cholesterol into the 18-, 19-, and
21-carbon steroid hormones is initiated by the rate-limiting, irreversible
cleavage of a 6-carbon residue from cholesterol and results in the
production of pregnenolone. Subsequent enzyme-directed modifications,
including aromatization, reduction or hydroxylation of the resulting
product substrates, occur in specific cell-types and tissues to synthesize the
intended hormone (Norman and Litwack, 1987). Steroid synthesis is
highly conserved in vertebrates. For instance, the steroids cortisol,
testosterone and estradiol synthesized in humans and mice are identical to
the molecules produced by fishes. This is in stark contrast to the seemingly
weak phylogenetic conservation of molecules such as cytokines and
chemokines. Fishes have evolved converting enzymes that lead to
hormones unique to this class of vertebrates (i.e., 11-ketotestosterone).
However, as stated above, most of the functional steroids found in
vertebrates are identical (Fig. 9.1).

Cortisol (or hydrocortisone) is perhaps the best-known and most
biologically active natural glucocorticoid and is also a critical mediator of
the hypothalmo-pituitary axis. While it is often colloquially referred to as
the stress hormone, cortisol is an indispensable master regulator of
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metabolic, immunologic, and homeostatic processes. Glucocorticoid
receptors (GR) are found in the cells of almost all vertebrate tissues
including leucocytes (Stolte et al., 2006). Elevated levels of plasma cortisol
resulting from stress are commonly associated with suppressed immune
function. On the other hand, physiological resting concentrations of
cortisol are required for downregulation of the normal immune response.
The intrinsic mechanisms of depressing immune function by cortisol are
‘fail safes’ that prevent hyperactive immune responses and excessive by-
stander cell damage. Thus, while chronically elevated cortisol may
negatively impact immune function, this hormone is essential for normal
immune responses.

Fig. 9.1 Diagram of common steroid synthesis pathways in teleosts fish. Key enzymes
for steroid biosynthesis include steroidogenic acute regulatory protein (StAR), 3b-
hydroxysteroid dehydrogenase (3bHSD), 20b-hydroxysteroid dehydrogenase (20bHSD),
17b-hydroxysteroid hydrogenase (17bHSD), 11b-hydroxysteroid hydrogenase (11bHSD),
11b-hydrolase, 17-hydrolase, 21-hydrolase, lyase and aromatase.
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Receptors for corticosteroids have been detected in carp and salmonid
leucocytes and circulating cortisol directly regulates GR expression
(Maule and Schreck, 1991; Weyts et al., 1998c; Stolte et al., 2006).
Elevated cortisol leads to distinct trafficking of GR-rich leucocyte subtypes
from the circulation into lymphoid organs. Effects of cortisol on leucocyte
viability are cell type-specific. For example, B-cells from carp are especially
sensitive to cortisol, whereas thrombocytes and cells in the T-cell fraction
are insensitive (Weyts et al., 1998a). Cortisol also appears to prevent
apoptosis in carp granulocytes (Weyts et al., 1998b). While cortisol is a
potent modulator of immune function, it has been reviewed in depth by
others and will not be discussed further in this chapter (Weyts et al., 1999;
Stolte et al., 2006).

Testosterone, the principle androgen in humans and mammals, is
synthesized by both males and females. In the male, testosterone is
synthesized in the leydig cells of the testes. In the female, testosterone is
synthesized in the theca cells of follicles present in the ovary and is a
required substrate for estradiol synthesis. This is true in mammals as well
as fishes. While testosterone is known to regulate the synthesis of
gonadotropins in the pituitary, the teleost specific 11-ketotestosterone is
generally associated with spermatogenesis, secondary sex characteristics
and male behavior (Kime, 1998). Binding affinity of the rainbow trout
androgen receptor (ARa) for these androgens, however, is similar (Takeo
and Yamashita, 2000).

Similar to cortisol, testosterone is immunosuppressive, although these
actions are mediated via different receptor signaling pathways. Early
evaluations of the modulatory effects of testosterone on the fish immune
system were conducted by Slater and Schreck (1993). They pioneered the
original characterization of androgen receptors in fish leucocytes utilizing
binding assays and later described the physiological effects of this hormone
related to receptor binding (Slater et al., 1993; Slater et al., 1995). Results
from in vitro experiments designed to assess the effect of testosterone on
the T-cell dependent antibody response utilizing trinitrophenyl
lipopolysaccharide (TNP-LPS) demonstrated a time-dependent reduction
in antibody producing cells due to cell death. Similarly Hou et al. (1999)
demonstrated that the in vivo administration of testosterone or 11-
ketotestosterone results in decreased plasma and mucous IgM in rainbow
trout. Testosterone also impacts physiological responses of immunocytes
involved in innate immune responses (Law et al., 2001; Watanuki et al.,
2002).
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Estrogens are the primary endogenous ligands of estrogen receptors.
They are also the primary female sex steroids and potent orchestrators of
cellular transcription during reproductive cycling. The granulosa cells of
the ovary are the primary sites of estradiol synthesis in the female. Here
testosterone, primarily produced in the theca cells, is converted into
estradiol by aromatase (also known as estrogen synthase). Males
synthesize physiologically relevant amounts of estrogen, but at
considerably lower concentrations than the females. Extragonadal
estrogen is produced in the brain, adipose tissue, bone and other
peripheral tissues in mammals (Simpson et al., 1999). Aromatase activity
has also been detected in human peripheral blood leucocytes and blood
cells of some fish (Zhang et al., 2004a; Vottero et al., 2006). We have also
recently identified aromatase B expression in primary channel catfish
leucocytes (Fig. 9.2). Tissue distribution of aromatase activity in fishes is
similar to that in humans, but it is unlikely expressed in bone tissue
(Piferrer and Blazquez, 2005). Estrogen synthesis in these extragonadal
tissues is likely to exert local intracrine actions rather than system-wide
endocrine actions (Simpson et al., 1999).

Here it must be made clear that estrogen is not a single, specific
hormone. Rather, estrogen refers to any of the three endogenous
estrogens: estrone (E1), estradiol (E2) and estriol (E3). While estradiol is
perhaps the most potent endogenous estrogen and is commonly the
hormone implied by ‘estrogen’ these hormones have different affinities for
estrogen receptor subtypes and therefore differential biological activities.
Considering the intent and focus of this chapter, general actions of
estrogens will not be included here. Rather, salient points germane to the
immune system will be discussed throughout the following text.

Fig. 9.2 ERa, ERb2 and aromatase B (AroB) expression in primary channel catfish
leucocytes. Samples are anterior kidney leucocytes (AKL) splenic leucocytes (SPL) and
peripheral blood leucocytes (PBL).
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ESTROGEN RECEPTORS

Estrogen receptors (ERs) made their evolutionary debut sometime during
molluscan evolution, and are present in all known vertebrates (Thornton,
2001, 2003; Kajiwara et al., 2006; Keay et al., 2006). They are soluble,
thermolabile, protease sensitive, modular, ligand-inducible transcription
factors that belong to the nuclear receptor superfamily (Rollerova and
Urbancikova, 2000). They are expressed in numerous tissue types and are
involved in a multitude of regulatory processes including cell proliferation,
differentiation, apoptosis and general cell signaling. While most often
associated with the regulation of the reproductive system, ERs are
functionally expressed and required for the normal function of the
skeletal, nervous, respiratory, renal, circulatory and immune systems.
Based on their almost ubiquitous tissue distribution, they clearly have an
indispensable role in normal vertebrate homeostatic and general
physiological processes. In the following section, we will highlight some of
the general, but salient features of ERs. For a rigorous review of ER
structure and function, please refer to Enmark and Gustaffson (1999) and
Ascenzi et al. (2006).

Structurally, ERs are organized in five to six distinct, functional
domains: a variable amino-terminus trans-activation domain (A/B), a
highly conserved DNA-binding domain (C), a hypervariable hinge region
(D), a well-conserved ligand-binding domain (E), and a variable
C-terminal region (F) (Tsai and O’Malley, 1994; Rollerova and
Urbancikova, 2000; Hewitt and Korach, 2002). The N-terminal A/B
domain contains the activation function-1 (AF-1) region located in the A/
B domain that is responsible for cell-specific ligand-independent
transcriptional activation (Metzger et al., 1995). The C domain is highly
conserved across species and is responsible for specific binding to the
estrogen response elements (EREs) of target genes that are characterized
by palindromic inverted repeats (i.e., 5¢-GGTCAnnnTGACC-3¢) (Klinge,
2001). It also plays a pivotal role in receptor dimerization. The hinge
domain (D) contains part of the nuclear localization signal, serves as a
flexible ‘bridge’ between the C and E domains, and contains sites for
acetylation and sumoylation post-translational modifications (McEwan,
2004; Sentis et al., 2005; Huang et al., 2006). The ligand-binding domain
is often considered to consist of both the E and F domains. This region is
required for homo- and hetero-dimerization, and contains the activation
function-2 (AF-2) region that participates in ligand-dependant trans-
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criptional activation. Additionally, part of the nuclear localization signal
is located in the E domain. In the absence of ligand, the E domain is
responsible for docking to heat shock proteins (Knoblauch and
Garabedian, 1999; Gee and Katzenellenbogen, 2001). The AF-1 and AF-
2 regions influence transcriptional activity as they serve as docking sites
for co-activator and co-repressor proteins. Throughout the multiple
domain structure are sites prone to post-translational modification
including acetylation, glycosylation, myristolation, nitrosolation,
palmitolation, phosphorylation, sumoylation and ubiquination that lead
to functional changes (Ascenzi et al. 2006). While the domain structure
illustrated here (Fig. 9.3) is the basic blueprint for all ERs, differences are
noted across species in regards to the modular domains containing AF-1
and AF-2 (Xia et al., 2000).

In mammals, two major ER subtypes, ERa (NR3A1) and ERb
(NR3A2), each encoded by a distinct gene have been described (Kuiper
et al., 1996; Mosselman et al., 1996). They have distinct, yet partially

Fig. 9.3 Box diagrams of the Danio rerio (Zebrafish) estrogen receptor subtypes. Domain
designations are primarily based on those described by Menuet et al. (2002) and protein
alignments with other described fish ERs. Identification of functional sites is inferred from
those described in human ERs or the results of Eukaryotic Linear Motif (ELM) pattern
searches (Klinge, 2000).
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overlapping, distributions in estrogen sensitive cell types and exhibit
differential ligand-binding affinities and trans-activation properties. These
differential expression profiles, ligand-binding properties and interactions
with cofactors, in part, explain the pleiotrophic actions orchestrated by
estrogens (Klinge, 2000; Moggs and Orphanides, 2001). Ligand-binding
studies have shown that ERa has greater binding affinity for estradiol than
ERb (Kd = 0.06 and 0.24 nM respectively), yet ERb tends to preferentially
bind estriol and numerous phytoestrogens (Kuiper et al., 1997; Escande
et al., 2006). Although ERs show similar DNA and ligand binding
properties in vitro, ERb is less potent than ERa at inducing transcription
from the ERE-dependent signaling pathway. This is likely due to
differences in the amino-terminus since ERb lacks significant
transcriptional capacity and capability of functional interaction with the
carboxyl-terminus (McInerney et al., 1998; Yi et al., 2002). It has also been
shown that the interaction of ERb with EREs are independent of estradiol
and are impaired by its amino-terminus (Huang et al., 2005). The
existence of functional splice variants resulting from alternative processing
and exon usage for both ERa and ERb should also be noted (Li et al., 2003;
Wang et al., 2006). These non-traditional ER transcripts have received less
attention than wild-type ERs, but are likely of great significance (Leung
et al., 2006).

Estrogen receptor function is best understood in mammals and has
been elucidated primarily with the use of mutational analysis and
knockout technology. Such work has been instrumental in determining
active sites required for transcriptional activation, DNA-binding, ligand-
binding, protein–protein interactions, and mechanisms of ligand-
dependant as also ligand-independent receptor functions. Additionally,
this research has led to insights regarding receptor trafficking and
signaling. Not surprisingly, it appears that the original classical model of
ER signaling is not the exclusive mechanism utilized by this receptor type.
According to this classical model unliganded, monomeric ERs shuttle
between the nucleus and cytoplasm. In the absence of the ligand, they
associate with heat-shock proteins and other chaperones to form stable,
protease-resistant complexes (Pratt and Toft, 1997; Knoblach and
Garabedian, 1999). Upon ligand binding, these receptors undergo
conformational changes leading to homo-or heterodimerization and the
receptor–ligand complex is then transported to the nucleus. There the
complex recruits nuclear cofactors and interacts with specific regulatory
regions, EREs, of target genes to modulate transcription (Kumar and
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Chambon, 1988; Beato and Sanchez-Pacheco, 1996; Torchia et al., 1998;
Hewitt and Korach, 2002). This mechanism of cell signaling, often termed
‘the genomic pathway’, is by far the best studied, accepted and
characterized mode of estrogen signaling via ERs. However, it is not the
exclusive signaling pathway exploited by these receptors.

Other models of ER function and signaling have since been developed
and experimentally tested to explain the rapid, ‘non-genomic’ actions of
estrogens. These models account for the approximately 33% of the genes
in humans regulated by estrogen receptors that do not contain ERE-like
sequences (O’Lone, 2004). Plasma membrane associated ERs that interact
with ER antibodies or estrogen conjugates have been identified (Benten
et al., 1998, 2001; Watson et al., 1999, 2002). Estrogen binding of these
membrane receptors generally leads to rapid, cytoplamic calcium
signaling. Complex localization and signaling processes at the plasma
membrane are ascribed to the ER associating directly or indirectly with
various scaffold proteins (caveolin), adapter proteins (shc and modulator
of non-genomic activity of ER [MNAR]), tyrosine kinases (EGF, IGF
receptors, and src), and G proteins (Filardo et al., 2000; Kahlert et al.,
2000; Migliaccio et al., 2002; Song et al. 2002, 2004; Wong et al., 2002;
Razandi et al., 2003; Boonyaratanakornkit and Edwards, 2004; Evinger
and Levin, 2005). Additionally, splice variants hERa46 and hERa36 have
been shown to associate with the plasma membrane. The former is found
throughout the cell but tends to associate with the plasma membrane in
a palmitoylation-dependent manner. Estrogen signaling via hERa46
rapidly induces nitric oxide release via a phosphatidylinositol 3-kinase/
Akt/endothelial nitric-oxide synthase pathway (Haynes et al., 2000; Li
et al., 2003). The latter is a dominant-negative effector of both estrogen-
dependent and estrogen-independent transactivation functions signaled
through ERa and ERb, and transduces membrane-initiated estrogen-
dependent activation of the mitogen-activated protein kinase/
extracellular signal-regulated kinase mitogenic signaling pathway (Wang
et al. 2006). Full-length, wild type ERa has also been shown to associate
with the plasma membrane as a dimer. This ER dimer activates ERK,
cAMP, and phosphatidylinositol 3-kinase signaling upon estrogen binding,
resulting from Gsa and Gqa activation (Razandi et al., 2004).

Thomas et al. (2005) described an orphan receptor, GPR30, that is
unrelated to nuclear estrogen receptors and has all the binding and
signaling characteristics of a membrane-bound estrogen receptor. This
discovery emphasizes the complexity of possible signaling by estradiol. It is
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likely that numerous cell types yet to be investigated may also transduce
estrogen-specific cellular signals via undescribed pathways instead of, or in
addition to classical ER pathways. The actions of estrogens are thus
determined by the structure of the ligand, the ER subtype involved, the
nature of the hormone-responsive gene promoter, and the character and
balance of coactivators and corepressors that modulate the cellular
response to the ER–ligand complex (Katzenellenbogen et al., 2000). For a
comprehensive review of alternative ER signaling, refer to Coleman and
Smith (2001), Levin (2001), Sanchez et al. (2004), Simoncini et al. (2004),
Björnström and Sjöberg (2005) and Acconcia and Kumar (2006).

Estrogen receptors have been described and functionally
characterized in a number of teleosts primarily as the result of
neuroendocrine and reproductive physiology research. Unlike humans
and mice, many teleosts are known to express three distinct ER subtypes
(Fig. 9.4). These subtypes are the products of different genes and are not
simply the result of alternative RNA splicing, although alternative
promoter usage and RNA processing of fish ERs clearly does occur (Pakdel
et al., 2000; Patino et al., 2000; Greytak and Callard, 2006). These
products are not true subtypes and their significance remains unknown.
While the initial characterization of the recognized subtypes led to the
assignments of ERs (a, b and g), a revamping of fish ER designations has
occurred in an effort to comply with Danio rerio nomenclature (Hawkins
et al., 2000; Menuet et al., 2002; Halm et al., 2004; Sabo-Attwood et al.,
2004; Filby and Tyler, 2005). Additionally, a second isoform of the ERa
subtype has recently been identified in rainbow trout (Nagler et al., 2007).
Again, this isoform is the product of a specific gene, ERa2, and not a
variant of ERa1. The presence of the second ERb isoform is purportedly
the result of a whole genome duplication event that occurred in
Actinopterygians (ray finned fishes) following the evolutionary divergence
of the Sarcopterygians (lobe-finned fishes) (Amores et al., 1994; Nagler et
al., 2007). The second ERa isoform may, in fact, be the result of a
salmonid-specific duplication of the ERa locus, as suggested by Nagler et
al. (2007), and has not been identified in others teleosts to date. The fish
ERs are now assigned ERa1 (NR3A1a), ERa2 (NR3A1b), ERb1
(NR3A2a) and ERb2 (NR3A2b). Thus, the ERb subtype now consists of
two isoforms ERba (formerly ERg) and ERbb (formerly ERb).

Fish ERs have a similar domain structure (Fig. 9.3) as observed in
mammals, have a high affinity for estrogens and structurally related
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Fig. 9.4 Phylogram of the most parsimonious tree from a maximum parsimony analysis
of fish, mammalian and avian estrogen receptor proteins. Maximum parsimony analysis
was performed using PAUP*4.0b1. Gaps were treated as missing data and analysis utilized
the Goloboff fit criterion (kappa = 2) using the heuristic search algorithm with 100 random
additions of sequences and tree bisection-reconnection (TBR) branch swapping. Bootstrap
values were calculated with 1000 replicates using the same heuristic search. Estrogen
related receptor-1 (ERR-1) was set as an outgroup.

compounds, and also function as ligand-inducible transcription factors. In
the A/B domain, there appears to be conservation of amino acids in the
AF-1 region and retention of phosphorylation sites required for this
activity. Additionally, amino acids of the E domain have been identified
and localized within regions required for dimerization, estrogen binding
and estrogen-dependent transactivation function (Xia et al., 1999).
Similar to mammalian ERs, the different subtypes also have differential
binding preference for ligand and expression patterns are tissue dependant

Zebrafish

Zebrafish

Zebrafish
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(Table 9.1). Not surprisingly, expression is also dependent on season, sex
and age (sexually mature or not) of the animal (Sabo-Attwood et al.,
2004). While it is unknown whether fish ERs exert their actions via ‘non-
genomic’ pathways as observed in mammals, given the similarities between
this well-conserved receptor system, it does seem likely. Also, the fact that
fish have a more expansive repertoire of ERs than other known vertebrates
lends the possibility of differences in ligand inducible signaling (and ligand
affinity). Not all four ERs have been identified in all of the fish examined.
This may reflect a lack of discovery, or that some species simply do not

Table 9.1 Relative binding affinity of human (h), Atlantic croaker (ac) and channel
catfish (ccf) ERs—data complied from (a) Kuiper et al. (1997), (b) Hawkins and Thomas
(2004), and (c) Gale et al. (2004). All experiments were performed separately with
different concentrations of competitors, and RBA values were determined based on the
IC50 values for each experiment. Direct comparisons between receptor sub-types or
species should not be made in this table. This table is a general illustration of the unique
differences in ligand binding to each ER sub-type. Binding is relative to E2 for each
receptor. Ligand binding does not reflect receptor activation. Dissociation constants (Kd)
must be considered to estimate the difference in affinity between receptors. The Kd values
for each receptor are as follows: hERa = 0.06 nM, acERa = 0.33-0.40 nM, ccfERa
= 0.47 nM, acERba = 1.16 nM, hERb = 0.24 nM, acERbb = 1.38 nM and ccfERbb =
0.21 nM. Lower Kd values indicate higher affinity.

Compound hERa a acERa b ccfERa c acERb1b hERb a acERb 2b ccfERb2c

Estradiol (E2) 100 100 100 100 100 100 100
Estrone (E1) 60 10 2.1 2.9 37 3.5 1.1
Estriol (E3) 14 3.9 1.5 9.8 21 1.7 3.0
Diethylstilbesterol 468 4898 96 295 315
Hexestrol 302 234
Dienestrol 223 404
17a-Estradiol 58 9.6 2.1 11 1.6
17a-Ethynylestradiol 409 108
Moxestrol 43 48 8.3 5 11
4-OH-Tamoxifen 178 262 65 339 144
Tamoxifen 7 25.4 1.0 6 4.8
ICI 164,384 85 141 20 166 49
ICI 182,780 706 36 324
Genestein 5 2.4 9 36 18
Coumestrol 94 185
B-Zearalanol 16 97 4.6 14 3.6
Bisphenol A 0.05 0.33
Nonylphenol 0.78 0.01
Octylphenol 0.16 0.01
RU486 1.2
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have multiple, functional ER genes. As mentioned previously, the
additional isoforms of the major ER subtypes are attributed to the genome
duplication event that occurred in the Actinopterygians or specifically in
the salmonid family (Nagler et al., 2007). Other undiscovered family
specific gene or genome duplications are also likely, given that fishes are
the most species-rich class of vertebrates on the planet.

EFFECTS OF ESTROGEN ON MAMMALIAN IMMUNE
FUNCTION

The notion that estrogens modulate immune function in humans has been
speculated upon for over half a century (Nicol et al., 1964; Kenny et al.,
1976). This is in part due to the fact that women have more vigorous
humoral responses than men (Butterworth, 1967; Eidinger and Garrett,
1972). Likewise, there is an indisputable sex bias regarding the sex-based
rates of autoimmune disease and responses to infection. Whether this is
simply due to the immunosuppressive actions of androgens in men has
been a point of intense debate, but numerous studies routinely determine
that estrogen is the common factor in many autoimmune diseases
(Holmdahl 1989; Carlsten et al., 1991; Jansson and Holmdahl, 1998;
Grimaldi et al., 2002; Liu et al., 2003).

Early research directed at identifying estrogen receptors in leucocytes
suggested that some lymphocytes have few to no estrogen receptors. This
research clearly identified estrogen binding in suppressor and cytotoxic T-
cells, but not in T-helper cells (Cohen et al., 1983; Stimson, 1988).
However, since the advent of the reverse-transcriptase polymerase chain
reaction (RT-PCR), ER transcripts have been identified in all of these T-
cell populations (Suenaga et al., 1998). This observation has led to
speculation that some cell types synthesized ER mRNA that is not
translated into functional protein. While this may be the case in some T-
cells, functional estrogen receptor protein has been identified in most
T-cells subtypes. Phiel et al. (2005) determined the relative expression of
ERs in peripheral blood leucocytes (PBLs). Two populations of T-cells were
examined and it was found that CD4+ T-cells express relatively high levels
of ERa mRNA compared to ERb, while CD8+ T-cells express low, but
comparable levels of both ERs. Similar work by Benten et al. (1998) using
splenic T-cells from female C57BL/10 mice identified plasma membrane-
associated estrogen receptors. While this work did not employ PCR or ER
antibodies, estradiol binding was identified on the surface of both
CD4+ and CD8+ T-cells using an estradiol-BSA-FITC conjugate.
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Sakazaki et al. (2002) have also demonstrated ERa in a fraction of CD3+

T-cells via flow cytometry.
Cells of the B-cell lineage have also been demonstrated to express

ERs. Suenaga et al. (1998) exploited the use of a B-cell line to demonstrate
ER expression. Igarashi et al. (2001) took an in vivo approach that yielded
very interesting data. They found that while B-cells expressed both ERs,
expression is age and cell-stage dependent. Precursor B-cells isolated from
the bone marrow of a congenic strain of mice do not express measurable
amounts of either receptor in 5-day-old mice, they express only ERa at
3 weeks and both ERa and ERb at 18 months. Neither ER could be
detected in the fetal liver B-cell precursors. Work by Grimaldi (2002)
demonstrates similar, but slightly different findings in regards to cell-stage
specific differential ER expression. Here, they detected ERb positive and
low numbers of ERa positive B-cells at the pro/pre stage and only ERb in
immature bone marrow B-cells. Both ERa and ERb positive cells were
identified in splenic transitional, mature and germinal center-associated
B-cells. Differences between these studies include the age (3-months old
in the latter) and strain of mice employed, and method of receptor
detection. Antibody detection via flow cytometry in addition to RT-PCR
was utilized by Grimaldi (2002), thus, giving a more robust snapshot. Both
studies show that expression of ERs is stage dependent in B-cells. Human
PBLs have also been shown to express both ERs but a much higher level
of ERb (Benten et al., 2002; Phiel et al., 2005).

Estrogen receptors have been demonstrated in myeloid leucocytes as
well. Early work in macrophages utilizing binding assays demonstrated the
existence of two different estrogen receptors based on binding affinity
(Gulshan et al., 1990). Interestingly, this same work failed to detect ERs
using monoclonal antibodies. This work suggested that estradiol binding
might be by non-classical ERs. Using the same binding assay approach,
estrogen receptors have been demonstrated in peripheral blood monocytes
(Weusten, 1986). Interestingly, Benten et al. (2001) demonstrated
sequesterable estrogen receptors in monocytes, which suggests the
occurrence of non-traditional ERs. Thus, there is strong evidence that
monocytes and macrophages possess proteins that bind estrogen and
specifically respond to ligand-receptor engagement that are different than
the ERs most commonly examined. However, authentic ERs are expressed
in monocytes and macrophages (Khan et al., 2005; Phiel et al., 2005).
Additionally, there is evidence that supports the assertion that ER subtype
expression is cell-stage dependent in this lineage of cells similar to that
reported in B-cells. In other words, monocytes tend to express ERb while
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macrophages express ERa (Mor, 2003). While this may not be the case for
all leucocytes, there is clearly a difference in the proportional expression
of ERs. Estrogen receptors have also been described in dendritic cells,
natural killer cells, platelets, neutrophils and eosinophils (Lee, 1982; Komi
and Lassila, 2000; Curran et al., 2001; Nealen et al., 2001; Molero et al.,
2002; Nalbandian and Kovats, 2005b; Nalbandian et al., 2005).

To summarize, leucocytes of numerous lineages express either ERa or
ERb, both or neither. Additionally, the relative proportion of these
receptors may differ in the instance where both are expressed. The factors
that dictate ER expression in these cells include age of the individual,
stage of leucocyte development, site of cell residence in the case of tissue-
associated leucocytes (microenvironment), and reproductive status of the
individual. The intracellular environments of these different cells are also
unique and likely to influence the transcriptional and non-transcriptional
roles of ER signaling. Recent work has also offered insight that may explain
early observations of estrogen binding in leucocytes with no detectable
receptors (by antibody methods or RT-PCR). In other words, it is now
known that peripheral blood mononuclear cells express wild-type full
length ERs as well as a number of exon-deleted transcripts of both
receptors. Western blotting with well-characterized monoclonal
antibodies further indicates that some of these exon-deleted transcripts
are translated into protein. Likewise neutrophils express transcripts and
detectable ER proteins, that are never full-length, classical ERs (Stygar et
al., 2006). Given that leucocytes express ERs, they are likely direct targets
of estrogens. Unraveling ligand-specific interactions will likely require
intricate experimental designs that complement the complex
transcriptional profiles of ER variant isoforms.

While ERs have clearly been demonstrated in leucocytes, the role of
these receptors in relation to mammalian disease resistance has yet to be
fully characterized. The influence of estrogens on the immune response
directly or indirectly through leucocyte ERs has been investigated utilizing
both in vivo and in vitro experimental systems. Despite valiant efforts to
elucidate mechanisms of these effects in vitro, more potent effects of
estrogen exposure are often observed using in vivo models. This
observation should emphasize the complexity of estrogen signaling, the
importance of the tissue microenvironment and suggests a critical role of
estrogen induced factors by supportive cells (Jansson and Holmdahl,
1998).
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Estrogen receptors are expressed in lymphoid and myeloid cells in
addition to stromal and other supportive cells of the immune system.
Functionally, they mediate physiological processes including immunocyte
growth, hematopoiesis, differentiation, lymphocyte activation, T-helper
cell (Th) polarization and cytokine production (Deshpande et al., 1997; Ito
et al., 2001; Carruba et al., 2003; Maret et al., 2003; Mor et al., 2003;
Lambert et al., 2004; Salem, 2004; Nalbanian and Kovats, 2005b).
Estrogens also affect both B and T-cell development as well as antigen-
presenting-cell differentiation and homeostasis. In general, B, T and
dendritic-cell development are suppressed with estrogen, but as noted
earlier, such effects are strongly concentration dependent. Estrogens also
affect chemotaxis, expression of adhesion molecules and chemokine
receptors, matrix metalloprotease 9, morphological activation of
macrophages, and synthesis of inducible nitric oxide synthase (iNOS) and
neuronal nitric oxide synthase (nNOS) (Ito et al., 1995; Molero et al.,
2002; You et al., 2002, 2003; Janis et al., 2004; Ghisletti et al., 2005; Mo
et al., 2005). A list of immune-associated molecules modulated by estrogen
is presented in Table 9.2. Supplemental literature regarding the effects of
estrogens on specific leucocyte populations is given in Table 9.3. Other
helpful reviews on this topic include Cutolo et al. (1995), Jansson and
Holmdahl (1998), Druckmann (2001), Lang (2004), Obendorf and
Patchev (2004) and Grimaldi et al. (2005).

As a rule of thumb, estrogens suppress cell-mediated, but augment
humoral-based immunity in mice and humans (Smithson et al., 1998;
McMurray, 2001). However, it is becoming increasingly evident that this
generalization is not dictated simply by the presence or absence of
estrogen, but rather its concentration. That is, it appears that lower
physiological concentrations of estrogen are stimulatory to the immune
system while pharmacological doses adversely modulate cell-mediated
immunity (Nalbandian and Kovats, 2005b). The relative physiological
concentration of estradiol can be a critical determinant of leucocyte
phenotype and, thus, the function.

Estrogen affects most leucocyte populations either directly via ERs, or
indirectly by exerting their actions on accessory cells of the immune
system. Direct impacts of estrogen on leucocytes or accessory cells can
translate to indirect effects on other immunocytes via the modulatory
actions orchestrated by cytokines and chemokines (Janis et al., 2004;
Sentman et al., 2004; Mo et al., 2005; Janele et al., 2006). By general
definition, cytokines are low molecular weight, polar proteins and
glycoproteins secreted by immunocytes, and numerous other cell types
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Table 9.2 Immune-associated molecules modulated by estradiol.
Sundstum et al. (1989) (a), Hamano et al. (1998) (b),
García-Durán et al. (1999) (c), Harris et al. (2000) (d),
McMurray et al. (2001) (e), Do et al. (2002) (f),
Matejuk et al. (2002) (g), Verdu et al. (2002) (h),
Kanda and Watanabe (2003) (i), Mor et al. (2003) (j),
Tomaszewskaa et al. (2003) (k), You et al. (2003) (l),
Chiang et al. (2004) (m), Gao et al. (2004) (n),
Miller et al. (2004) (o), Salem (2004) (p),
Sentman et al. (2004) (q), Vegeto et al. (2004) (r),
Zhang et al. (2004a) (s), Cutolo et al. (2005) (t),
Crane-Godreau et al. (2005) (u), Lambert et al. (2005) (v),
Mao et al. (2005) (w), Mo et al. (2005) (x),
Polanczyk et al. (2005) (y), Roberts et al. (2005) (z),
Sakazaki et al. (2005) (a1), Geraldes et al. (2006) (a2),
Pioli et al. (2006) (a3), and Shi et al. (2006) (a4),

Cytokines and Cytokines and Other immune-related
cytokine receptors cytokine receptors molecules

IL-1bd IL-8a4 B7-1, B7-2s

IL-2 IL-2Re CD40, CD40Ls,a2

IL-4b,v MCP-1g

IL-6d MIP-1ßg CTLA-4g

IL-7 MIP-2d VCAM-1o

IL-10p MIP3au ICAM-1o

IL-12p MIP3b P-selectino

IL-13h CINC-1, CINC-2b, CINC-3o VEGFg

IL-15z ECF
IL-18g CCR1, CCR2, CCR5g,x

CXC10, CXC11q

TNFap,t Metaloprotease 9r

IFNg t LT-bg B-Defensina3

TGFbn Complement C3a

APC and granulocyte Apoptosis/cell death
associated
MHC-IIw Fas/FasLj GATA-3v

iNOSk,l,a1 TRAILf FOXP3y

nNOSc bcl-2 RANTESg,i

shp-1
Myeloperoxidasem

Elastasem

Superoxidem
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Table 9.3 Supplemental citation list of literature pertaining to the effects of estrogens on specific leukocyte populations.

B-cells T-cells Professional APCs Granulocytes

Bynoe et al. (2000) Deply et al. (2005) Azenabor et al. (2004) Abrahams et al. (2003)
Grimaldi et al. (2002) Do et al. (2002) Azenabor and Chaudhry (2003) Bekesi et al.. (2000)
Grimaldi et al. (2006) Erlandsson et al. (2001) Bengtsson et al. (2004) Chiang et al. (2004)
Masuzawa et al. (1994) Herrera et al. (1992) Benten et al. (2001) Garcia-Duran et al. (1999)
Medina et al. (2000) Kawashima et al. (1992) Carruba et al. (2003) Hamano et al. (1998)
Medina et al. (1993) Lambert et al. (2005) Chao et al. (2000) Ito et al. (1995)
Paavonen et al. (1981) Maret et al. (2003) Chao et al. (1995) Miller et al. (2004)
Peeva et al. (2005) McMurray et al. (2001) Cutolo et al. (2005) Molero et al. (2002)
Smithson et al. (1998) Mendelsohn et al. (1977) Do et al. (2002) Perez et al. (1996)
Smithson et al. (1995) Neifeld and Tormey (1979) Komi and Lassila (2000) Ramos et al. (2000)
Sthoeger et al. (1988) Okuyama et al. (1992) Liu (2001) Stefano et al. (2000)
Thurmond et al. (2000) Polanczyk et al. (2005) Mao et al. (2005) Yu et al. (2006)

Polanczyk et al. (2004a) Matsuda et al. (1985)
Polanczyk et al. (2004b) Mor et al. (2003)
Prieto and Rosenstein (2006) Nalbandian and Kovats (2005a)
Rijhsinghani et al. (1996) Nalbandian and Kovats (2005b)
Salem (2004) Nalbandian et al. (2005)
Screpanti et al. (1991) Paharkova-Vatchkova et al. (2004)
Staples et al. (1999) Sakazaki et al. (2005)
Yellayi et al. (2000) Salem et al. (1999)
Yron et al. (1991) Stefano et al. (2003)
Zoller and Kersh (2006) Thongngarm et al. (2003)

Tomaszewska et al. (2003)
Yang et al. (2006)
You et al. (2003)
Zhang et al. (2004a)
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that do not have an obvious role in immune function. Cytokines are
critical effector molecules of both the innate and adaptive immune
responses, and required for the intricate coordination of the immune
system. Many of the cytokines and other immune related molecules
affected by estradiol are included in Table 9.2. To date, little work has been
done to identify EREs in all cytokine gene promoters, but EREs have been
identified for some (O’Lone, 2004). Thus, expression of some cytokines is
clearly directly influenced by estradiol. It has also been demonstrated that
estradiol exerts inhibitory actions on the nuclear factor kB (NF-kB)
signaling pathway via cytoplasmic ERs. The NF-kB family of transcription
factors regulates numerous genes (including cytokines) that are essential
for the development, maintenance and function of the innate and
adaptive branches of the immune system (Kalaitzidis and Gilmore, 2005).
Clearly, an inhibitory effect on this signaling pathway would have
profound consequences on the immune response. The proposed
mechanism of estrogen-mediated NF-kB inhibition is rapid and involves
the interaction of ERa with the p85 subunit of phosphatidylinositol 3-
kinase (PI3-kinase) in a ligand-dependent manner (Simoncini et al., 2000,
2003). In macrophages, this rapid and persistent activation of PI3-kinase
prevents the nuclear translocation of p65 and therefore prevents NF-kB
induced gene transcription. In macrophages, this inhibition occurs
without altering the Ikarose kinase k-B (Ik-B) degradation pathway
(Ghisletti et al., 2005). A similar estradiol-induced inhibitory effect of NF-
kB is associated with an increase in Ik-Ba protein levels in CD4+ T-cells
(McMurray et al., 2001). In contrast, both ERa and ERb have been shown
to represses the translational activity of NF-kB in the presence or absence
of ligand (Quaedackers et al., 2001). It should be made clear that the non-
classical effects of estradiol are likely to affect other signaling cascades. For
instance, repression of the IL-6 gene by 17b-estradiol is mediated through
the interaction of ERs with two transcription factors, NF-kB and C/EBPb
(Ray et al., 1994; Stein and Yang, 1995). ERs located in the cytoplasm have
been shown to efficiently induce transactivation of Stat-regulated
promoters via non-genomic signaling (Björnström and Sjöberg, 2002). In
any case, the modulatory actions of estrogens are diverse and exploit
myriad cell-signaling networks. As an aside, but a point of interest, while
the expression of cytokines IL-6 and TNFa is modulated by estradiol,
these cytokines regulate the synthesis of estradiol in peripheral tissues.
The activities of aromatase, and estradiol 17b-hydroxysteroid
dehydrogenase are both increased by IL-6 and TNF-a (Purohit et al.,
2002). Thus, there appears to be a feedback loop in place between these
cytokines and estradiol in peripheral tissues.
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EFFECTS OF ESTROGEN ON IMMUNE FUNCTION IN
FISH

To date, there is little published evidence conclusively demonstrating that
fish leucocytes express estrogen receptors. This lack of evidence, however,
is likely to reflect the lack of experiments intended to address the topic.
Estrogen receptors are expressed in immune tissues including the spleen,
anterior kidney and peripheral blood in some fish species (Xia et al., 2000;
Watanuki et al., 2002; Wang et al., 2005). These investigations, however,
primarily focused on the general characterization of these receptors, and
did not specifically isolate leucocytes. We have recently demonstrated the
expression of both ERa and ERb2 in these tissues using Histopague-1077
enriched fractions (Fig. 9.2). Interestingly, expression levels and patterns
were dependent on the source organ. Tissue-associated leucocytes
expressed both ER subtypes while only ERa was detected in PBLs. Earlier
research during the original characterization of channel catfish ER
reported a similar observation, that work demonstrated negligible or
undetectable levels or ERb expression in whole blood or anterior kidney
(Xia et al., 2000). Negligible levels of ERb in the anterior kidney reported
in that study may be a reflection of using whole tissue samples rather than
enriched leucocytes as used in our laboratory. The dominant ER subtype
expressed in mammalian PBLs is ERb (Phiel et al., 2005). Taken together,
fish leucocytes do express at least two of the known ER subtypes and this
expression is different than that observed in mammals. This is not entirely
surprising, however, given the fact that the repertoire of available ERs in
fish is different. Of importance is the fact that we have also recently
demonstrated that that the expression of ERs in PBLs exposed to
concanavalin A, lipopolysaccharide, or a mixed leucocyte culture in vitro
is abolished during the first few days of activation. Functionally, this
demonstrates the dynamic regulation of ERs that may render new
proliferating leucocytes insensitive to estrogens (unpublished data).

There is no published data available on cell lineage-specific ER
expression in fishes. Based on work in our laboratory utilizing long-term
leucocyte cell lines from channel catfish, it is clear that ERs are
differentially expressed in diverse leucocyte lineages (unpublished data).
We have found that ERa is expressed in cell lines representing monocytes/
macrophages, T-cells and B-cells (Fig. 9.5). These cell lines are also
positive for ERa via Western blotting. Expression of ERb2 occurs in
macrophage/ monocyte lines as well as a T-cell line. Expression of ERb2
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is low in the macrophage/moncocyte lines but is the dominant ER mRNA
transcript in the T-cell line (Fig. 9.5). No ERb2 has been detected in the
cytotoxic T-cell line (32.15) (Miller et al., 1998; Zhou et al., 2001).
General conclusions from this work indicate that all of these cells are likely
to be sensitive to estrogens, and given the differential expression patterns
of receptors, they would respond differently.

Fig. 9.5 Expression of ERa and ERb2 in channel catfish long-term leucocyte cell lines.
The Thy9.1 and 42TA cell lines are predominantly monocyte/macrophages, the 28S.3 cells
are T-helper-like and the 3B11 and 1G8 cell lines are B-cells.

Experiments designed to specifically investigate the effects of estradiol
on immune responses of fish are limited in number. Many of the speculated
effects of estradiol on fish immune function are based primarily on
observations of modulated immune function or humoral parameters
during seasons of increased circulating estradiol. Wang and Belosevic
(1994) conducted the earliest experiments designed to examine the effects
of estradiol on immune function . In vivo exposure of goldfish to estradiol
delivered via slow release implants led to an increased number of
Trypanosoma danilewski following a challenge to this hemoflagellate. They
also demonstrated that the in vitro proliferative response of goldfish
primary PBLs induced by phorbol myristate acetate (PMA) and the
calcium ionophore A23187 was suppressed following in vitro estradiol
exposure in a dose-dependent manner (Wang and Belosevic, 1995). These
authors also demonstrated that in vivo administration of estradiol led to a
depressed PMA and calcium ionophore mitogenic response in vitro (Wang
and Belosevic, 1995). Additional work by this group utilizing the goldfish
kidney macrophage cell line (GMCL) demonstrated suppressive effects of
in vitro administered estradiol on chemotaxis and phagocytosis, but not on
nitric oxide production or the generation of superoxide (Wang and
Belosevic, 1994). It should be noted that the concentrations of estradiol
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used in the cell line experiment (0.1–10 mM) reflect high- to super-
physiological levels. However, Yamaguchi et al. (2001) did obtain similar
results when using physiological concentrations of in vitro administered
estradiol (0.1, 1, 10, 100 or 1000 nM) and primary leucocytes from carp.
The effects of estradiol on common carp IgM secreting cells were
examined by Saha et al. (2004). Nanomolar concentrations of in vitro
administered estradiol do not appear to have an effect on IgM secretion
from the carp PBLs, splenic or anterior kidney leucocytes. Estradiol also
does not induce apoptosis in carp PBLs when administered in vitro (Saha
et al., 2002, 2004).

The reported effects of estrogen on fish immune function are
important to consider. Law et al. (2001) found that estradiol had no effect
on carp primary leucocyte phagocytosis. Watanuki et al. (2002) found that
in vivo exposure of carp to estradiol leads to suppression of phagocytosis as
well as super oxide and nitric oxide production in a dose-dependent
manner. Although the effect on phagocytosis was similar, these results
regarding the impact of estrogen on carp leucocyte super and nitric oxide
production contrast with those reported for carp by Wang and Belosevic
(1995) and Yamaguchi et al. (2001). The study by Watanuki et al. (2002)
differs from those of Wang and Belosevic (1995) and Yamaguchi et al.
(2001) in the sense that Watuanki et al. (2002) used in vivo as opposed to
in vitro estrogen exposures. Hou et al. (1999) found that the in vivo
administration of estradiol leads to decreased plasma and mucous IgM in
rainbow trout. These results differ from those obtained by Saha et al.
(2004) using in vitro exposure; however, different species of fish were
examined and the immunoglobulin production was measured differently.
Apparent contradictions arising from differences with in vitro or in vivo
estrogen exposure are also common in the mammalian literature. The
dichotomy of hormone-induced effects between in vitro and in vivo
experiments is not surprising. Clearly, estradiol exerts actions in both
experimental systems, but it is likely that the in vivo mechanisms are more
complex with likely input from other tissue types. Additionally, elevated
estradiol does not normally occur in the absence of testosterone.
Exceptions include laboratory injection (or aqueous exposure studies with
estradiol) and laboratory or environmental exposure to xenoestrogens.
The collaborative signaling of androgen and estrogen may also explain
some of these observed ambiguities. Season-dependent estradiol
concentrations and associated receptor expression may also contribute to
these differences. The potential impact of these seasonal differences,
although hypothetically significant, is poorly understood.
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ENDOCRINE DISRUPTION

During the mid to late 1990s, there has been increased awareness and
concern regarding endocrine disrupting chemicals (EDCs; Sumpter,
1998). As defined by the World Health Organization (2002) an EDC is ‘an
exogenous substance or mixture that alters function(s) of the endocrine
system and consequently produces adverse health effects in an intact
organism, or its progeny, or (sub)populations’. These chemicals are
virtually ubiquitous and have been identified in aquatic ecosystems across
the world (Kime, 1998; Vos et al., 2000; Noakson et al., 2001; Gong et al.,
2003; Goksoyr, 2006). Due to the fact that hormones normally exert their
physiological actions at nanomolar and even picomolar concentrations,
environmental concentrations of EDCs that were once below detection
limits are now known to inflict physiological insult. While most EDCs do
not exhibit the same binding affinities as native ligands to their cognate
receptor and higher concentrations are necessary for an observed
biological effect, physiologically relevant concentrations of EDCs are
found in many environmental aquatic systems (Petrovic et al., 2002;
Lintelmann et al., 2003). While EDCs by definition may affect any of the
hormone networks, discussion below will primarily focus on estrogenic
EDCs (EEDCs). These compounds have also been shown to modulate
immune responses (Ahmed, 2000; Ndebele et al., 2004; Inadera, 2006).

Sources of EEDCs vary, depending on geographical location, but
include both natural and anthropogenic origins. Natural sources include
natural estrogens excreted by humans and animals that are introduced to
aquatic systems via municipal wastewater systems and animal husbandry
runoff (Finlay-Moore et al., 2000; Herman and Mills, 2003; Hanselman et
al., 2004; Soto et al., 2004). Additionally, plants and cyanobacteria
produce phytoestrogens and mycoestrogens, respectively (Vlata et al.,
2006). Synthetic EEDCs include plasticizers, detergents, pharmaceuticals,
personal care products, herbicides, pesticides, many of the legacy
compounds (i.e., PCBs) and others. These compounds are introduced to
aquatic systems via industrial and sewage discharges, active application
and runoff, and atmospheric deposition. Unfortunately, many of the
anthropogenic EEDCs such as the active compounds in some
contraceptive pills are designed to be more physiologically active and
stable than endogenous, natural estrogens. Clearly, such pharmaceutical
compounds are likely to be more persistent in the environment while
exerting physiological effects at very low concentrations. Additionally, it
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must be noted that these EEDCs are very rarely present in singularity.
Rather complex mixtures of these chemicals are the realistic expectation.
The EEDCs in such mixtures affect physiological systems in aquatic biota
synergistically, or exert complex agonistic-antagonistic actions of
unknown outcome.

Based on the broad definition of EEDCs and a general understanding
of endocrine networks, the potential mechanisms and pathways available
for EEDCs to ‘short-circuit’ the normal endocrine regulation are myriad.
Perhaps the best-studied mechanism of endocrine disruption is hormone
mimicry. In this case, chemicals structurally similar to the endogenous
ligand bind as a functional agonist and activate receptors. Mimicry leads
to the inappropriate induction of estrogen responsive genes and synthesis
of proteins. During periods of high circulating estrogen concentrations,
exposure to an EEDC may be of little consequence. However, if exposure
occurs during a life-history stage or season when estrogen concentrations
are low or undetectable, such exposure may have biologically profound
consequences. Due to the conservation of endocrine systems across
species, these structurally diverse EEDCs similarly induce gene expression
mediated by ERs in various species (Matthews, 2002). However, mimicry
need not result in inappropriate gene activation to have a significant
impact. Endocrine disruption may also occur when a mimic binds a
hormone receptor without inducing activation. In this case, the mimic
serves as a functional antagonist and competes for receptor-binding sites
with endogenous ligand. Consequently, normal transcription induced by
the endogenous ligand is lessened or ablated by the competing disruptor
due to reduced receptor availability. Similarly, competition for binding on
circulating binding proteins may also occur. Additional mechanisms,
which are not necessarily mutually exclusive, include modifying normal
hormone metabolism (clearance), synthesis or receptor expression
(Thibaut and Porte, 2004). Data also suggest that EDCs can function as
hormone sensitizers by inhibiting histone deacetylase activity and
stimulating mitogen-activated protein kinase activity, or have genome-
wide effects by affecting DNA methylation thus altering gene expression
(Hong et al., 2006; Tabb and Blumberg, 2006). The result of the above
actions is a disturbance in normal hormone physiology and, at the very
least, exerts a physiological stress to maintain homeostasis.

Most EEDC associated reports primarily involve reproductive and
developmental effects. However, a number of immune-associated effects
have been documented. As an example, 4-nonylphenol (NP) is an
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estrogen mimic and is perhaps one of the best-known EEDCs. Recently NP
has been shown to inhibit LPS-induced NO and TNFa production, which
is attributed to an ER-dependent inhibition of NF-kB transactivation.
This response is not associated with ERE directed transcription (You et al.,
2002). Others have shown immunological effects induced by other
alkyphenols. For instance, p-n-nonylphenol suppresses Th1 development
and enhances Th2 development. Exposure to p-n-octylphenol elicits
similar effects, while NP and p-t-octylphenol have weaker effects.
Interestingly using the same in vitro systems (isolated CD4+CD8+
thymocytes differentiated into Th1 and Th2 populations or purified naive
CD4+ T-cells from DO11.10 T-cell receptor-transgenic and RAG-2-
deficient mice differentiated into Th1 and Th2 populations) exclusive
treatment with estradiol by itself fails to affect Th1/Th2 development
(Iwata et al., 2004). Another EEDC, bisphenol A (BPA) has been shown
to affect non-specific immunodefenses against non-pathogenic Escherichia
coli (Sugita-Konshi et al., 2003).

In the case of fish, NP and bisphenol A (BPA) affect the normal
function of carp anterior kidney phagocytes at nanomolar concentrations
in vitro. Specifically, BPA and NP exposure leads to an increased
production of superoxide anions and a decrease in phagocytic activity
(Gushiken, 2002). Pthalates have also been shown to negatively impact
phagocytic cells of common carp (Watanuki, 2003). Interestingly, and of
particular significance, early life-stage exposure to the EDCs o,p-DDE and
Aroclor 1254 are known to induce long-term immunomodulation in
salmonids (Milston et al., 2003; Iwanowicz et al., 2005). Thus, in addition
to transient effects on immune function, exposure to contaminants and
EEDCs during critical developmental windows may permanently affect
normal life-long immune responses.

Before concluding, the nature of EEDCs must be partially clarified. In
other words, while these chemicals exert their disruptive actions on
normal estrogen signaling, some are promiscuous and affect additional cell
signaling pathways. For instance, while NP is an ER agonist, it also
regulates some genes in an ER-independent manner (Larkin et al., 2002,
2003). It also has a weak affinity for the progesterone receptor, is a weak
androgen receptor agonist, and affects CYP3A and CYP1A1 by signaling
via the pregnane X and the arylhydrocarbon receptors (AhR) (Sohoni and
Sumpter, 1998; Laws et al., 2000; Meucci and Arukwe, 2006). Signaling
through the AhR is perhaps one of the most recognized means of
contaminant-induced immunotoxicity and, recently, it has been shown
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that some AhR agonists signal through the ER (Kerkvliet, 1995; Kerkvliet
et al., 2002; Abdelrahim et al., 2006; Matthews and Gustafsson, 2006).
Thus, traditional immunotoxicolgy may benefit from the newly recognized
interplay between the ERa and AhR signaling pathways (Matthews et al.,
2005).

CONCLUSION

Estrogen receptors are clearly involved in the regulation of immune
processes in mammals and fish. Research in this area is lagging in the
instance of fish. However, there has been a resurgence of interest due to
the issue of EEDCs’. It is now clear that fish leucocyte express estrogen
receptors, but their significance in regard to immune function and disease
resistance are relatively unknown. Seasonal regulation of estrogen
receptors in fish is also unexplored. Given the evolutionary conservation
of estrogens, their cognate receptors and cell signaling processes; it likely
that many parallels can be adopted from the mammalian literature. Such
work should provide a sound foundation upon which to build future
research in this developing, interdisciplinary field of immuno-
endocrinology.

At present, our knowledge of the specific effects and consequences of
EEDCs on immune function in fish is limited. The effects of these
contaminants on wild populations of fish are poorly studied, in part, due
to the difficulty in studying such populations. Unlike cultured fish and
laboratory populations of animals, numerous factors influence immune
responses in wild fish and it is not possible to identify true ‘control’
populations. Additionally, wild populations are rarely exposed to a single
contaminant. Thus, developing a better understanding of the effects of
mixtures of such compounds on wild fish is critical to predicting the
outcome of such exposure.

ACRONYMS

AF, activation function; AhR, arylhydrocarbon receptor; AKL, anterior
kidney leucocytes; AKT, protein kinase B; APC, antigen presenting cell;
AR, androgen receptor; AroB, aromatase B; BPA, bisphenol A, cAMP,
cyclic adenosine monophosphate; CD, cluster of differentiation; CINC,
cytokine-induced neutrophil chemoattractant; Con A, concanavalin A;
CTLA, cytotoxic T lymphocyte antigen; ECF, eosinophilic chemotactic
protein; EDC, endocrine disrupting chemical; EEDC, estrogenic
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endocrine disrupting chemical; ER, estrogen receptor; ERE, estrogen
response element; ERK, extracellular signal-regulated kinase; FasL, Fas
ligand; GATA, GATA binding protein; GMCL, goldfish macrophage cell
line; GPR, G-protein coupled receptor; GR, glucocorticoid receptor; HPA,
hypothalmo-pituitary-axis; ICAM, intracellular adhesion molecule; Ig,
immunoglobulin; IFN, interferon; IkB, Ikaros kB; IL, interleukin; iNOS,
inducible nitric oxide synthase; LPS, lipopolysaccharide; LT, lymphotoxin;
MCP, monocyte chemotactic protein; MHC, major histocompatibility
complex; MIP, macrophage inflammatory protein; NF-kB, nuclear factor-
kB, nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NP,
4-nonylphenol; PBL, peripheral blood leucocytes; PMA, phorbol 12-
myristate 13-acetate; PMNL, polymorphonuclear leucocytes; RANTES,
regulated on activation normal T-cell expressed and secreted; SPL, splenic
leucocytes; TGF, transforming growth factor; TNF, tumor necrosis factor;
TNP, trinitrophenyl; TRAIL, TNF-related apoptosis-inducing ligand;
VCAM, vascular endothelial growth factor.
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FISH AS AN ENVIRONMENT FOR
EUKARYOTIC PARASITES

Although the origin of the relationship between two organisms may be
shaded by the mists of time, the consequences of this relationship have a
direct impact, not only on the physiology of each partner, but also—when
one partner is of economical importance—the scientific effort placed into
understanding this relationship. This is perhaps most applicable when
considering the origins of the interactions between parasites and their
hosts. It would be somewhat remiss when considering the physiological
interactions between a host and its parasite fauna not to consider when
and how this relationship first originated. Such a consideration has direct
implications not only for the adaptations of the parasite to a parasitic mode
of life, but also how the host might adapt its behaviour or physiology, e.g.,
immune response, to evade or accommodate the symbiotic animal. It
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would be inappropriate to enter the debate to correctly define a parasite.
This has been extensively reviewed by several learned authorities (see
Brooks and McLennan, 1993, for review). In the context of this chapter,
the definition of the parasitic mode of life as described by MacInnis in
1976 will be adopted, viz., ‘one partner, the parasite, of a pair of interacting
species, is dependent upon a minimum of one gene or its products from the
other interacting species, defined as the host, for its survival’. Parasitism
has originated independently in several taxa. Indeed, in some taxa, it is
thought to have arisen on separate occasions and may be an important
component within that taxon. The evolution of prospective hosts has been
inevitably associated with the evolution of parasitism. Studies on fossil
records (see Conway Morris, 1981 for review) have revealed that the
origin and radiation of the metazoan phyla may have occurred in the
Vendian Period approximately 680 million years ago. The first jawless fish
originated within the Cambrian Period, 580 million years ago, and fossil
records suggest that potentially parasitic organisms of fish, e.g., pre-
acanthocephalans also occurred during this geological era. Cressey and
Patterson (1973) described some well-preserved parasitic copepods in the
gill chambers of Cretaceous fish from Brazil. The relationship between
parasites and their fish hosts is, in geological time, a long-standing
interaction. Observations on the interactions between fish and other
aquatic animals have also revealed a trend towards a parasitic way of life
in some groups. For example, Williams and Bunkley-Williams (1994)
noted that some larval and adult crabs can feed on the gill filaments of fish
caught in traps on the sea floor, and Brusca (1981) proposed that
cymothoid isopods, which are obligate fish parasites, probably originated
from facultative parasitic Cymothoidae.

Since the relationship between fish and their parasites has evolved
over several geological eras, it is perhaps not surprising to find that there
are few organs within the fish that are not considered suitable for residence
by a parasite. The external covering of fish is an ideal location for the
attachment and growth of organisms. Several small invertebrates can
attach to the surface of larger animals, a phenomenon termed phorsey,
which aids in the dispersal of the smaller organism. This may have been
a stage in the development of an ectoparasitic mode of life and certainly
the intimate contact between the fish and its water environment does
mean that the external surfaces provide an easily assessible location for
parasites. Although the surface of a fish can be colonized by numerous
commensals, these usually do little harm unless they are present in large
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numbers or if the fish is experiencing stressful conditions. The scales,
which cover the surface of the majority of fish, vary considerably, but all
of them form an effective physical barrier to the penetration of several
potential parasites. An epidermis that contains mucous glands overlies the
scales, which are located in the dermis. The mucus produced serves a
variety of functions, including protection against infection and an
osmoregulatory role. However, the presence of mucus, epidermal cells and
blood also provides a ready source of nutrients for parasites. Perhaps the
most vulnerable external feature of the fish for infection is the gills. Arising
from each gill arch are filaments from which protrude numerous lamellae.
Whilst these serve as the major site for gaseous exchange their structure,
which comprises a thin epithelial layer, supportive pillar cells, mucous cells
and a very efficient and extensive blood supply, means that they are also
an easy source of nutrients. In addition, although they are subjected to
extensive water currents, parasites can evade the worst of these by
attaching at specific locations within the various gill arches. The route of
infection of endoparasites is primarily either via penetration of the
external surfaces of the fish or through consumption. The latter has
resulted in the evolution of parasitic stages that can withstand the adverse
conditions that may be encountered in the alimentary tract of the fish
host. The adoption of a parasitic strategy has meant that intestinal
infections, e.g., cestodes, acanthocephalans utilize an intermediate host
which serves as prey for the fish.

IMMUNE RESPONSES TO SURFACE PARASITES

The ciliate, Ichthyophthirius multifiliis, is a common pathogenic parasite
that has been observed infesting freshwater fish inhabiting tropical,
subtropical and temperate regions of the world. This wide host and
geographical range has meant that extensive records exist, which indicate
that the parasite causes significant mortalities and leads to heavy
economic losses in aquaculture and the ornamental trade. Control of the
disease, termed ichthyophthiriasis (ich) or white spot, is financially
desirable, which has resulted in considerable efforts for finding control
strategies. Chemical treatments added to water, whilst giving some
control, have several drawbacks in that they may be stressful to fish, have
an ecological impact on the environment, can affect human health,
and are expensive. One of the main problems associated with the external
application of chemicals is that the I. multifiliis is, in fact, an internal
parasite. This has meant there has been considerable interest in the
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possibility of producing a vaccine against this parasite, and hence there
have been extensive studies on the host/pathogen interactions. The
parasite has a life cycle consisting of an infective theront that penetrates
the epidermis of the host fish by utilizing a range of enzymes, e.g.,
hyaluronidase, acid phosphatase and non-specific esterases (Kozel, 1980),
possibly released from the mucocysts. The mature trophont exits the host
and is released into the water where it transforms into a reproductive cyst,
the tomont. After repeated divisions, the infective theronts are released.
This direct life cycle means that infections can rapidly accumulate within
a fish population with individuals showing characteristic white spots that
can reach 1mm in diameter.

The ability of a fish to develop protection against white spot has been
known for a considerable time and was probably first noted by Buschkiel
in 1910. However, investigations to elucidate the possible mechanisms
involved in this protection were not extensively carried out until the
1970s. Protection attributed to acquired immunity was demonstrated in
several fish species for example carp (Hines and Spira, 1973a, b; Houghton
and Matthews, 1986), channel catfish (Dickerson et al., 1984), rainbow
trout (Wahli and Meier, 1985) and tilapia (Subasinghe and Sommerville,
1986). However, the protection invoked appears to be dependent on
several factors such as the antigen source. For example, Burkart et al.
(1990) using intra-peritoneal injections of live theronts and formalin-fixed
trophonts, successfully immunized channel catfish but could not repeat
the success utilizing a preparation of cilia, formalin fixed theronts, or
lysates of theronts. In contrast, earlier studies such as those carried out by
Goven et al. (1980), revealed that cilia fractions obtained from I. multifiliis
successfully immunized channel catfish when given intra-peritoneally.
Indeed, this has been achieved in a range of fish species using the related
ciliate, Tetrahymena thermophilia (Goven et al., 1981; Dickerson et al.,
1984; Houghton et al., 1992). Perhaps one of the most significant
contributions to the studies on the immunological interactions between
I. multifiliis and its host fish was made by Cross and Matthews in 1992 and
relates to how the parasite might respond to any immune response evoked.
These researchers noted that theronts entered the epidermis of immune
carp at levels comparable to naïve control fish. However, in contrast to the
latter, in immunized individuals, approximately 79% of the parasites had
exited the fish and entered the external environment usually within
2 hours of penetration. Houghton and Matthews subsequently revealed
in 1993 that parasites could survive for up to 4 days in the immune host.
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It is the mechanisms by which this immune protection is bought about and
its efficiency which has concentrated the minds of several fish
immunologists and parasitologists over the last two decades. For example,
several workers (Hines and Spira, 1974b; Subasinghe and Sommerville,
1986; Clark et al., 1988) have established that immobilization of theronts
occurs, indeed immobilization and agglutination form the basis of several
immunological assays for I. multifiliis (Wahli and Meier, 1985, Houghton
and Matthews, 1986), although their role in the immune protection
invoked in the epidermis has not been clearly established.

It is perhaps not surprising given the size, activity and location of the
theront within the dermis, a layer which contains an extensive capillary
network, that specific antibodies against I. multifiliis have been detected in
several fish species (Wahli et al., 1986; Cross and Matthews, 1993a,b).
Whilst monoclonal antibodies have been used by Lin and Dickerson
(1992) to confer passive immunity against I. multifiliis, Dickerson in later
studies (Clark et al., 1996) demonstrated that this immobilization
monoclonal was effective against theronts only in vitro; in the in vivo
situation the antibody caused rapid exit of the parasite from the fish, but
immobilization was not observed. Over recent years, there have been
several studies into the role of systemically and locally produced antibodies
in the immune protection against I. multifiliis. Several authors, e.g.,
Thorburn and Jansson (1988) and Margarinos et al. (1994), have noted
that serum antibody levels did not correlate with immune protection
evoked by immunization against a range of pathogens. In addition, studies
by Houghton and Matthews (1990) have revealed that immune carp,
which had been immunosuppressed by injection with corticosteroids, were
no longer protected against Ich, although their circulating antibody levels
still remained high. These observations, together with previous studies
(Lobb and Clem, 1981; Lobb, 1987; Rombout et al., 1993) that have
shown that cutaneous antibodies are involved in immune protection in
fish, have led to increased interest in the local immune response in the
skin of fish infected with I. multifiliis. Xu et al. (2002) have shown that
theronts were immobilized and agglutinated when exposed in vitro for
1-24 h to excised skin obtained from immune channel catfish, Ictalurus
punctatus. Immunofluorescence and Western blot analysis revealed that
the extracellular substance in the culture medium was a specific antibody
against Ich. Since the skin had been extensively washed, they proposed
that the antibody had been synthesized locally. Further studies by Xu and
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Klesius (2002) revealed that theronts exposed to culture medium obtained
from excised immune skin were smaller in size than those exposed to
culture medium obtained from naïve fish skin, and the infectivity of these
parasites was significantly reduced. Antibodies at high concentrations or
at lower dilutions over longer exposure times were considered to have
induced the effects on the parasite. In a further development, Xu and
Klesius (2003) suggested that when immune catfish cohabit with non-
immune fish, the former may protect the latter from infection with Ich.
Emzyme-linked immunosorbent assays revealed that anti-Ich antibodies
occurred in the water containing immune fish. A deeper relationship with
immunization and antibody levels has also been recently explored.
Dalgaard et al. (2002) noted that rainbow trout immunized with sonicated
trophonts by intra-peritoneal injection had lower infection levels than fish
immunized by immersion with sonicated trophonts or naïve controls.
However, there was no difference in serum antibody levels between the
treatments. In contrast, Xu et al. (2004) noted that in channel catfish
protection occurred in fish immunized with live theronts by immersion
and intra-peritoneal injection, and with sonicated trophonts by i.p.
injection. In addition, there was a positive correlation between cutaneous
anti-Ich antibodies and host survival in immunized fish.

The antigens associated with the presence of immobilization
antibodies, the so-called immobilization antigens (i-antigens), were
identified by Lin and Dickerson (1992) as 48 and 60 KDa proteins
structurally associated with the cilia membrane. The antigens belong to a
GPI-anchored surface glycoproteins (Dickerson et al., 1989; Clark et al.,
2001), which are analogous to i-antigens found in the free-living ciliates,
Tetrahymena and Paramecium. There has been much controversy as to
whether administration of ciliates such as Tetrahymena pyriformis provides
protection against Ich (for example, see Clark et al. 1988; Burkart et al.,
1990; Ling et al., 1993). However, it would appear that, whilst the antigens
analogous to Ich i antigens found in Tetrahymena and Paramecium can
undergo change due to the effects of temperature and osmolarity (Clark
and Forney, 2003), i antigens in Ich appear to be more stable and do
not undergo switching. In 1993, Dickerson and co-workers noted that
I. multifiliis occurred in different serotypes and that each serotype elicited
the production of a unique antibody that only immobilized the serotype
that generated it and not a heterologous serotype. This may have wide-
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ranging implications as recent investigations by Swennes et al. (2006) have
revealed that different serotypes may have different virulence in channel
catfish. In recent studies carried out by Xu et al. (2006), it was noted that
whilst antisera obtained from immunized channel catfish did not
immobilize heterologous theronts, the antisera did react with proteins
from sonicated heterologous theronts. The authors suggested that the
antiserum is reacting with non-immobilizing antigens. Indeed, Wang et al.
(2002) utilized two strains of I. multifiliis (NY1 and G5) and concluded
that active immunity in channel catfish in response to a natural infection
with Ich was not serotype-specific. The mechanism by which antibodies
induce death of the parasite has recently been elucidated by studies carried
out by Xu and co-workers. In 2005, Xu and co-workers noted that
cutaneous antibody in channel catfish may induce apoptosis in Ich
theronts, and in 2006 these authors also noted that the apoptosis is
positively correlated with the expression of Fas, a known receptor for the
induction of apoptosis, on the surface of Ich theronts.

This extensive work on the involvement of antibodies in the immune
protection of fish against Ich has somewhat distracted attention from the
possible role of other components of the immune response. Several
histological studies, e.g., Hines and Spira (1974a), Ventura and Paperna
(1985), Cross and Matthews (1993a,b) and Cross (1994) have noted that
in fish infected with I. multifiliis, there was an infiltration and migration of
leucocytes into the site of infection. Indeed, as previously stated, a possible
cellular involvement in immune protection is indicated, as immune
suppression using corticosteroids made immune carp susceptible to
infection, even though antibody levels remained high (Houghton and
Matthews, 1990). Graves et al. (1985) suggested that non-specific
cytotoxic cells were involved in the immunity of channel catfish to I.
multifiliis. Molecular studies carried out by Sigh and co-workers (2004a)
have shown that several pro-inflammatory cytokines, i.e., IL-1b, TNF-a,
IL-8, IL-1RII are expressed in skin, head kidney and spleen of rainbow
trout infected with I. multifiliis. Recent studies by Gonzalez et al. (2007a)
have also revealed a significant upregulation in infected skin of the genes
that encode for the chemokine CXCa, chemokine receptor CRXR1 and
the pro-inflammatory interleukins IL-1b and TNFa. Buchmann and co-
workers speculate that the presence of these cytokines could, in part,
explain the histological observations made by previous authors. For
example, IL-8, a CXC chemokine, is known to be a potent attractant of
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mammalian neutrophils, and Cross (1994) noted an influx of neutrophils
into the skin of Ich-infected fish. In addition, they proposed that the skin
was an important source for pro-inflammatory molecules. Further
molecular studies carried out by Sigh et al. (2004b) also revealed that there
was an induction of C3 transcription levels in the skin of rainbow trout,
which supported the authors’ previous observations (Buchmann et al.
1999) that complement was involved in the immune response against Ich.
This has been recently supported by molecular studies carried out by
Gonzalez et al. (2007b,c) which have revealed that a significant
upregulation of the gene encoding for the complement component factor
B/C2-A and serum amyloid A in Ich-infected skin. In addition, Buchmann
et al. (1999) also noted that MHC II and IgM expression increased in the
skin and head-kidney of the infected rainbow trout. The observation that
inducible nitric oxide expression was only increased briefly in the skin
during infection led Buchmann and co-workers to postulate that—as the
immune response against Ich appeared to be antibody based—it was
mediated through a TH2 route rather than a TH1 route, although the
authors acknowledge that as yet there is no clear evidence for the presence
of a TH1/TH2 dichotomy in fish.

The surface of fish can also serve as a suitable medium for metazoan
parasites several of which, e.g., monogeneans and crustaceans, have
become recognized as important pathogens in fish farming. Monogeneans,
which can be either oviparous or viviparous, have a single host—the
fish—within their direct life cycle and, as such, numbers can rapidly
increase within a fish population. The physical interaction between the
parasite and the host surface can be the focus of the immune response.
Monogeneans mechanically disrupt the epidermis of their host by the
insertion of hooks or hooklets located on an attachment organ, the
opisthaptor. In addition, the movement of the parasite utilizing an anterior
adhesive organ means that attachment points are the possible sites of
immunological reactions. The mechanism of feeding may also produce an
immunological response; for example, the monopisthocotyleans are
thought to browse on the epithelia of the fish and thus consume mucus
and epidermal cells, whilst the polyopisthocotyleans consume host blood
and are, therefore, exposed to the immunological factors, e.g.,
complement, antibodies contained therein. Indeed, Buchmann and
Bresciani (1998) suggested that site selection of gyrodactylids on
salmonids might be partly governed by the immune response of the skin.
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Several studies have revealed that infections of monogeneans may induce
immune protection in fish, for example, Molnar (1971) cyprinids against
dactylogyrids; Slotved and Buchmann (1993) pseudodactylogyrids on eels,
and gyrodactylids in a range of fish species (Scott and Robinson, 1984;
Richards and Chubb, 1996; Cable et al., 2000). Several studies have also
revealed that the immune response generated is sensitive to treatments
with immunosuppressants, e.g., gyrodactylids on salmonids. Recent studies
carried out by Harris et al. (2000) and Olfsdottir et al. (2003) have shown
that the administration of corticosteriods such as hydrocortisone and
dexamethasone can affect the host specificity of monogeneans. Whilst an
immunosuppressive route could mediate this effect, Olafsdottir et al.
(2003) also speculated that these steroids could increase the turnover of
fish epithelial cells which provide the gyrodactylid with an accessible food
source thus increasing the parasites’ productivity. This aside, several
studies have been carried out to elucidate the role of both humoral and
cellular components in the immune response of fish to monogenetic flukes.
Several investigations (Harris et al., 1998; Rubio-Godoy et al., 2004) have
revealed that complement may be involved in the killing of mongeneans,
e.g., Gyrodactylus salaris and Discocotyle sagittata. Furthermore, in vitro
investigations by Buchmann and Bresciani (1999) have shown that
complement-containing serum from rainbow trout produced damage to
the worm tegument. Such studies supported the observations made by
Buchmann in 1998, where factor C3 was bound to carbohydrate-rich
epitopes of Gyrodactylus derjavini. It is interesting to note that Buchmann
(2001) also observed that carbohydrate epitopes, possibly containing
mannose, galactose and lactose, in the glycocalyx of this parasite, reacted
with lectins in rainbow trout. These in vitro investigations, which indicate
the possible role of complement in the immune response to gyrodactylids,
were substantiated in vivo by Bakke et al. (2000), who noted an increase
in complement factors in Atlantic salmon infected with these parasites.
The possible role of specific humoral factors, i.e., antibodies, in the
immune response against monogeneans has generated much controversy.
Several investigations have found no association between infection and
the generation of antibodies. For example, Thoney and Burreson (1988)
did not observe any binding of immunoglobulin from Leiostomus xanthurus
to homogenates of Heteraxinoides xanthophilis, Bondad-Reantaso et al.
(1995) failed to detect an increase in antibody levels in flounder infected
with Neobenedenia girellae, and more recently, Buchmann (1998) could not
find specific antibodies in rainbow trout infected with G. derjavini. In
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contrast, Wang et al. (1997) noted that antibody from tiger puffer reacted
with Heterobothrium okamotoi. Recent studies have also confirmed an
association between infection with monogeneans and the production of an
antibody response in fish. Rubio-Godoy et al. (2003) noted that antibody
titres were significantly higher in rainbow trout infected with Discocotyle
sagittata rather than in naïve fish, although there was no correlation
between the intensity of infection and antibody titres. In addition, in an
interesting turn of events, Hatanaka et al. (2005) have utilized the
knowledge acquired regarding the ciliary antigens of I. multifiliis and have
revealed that a surface glycoprotein on Neobenedenia girellae acts as an
agglutination/immobilization antigen which is capable of inducing an
immune response in Paralichthys olivaceus. This 8 kDa glycoprotein was
thought to be an intergral component of the membrane fraction of the cilia
of the oncomiracidia.

Whilst there have been extensive studies on the humoral immune
response to mongenean infections in fish there have been, in comparison,
few detailed studies on the role of the cellular component. Several studies
have revealed that infection with monogeneans is associated with cellular
infiltration and hyperplasia at the infection site (see Buchmann and
Lindenstrom, 2002 for review), and that epidermal mucous cells may play
a role in the protective response, e.g., Wells and Cone (1990), Buchmann
and Bresciani (1998). Indeed, further detailed studies by Buchmann and
co-workers (Buchmann and Bresciani, 1999; Sigh and Buchmann, 2000)
revealed that putative mast cells and macrophages may be involved in the
immune response of fish to surface parasites such as gyrodactylids.

The recent application of molecular biological techniques has enabled
a more detailed understanding of the local immune response and the role
of various cytokines to be elucidated. Lindenstrom et al. (2003) noted that
in the skin of rainbow trout infected with G. derjavini, there was an
increase in the expression of IL-1b1 and IL-1b2 isoforms, and speculated
that the increase in expression of IL-1R1II during the course of the primary
infection may have been involved with the downregulation of IL-1. These
studies were continued and Lindenstrom et al. (2004) revealed that in the
same host-parasite system there was an increase expression of TNF-a1
and, to a lesser extent, TNF-a2, TGF-b, iNOS and COX-2, whilst there
were parasite related changes in the expression of IL-8 and the two cell
markers, TCRb and MHC IIb. The authors then extended the hypothesis
initially proposed by Buchmann (1999) that infections of gyrodactylids
lead to an increase in the local production of IL-1b that induces mucus
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secretion, activates macrophages and increases the expression of a number
of NF-kB-dependent genes. Activation and degranulation of mast cells,
perhaps associated with TNF-a, may further increase the inflammatory
process, leading to the generation of reactive oxygen and nitrogen species
and the secretion of complement. Indeed, Lindenstrom et al. (2006)
proposed that an increase in IL-1b expression might lead to an increase in
mucus production that would increase the susceptibility of a fish to
infection, as the mucus may improve parasite propagation. In addition,
Chaves et al. (2006) noted that in pompano (Trachinotus marginatus)
infected with Bicotylophora trachinoti that there was an increase in the
number of leucocytes and phagocytosis in splenic and pronephric cells,
although the latter was depressed later in the infection. The authors
suggested that this monogenean species induces a biphasic response with
an initial stimulation of the non-specific defence mechanisms followed by
a depression.

In contrast to the number of research studies on external protozoan
and small metazoan parasites of fish, few investigations have been carried
out on the immunological interactions between the large metazoans, e.g.,
crustaceans, leeches, lampreys that infest the surface of fish. Perhaps the
exception is the parasitic copepods that, due to their economic importance
in fish cultured in marine and brackish waters, have been the focus of
attention over several years. The most important group of parasitic
copepods are commonly referred to as sea lice, and includes two major
genera, Lepeophtheirus and Caligus. Of all the sea lice species,
Lepeophtheirus salmonis, the salmon louse, has been studied in most detail,
although several members of the Caligus i.e., Caligus elongate, C.
epidemicus, C. orientalis, C. punctatus and C. rogercressey, because of their
disease potential in aquaculture, have also been investigated. Sea lice, like
the monogeneans, have a direct life cycle, which means that under
favourable conditions, numbers occurring on a fish can increase rapidly.
Like their free-living relatives, sea lice have a typical complex copepod life
cycle. This comprises two free-living planktonic naupliar stages and a free-
living infectious copepodid stage. Parasitic stages, which can be found
attached to the fish, include four to six chalimus stages and one or two pre-
adult stages prior to the adult stage.

The parasitic stages of sea lice feed on a range of host nutrient sources
including mucus, skin and blood. These feeding activities, together with
those associated with attachment, can cause the development of lesions
which, in heavy infections, cause disease, and on some occasions fish
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death. The form and intensity of the pathological responses induced
varies, depending upon the parasitic stage and species, and also the host
species infected. These responses have been extensively reviewed by
Johnson and Fast (2004). Mild inflammatory responses have been noted
in Atlantic salmon infested with L. salmonis. In such instances, small
haemorrhages and epidermal hyperplasia occur; however, where the
epidermis is breached and the underlying dermis is exposed, inflammatory
infiltrates consisting of neutrophils and lymphocytes have been observed.
In contrast, infections on coho salmon can induce acute inflammation
comprising intense epidermal hyperplasia and infiltration of neutrophils,
macrophages and lymphocytes. Indeed, in some instances, partial or
complete encapsulation of the copepod can also occur. It would appear
that these intense pathological responses induced by sea lice may be
limited to a number of host species such as coho salmon or restricted to
some host/sea lice associations, e.g., Lepeophtheirus pectoralis on flounder,
Platichthys flesus. Mild inflammatory responses to the attachment of sea
lice have also been noted in Caligus sp. infections. The lack of an intense
host response may indicate that the sea lice suppress the immune response
of the host. However, even low numbers of the pre-adult stage of L.
salmonis can induce subtle changes in the host, for example, increased
necrosis and/or apoptosis in epithelial and chloride cells, and loss of
epithelial cells (Nolan et al., 1999).

In contrast to the wealth of information on the immune response of
fish to I. multifiliis, studies on the immune response generated by the
naturally or experimentally acquired infections of crustacean parasites are
limited. Johnson and Fast (2004) have suggested that investigations have
been restricted by the absence of infection protocols that mimic
acquisition of infections in the wild. In addition, studies have been
focussed on the drive to produce an effective vaccine; hence, antigens are
usually applied in association with vaccine trials. This aside, several
studies have investigated the importance of acquired immunity against
crustacean infections and the possible role of antibodies within the
immune response. Investigations have revealed that parasitic crustaceans
may induce an acquired immune response. For example, Johnson (1993)
suggested that the increase in the production of eggs of L. salmonis in
mature coho salmon was possibly related to a reduction in immune
function, and Woo and Shariff (1990) also noted that the reproductive
output of Lernaea cyprinacea on the kissing gourami, Helostoma temmincki,
was reduced on the infected fish. In contrast, other studies have revealed
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that acquired immunity is not evoked in other crustacean/host systems, for
example, Lernaea minuta infections on Javanese carp, Puntius gonionotus.
The role of antibodies in the immune response of fish to crustacean
infections is also controversial. Whilst Thoney and Burreson (1988) failed
to detect antibodies in the spot chocker, Leiostomus xanthurus, infected
with the tissue-dwelling copepod, Lernaeenicus radiatus, Grayson et al.
(1991) did observe specific antibodies in Atlantic salmon naturally
infected with L. salmonis. Interestingly, specific antibodies were not
detected in naturally infected rainbow trout. It is not known whether
antibodies are protective. In contrast, several studies have demonstrated
a humoral antibody response in fish immunized with extracts of crustacean
parasites, for example rainbow trout immunized with extracts of Argulus
foliaceus by Ruane et al. (1995) and Atlantic salmon exposed to extracts of
C. elongates and L. salmonis by Reilly and Mulcahy (1993).

The inflammation associated with crustacean infections on fish has
recently been studied utilizing molecular biological techniques. Fast et al.
(2006) noted an increase expression of several immune-related genes i.e.
IL-1b, TNFa-like cytokine, MH II, TGFb-like in the head-kidney of
Atlantic salmon infected with L. salmonis and Walker et al. (2004)
reported work carried out by Haond and Wiegertjes that revealed that
there was an increased expression of the cytokines, IL-1 and TNFa, in the
skin of carp infected with Argulus japonicus. Walker et al. (2004) also
suggested that these pro-inflammatory cytokines were associated with the
leucocyte response to crustacean infections, indeed Haond and Wiegertjes
also noted an increase in granulocytes and monocytes in the blood of
infected fish. However, the role of the leucocyte component of the
immune response against parasitic crustaceans has to be questioned.
Mustafa et al. (2000) noted that there was no increase in the respiratory
burst and phagocytic activity of macrophages isolated from the head-
kidney of Atlantic salmon infected with L. salmonis.

IMMUNE RESPONSES TO INTERNAL PARASITES

Once a parasite has entered the fish’s body, it is open to the full force of
the immune response of the host plus the challenge of adapting to a greater
range of physiological parameters.

Migration to the final organ of infection is mediated through a variety
of routes, for example, the blood system. This might be considered as a
particularly immunologically hostile environment and yet there are several
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protozoan and metazoan parasites that reside permanently within the
blood. Kinetoplastid flagellates are extracellular parasites that live in the
vascular system of a wide variety of fishes. In European cyprinids, two
species predominate, Trypanosoma carassii (syn. T. danilewskyi) and
Trypanoplasma borreli, which are transmitted by leeches. An initial rise in
parasitaemia followed by a decline in parasite numbers would indicate the
presence of a partially successful immune response. Several studies have
revealed that prominent pathological effects associated with Typanoplasma
infections include occlusion of capillaries, local haemorrhages and
infiltration of inflammatory cells to sites of infection. Investigations
carried out by Bunnajirakul et al. (2000) have revealed that blood vessels
associated with the kidney, liver, heart and intestine are the prime sites for
infection and cellular infiltration. Similar reactions have also been noted
by Dykova and Lom (1979) and Lom et al. (1986) in goldfish infected with
T. borreli, and salmonids infected with Cryptobia salmositica (Woo and
Poynton, 1995). The effects of T. borreli are, however, not limited to the
vascular system, as ultrastructural studies by Rudat et al. (2000) have
revealed that subcellular changes occur within the renal tubule epithelial
cells. Parasitaemia patterns associated with kinetoplastid infections in fish,
together with observations that fish control acute infection of T. carassii
and T. borreli and may be resistant to infections of these parasites obtained
from chronic infections (e.g., Overath et al., 1999), have led several
authorities to suggest that parasite-specific antibodies may be important in
controlling infections. Indeed, these antibodies have been detected by, for
example, Lom and Dykova (1992), Jones et al. (1993), Wiegertjes et al.
(1995, 1996) and Chin et al. (2004) in infected fish and are capable of
transferring resistance to naïve cyprinids (Woo, 1981; Wiegertjes et al.,
1995; Overath et al., 1999). Recent studies carried out by Bienek et al.
(2002) have demonstrated that immunization of goldfish with excretory/
secretory (ES) products of T. danilewskyi increased resistance to challenge
infections, particularly when administered in conjunction with Freund’s
complete adjuvant. Further studies by Bienek et al. (2006) identified that
a- and b-tubulin were major components of the ES products that induced
the protective immune response in goldfish. Tubulin molecules are
cytoskeletal proteins, which polymerise to form microtubules, and it is
possible that antibodies in the infected fish inhibit new microtubule
formation and destabilize their structure thus affecting parasite structure,
motility and division. Indeed, exposure of T. danilewskyi in vitro to anti-
recombinant a-tubulin IgG generated in rabbits caused a dramatic decline
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in parasite numbers. The relationship between kinetoplastid infections
and the antibody response may not however be simplistic, as Wiegertjes
et al. (1995) proposed that the genetic status of the carp host affects the
response induced. Some strains of carp were found to be highly susceptible
to infection with T. borreli that resulted in 100% mortality. Parasite-
specific antibodies were not detected in these carp. The reason for this
lack of antibody response is unclear. Wiegertjes et al. (1995) suggested that
a general B-cell anergy occurred in these fish. In recent investigations
carried out by Scharsack et al. (2004), however, it was noted that
peripheral blood leucocytes from both susceptible and resistant carp
responded to mitogenic stimuli, although the lymphoid cells from these
two groups of fish differed in the spectrum of immunomodulatory
mediators produced. These authors suggested the differences in
susceptibility of carp to T. borreli might be based on a strong polyclonal
lymphocyte activation, which is not downregulated by inhibitory signals.
Where antibodies are produced, they may activate the complement
system, as has been observed in another haemoflagellate, Cryptobia
salmositica, in Oncorhynchus mykiss and Salvelinus fontinalis (Li and Woo,
1995; Ardelli and Woo, 1997; Feng and Woo, 1997). These latter authors
showed that parasites were also lysed by activation of complement via the
alternative pathway, which has been noted to occur against T. danilewskyi
by Plouffe and Belosevic (2004). Studies carried out by Saeij et al. (2003a,
b) have recently confirmed that T. borreli is lysed by antibody mediated
complement activity. These workers showed that a heat-liable fraction of
T. borreli and CpG motifs in the parasite DNA induced nitric oxide
production and increased expression of TNFa, IL-1b, C3, serum amyloid
A and a2-macroglobulin. They concluded that T. borreli is highly
immunogenic without being very antigenic. Scharsack and co-workers
have attempted to characterize the role of nitric oxide in the immune
response of carp to T. borreli. In vitro and in vivo studies (Scharsack et al.,
2003a) revealed that whilst the parasite was capable of inducing high
levels of nitric oxide this was not apparently harmful to the parasite.
Indeed, in further investigations by Scharsack et al. (2003b), it was shown
that nitric oxide and reactive oxygen species production occurred in
parasite stimulated head-kidney leucocytes. T. borreli was, however, not
sensitive to activated neutrophils. It was suggested that the parasite might
interfere with the immunoregulatory signals produced by this leucocyte
type. The role of macrophages in the immune response to haemoflagellates
in fish is also problematic. For whilst Sypek and Burreson (1983) and Li
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and Woo (1995) noted that fish macrophages were associated with
phagocytosis of blood flagellates, studies by Scharsack et al. (2003b) using
flow cytometry found no evidence of phagocytosis of T. borreli, which was
further substantiated by Saeij et al. (2003a), who could not detect
phagocytosis of the parasite in the spleen, liver and pronephros of heavily
infected carp. In addition, the application of a macrophage depletion
model confirmed that peritoneal macrophages had a minor effect on the
resistance of carp to haemoflagellates. In an interesting development on
the interaction between blood flagellates and carp macrophages,
Wiegertjes and co-workers (Joerink et al., 2004; Wiegertjes and Joerink,
2004; Wiegertjes et al., 2005) proposed that T. borreli may be a useful
parasite model to elucidate the functional activities of Th1 and Th2 cells
in fish whose responses may be mediated through different cytokine
spectrum and the associated inducible nitric oxide synthase and arginase
macrophage activity, respectively.

In addition to protozoan infections of the fish’s vascular system, this
organ also plays host to a limited number of metazoan parasites. However,
in contrast to mammalian hosts where these parasites have been
extensively studied due to their pathological effects on humans, for
example in the case of schistosomiasis, very little is known about their
‘fishy’ equivalents, i.e., the Sanguinicolidae. This family of parasitic blood
flukes comprises at least 60 species that inhabit the blood system of a range
of freshwater and marine fish. The most economically important genus is
the Sanguinicola, of which S. inermis—which infects carp—has been the
subject of extensive research. This parasite species has a typical digenean
life cycle comprising a snail intermediate host and a fish definitive host,
which is infected by penetration of the cercarial stage. The adult flukes
usually reside in the heart, bulbus arteriosus, ventral aorta and branchial
vessels, while shed eggs can be entrapped in several organs, particularly
the liver, kidney and gills. Miracidia are released into the water body from
eggs. It is, therefore, perhaps not surprising that extensive pathology has
been associated with entrapped eggs, escaping miracidia and pentrating
cercarial stages (Kirk and Lewis, 1994; Richards et al., 1994a). Infection
has also been associated with an alteration in the cellular composition of
the immune organs, i.e., spleen and pronephros of carp (Richards et al.,
1994b), although these effects may also be affected by the water quality
(Schuwerack et al., 2001, 2003; Hoole et al, 2003). Indeed, the level and
nature of the immune response generated is determined by a range of
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parameters including duration of infection (Richards et al., 1994a,b) and
temperature (Richards et al., 1996a). In vitro studies by Richards et al.
(1996a, b) have shown that cercarial and adult stages of S. inermis induce
polarization of carp leucocytes and proliferation of lymphocytes. Recent
studies carried out by Roberts et al. (2005) have also indicated that the
immune response generated may be dependent on the parasite stage and
route of exposure. Cercariae increased complement activity in
experimentally infected and injected carp, although serum antibody levels
were increased only in the injected fish. Exposure to infection did not
appear to stimulate antibody production which may be associated with the
apparent increase in apoptotic levels in pronephric cells in infected fish
(Hoole et al., 2003). The role of serum components within the immune
response, at least to some stages of the S. inermis, was also questioned by
Richards et al. (1996c). In vitro studies revealed that the presence of carp
serum did not increase the number of pronephric leucocytes and the
damage they induced in the cercarial stage of this parasite. Interestingly,
these leucocytes only attached to adult flukes that had died in culture and
a few cells were found attached to live parasites. This is perhaps not
surprising, as the mammalian equivalent of this blood fluke, i.e., the
schistosomes has devised a range of strategies for evading the immune
response in the immunologically hostile blood environment. However, it
would appear that an effective immune response is generated in carp
against S. inermis as the recovery of adult flukes in a challenge infection
given 8 months after the primary was significantly less than in the initial
infection. Based on the extensive pathological response to the penetrating
cercarial stage and entrapped eggs, it is tempting to speculate that these
stages may be of prime importance in stimulating the immune response.
This too is perhaps not surprising since several studies have suggested that
an immune response may be generated by intracellular and extracellular
parasites of the musculature or other tissues and cavities of the fish.

Parasites that have a histiozoic and/or coelozoic habitat include larval
and adult stages of cestodes, digenetic trematodes and nematodes as well
as Microsporidia and Myxosporea. However, extensive studies on their
association with the immune response have been restricted to a few
parasitic species that have an economical or ecological impact. The
histiozoic niche can be the permanent site of residence of several parasitic
species or may be a site of transient parasite migration. It would, however,
appear that both permanent and transient association primarily results in
a similar response that comprises a cellular accumulation at the site of
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infection or along the migratory pathway. Numerous histological
examinations have shown that a parasite is surrounded by a cellular
infiltrate comprising, for example, monocytes/macrophages, lymphocytes,
mast cell equivalents (eosinophilic granular cells), neutrophils and non-
specific cytotoxic cells (NCC). Several studies have attempted to
elucidate the immunological components and mechanisms involved in
this cell accumulation, and in particular, the recruitment of leucocytes to
the site of infection, the attachment of leucocytes to the pathogen, and the
mechanisms of killing. Perhaps the most extensively studied migratory
metazoan in fish is the diplostomule stage of the digenetic trematode,
Diplostomum spathaceum. This post-cercarial stage of the parasite
penetrates the surface of its fish host and transforms into the diplostomule
and is, thus, exposed to the immune system of the fish for a window of
approximately 24 hours, during which time it migrates to the relatively
immunologically privileged site in the lens of the eye. On a primary
challenge, 60-85% of the penetrating cercariae fail to establish in the eye
(Whyte et al., 1991). Several in vitro studies have been carried out to
elucidate the role of the immune system in this parasite loss. Whyte et al.
(1988) noted that diplostomules incubated in the presence of normal trout
sera or trout anti-diplostomule sera had an increased mortality rate
compared to parasites cultured with foetal calf serum, and even though
the cytotoxic effect was reduced when the serum was heat inactivated, it
was speculated that complement activated by the alternate pathway may
have a role against the migrating parasite. Indeed, Wood and Matthews
(1987) also suggested that complement might be active against the
cercariae of Cryptocotyle lingua in the mullet, Chelon labrosus. Several
researchers (e.g., Whyte et al., 1990) have noted that the immunization of
rainbow trout with temperature killed or sonicated cercariae, conferred
protection against diplostomid infection, and specific antibody occurred 6
weeks post-immunization. Further studies by Whyte et al. in 1989 revealed
that cercariae, diplostomule and metacercarial stages of D. spathaceum
may share common surface antigens, although serum antibody titre is not
positively correlated with the number of metacercariae in the eye, which
may suggest a possible cell mediated involvement in immune protection.
Indeed, in vitro studies by these authors showed that activated
macrophages had enhanced killing activity against diplostomules,
particularly when the parasite was opsonized with specific trout antibody.
The parasite elicited a respiratory burst in these leucocytes, thus,
increasing superoxide anion and hydrogen peroxide production. However,
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normal macrophages produced less hydrogen peroxide than was required
to kill the parasite in vitro (Chappell et al., 1994). Recent studies carried
out by Kalbe and Kurtz (2006) have revealed that genetic status and
gender of the fish host may affect the immune response to Diplostomum.
Pronephric cells from stickleback populations obtained from a lake
situation infected by D. pseudospathaceum showed significantly higher
respiratory burst activity than fish from a river location, or indeed their
hybrids. In addition, females showed a substantially greater activity in this
immune parameter compared to male hosts.

This pattern of immune response is not limited to the migration of
parasites, and similar responses have also been noted to both protozoan
and metazoan parasites resident in organs or tissues. For example, Leiro
et al. (2004) noted that the ciliate Philasterides dicentrarchi did not affect
the phagocytic activity of leucocytes isolated from the peritoneal cavity of
turbot, Scophthalmus maximus, although serum from naturally infected fish
increased phagocytic activity, possibly by activation of the complement
system. Over 16 years ago, Sharp and co-workers noted that metacestodes
of the tapeworm, Diphyllobothrium dendriticum, were encapsulated on the
peritoneal surface of the stomach and pyloric caeca or within the
musculature of the stomach of rainbow trout, and that parasite produced
substances that were chemoattractive to trout leucocytes (Sharp et al.,
1989, 1991a, 1992). Attachment of these cells to the parasite was
antibody- and complement-mediated, and the macrophages produced
both hydrogen peroxide and superoxide anions when exposed to worm-
conditioned medium or extracts of the tapeworm (Sharp et al., 1991b).
Such responses are not limited to metazoan infection, as recent studies on
the immunological interactions between the Tetracapsula bryosalmonae and
its fish host have revealed. This myxozoan parasite formerly designated
PKX, is the causative organism of the immunopathological condition
‘proliferative kidney disease (PKD)’ of salmonid fish, where it induces a
hyperplasic response in the lymphoid tissue (Morris et al., 2005). The
presence of a humoral immune response to PKD is well established (e.g.,
Hedrick et al., 1993; Saulnier and de Kinkelin, 1996). However, the role
of the cellular component of the immune response is debated. Recent
studies carried out by Chilmonczyk and co-workers (Chilmonczyk and
Monge, 1999; Chilmonczyk et al., 2002) have shown that lymphocytes
constitute a major component of the leucocyte response to the parasite
and undergo extensive cell proliferation. In contrast, the respiratory burst
and phagocytosis were depressed in infected rainbow trout. This is
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somewhat at odds with the ultrastructural observations made by
MacConnell et al. (1989), who suggested that macrophages were the main
cell in the kidney response.

In contrast to the numerous parasite species that have evolved a
histiozioc habitat, there are relatively few that are truly coelozoic. Perhaps
the most significant, at least in terms of size, and thus perhaps
immunological insult, is the metacestode stage of the pseudophyllidean
tapeworms that reside in the body cavity of several fish species. The two
cestodes that have received the greatest attention are Ligula intestinalis
that infects a range of cyprinid fish, and Schistocephalus solidus, which
primarily infests the stickleback, Gasterosteus aculeatus. Infections of
L.intestinalis are quite impressive as the weight of parasite tissue can, in
some instances, exceed the weight of the host. In this respect, it is quite
an unusual host/parasite system. The parasite elicits an intense cellular
response, which in roach, Rutilus rutilus, comprises macrophages,
neutrophils, monocytes, vacuolated granulocytes and lymphocytes (Hoole
and Arme, 1982, 1983a,b). This leucocyte involvement in the immune
response is reflected by quantitative and qualitative changes that occur in
the leucocyte component of the pronephros and spleen of infected fish
(Taylor and Hoole, 1989). Further studies by these workers have also
revealed that Ligula induces migration of pronephric leucocytes (Taylor
and Hoole, 1993), proliferation of lymphocytes (Taylor and Hoole, 1994)
and killing by cyprinid leucoytes as monitored using chemiluminescence
(Taylor and Hoole, 1995). Indeed, ultrastructural studies by Hoole and
Arme (1986) revealed that the microthrix border of Ligula was
phagocytosed by macrophages and neutrophils. In addition, these
researchers also speculated that complement (Hoole and Arme, 1986) and
possibly C-reactive protein (Hoole and Arme, 1988) are involved in the
immune response of roach to Ligula. Further studies carried out by
Williams and Hoole (1992, 1995) revealed that antibody producing cells
in the spleen and pronephros increased in number in fish exposed to
parasite antigens, and that antibody occurred on the surface of the
metacestode, suggesting that an antibody-mediated cell cytotoxic
response may occur to these large parasites.

Perhaps the ancestral coelozoic site for parasitic infection could be
considered as the alimentary canal as it as been proposed that the
relationship between the parasite and its host may—in evolutionary
terms—have been mediated through the accidental acquisition of
organisms via the oral route (Wakelin, 1996). This has led to the presence
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of numerous commensal species being located within the gut of many
vertebrates, perhaps highlighted by the ruminants. Surprisingly, the
alimentary tract, in relative terms compared to the other organs that have
immune capabilities, has only recently been extensively investigated.
Several reviews (e.g., Zapata et al., 1996; Press and Evensen, 1999) have
shown that the gut of fish has an immune role and contains gut-associated
leucocytes, e.g., macrophages, lymphocytes, granulocytes and plasma cells,
and humoral components, e.g., Ig. This immune function appears to be
present from an early age, for example, in recent studies carried out by
Huttenhuis et al. (2006), it was shown that putative T lymphocytes
appeared in the intestine of Cyprinus carpio 3 days post-fertilization, whilst
monocytes/macrophages occurred in the laminar propria of the intestine
7 days post-fertilization. Whilst those intestinal infections which induce
severe local and/or systemic pathology have received some attention, it is
somewhat surprising that endemic parasites within the gut of fish have not
been more extensively studied, given the recent interest in the use of orally
delivered probiotics and vaccines (e.g., Irie et al., 2003; Kim and Austin,
2006) and the possibility that intestinal parasites may affect their efficacy.
It has been known for many years that parasitic infection can induce a
range of pathological responses within the intestinal wall, although the
form and intensity of these responses may vary, dependent upon the
intensity of the relationship between the parasite and host tissue. Studies
on intestinal protozoa Goussia carpelli by Hemmer et al. (1998) have
revealed that during the merogonic and gamogonic development of the
parasite, there is severe damage to the epithelium of the infected gut of its
carp host. However, the regenerative capacity of this organ may explain
the mild clinical symptoms associated with this disease. In contrast, in
other infections such as the myxosporeans, e.g., Myxidium fugu and
Leptotheca fugu which infect the gut of the tiger puffer, Takifugu rubripes,
the epithelium becomes detached from the lamina propria and cell debris
containing macrophages accumulates between the two layers (Tun et al.,
2002). In addition, there is infiltration of macrophages and lymphocytes
into the infected sites and, on some occasions, apparently dead parasites
have been noted. These pathological responses do not only appear to be
restricted to protozoan infections, as there are numerous studies that have
shown that metazoan infections can also induce significant changes within
the gut wall. Although, as with protozoans, the response invoked may be
related to the intensity of infection and the association between the
parasite and its host. For example, several studies have revealed that
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cestodes, such as Bothriocephalus species and Khawia sinensis, invoke
mucus production, haemorrhages, cellular necrosis, epithelial cell
detachment and an increase in leucocytes in the mucosa and submucosa
not only at the site of attachment of the scolex to the gut wall (Fig. 10.1),
but also in the surrounding area (Scott and Grizzle, 1979; Hoole and
Nisan, 1994; Morley and Hoole, 1995). Indeed, Hoole and co-workers
noted that these leucocytes were also capable of attaching to the parasite
tegument. In contrast, Molnar et al. (2003) observed that in carp infected
with Atractolytocestus huronsis, while nuclei in infected areas exhibited
karyorrhexis, inflammatory changes did not occur. In contrast to the
majority of tapeworms, the acanthocephalans, the so-called thorny
headed worms, have a particularly invasive mechanism of attachment
where the attachment organ penetrates deeply through the host gut wall
and, in doing so, induces extensive damage (Taraschewski, 1989; Dezfuli,
1991; Dezfuli et al., 1998, 2002). Indeed, recent studies on one species of
pathogenic acanthocephalan, Pomphorhynchus laevis, in the intestine of
Leuciscus cephalus have revealed that the form of damage also relates to the

Fig. 10.1 Bothriocephalus acheilognathi (B) attached to the intestinal wall (G) of carp.
Note presence of host leucocytes on parasite surface (arrow). Scale bar 100 mm.
(Copyrighted image reproduced by kind permission of C. Williams, Environment Agency,
UK.)
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area and depth of penetration of the parasites’ attachment bulb and
proboscis. Intestinal infections also affect the physiological status of the
alimentary tract and there are now several well-documented cases of both
tapeworms and acanthocephalans affecting the host-gut neuroendocrine
system. For example, infections of trout with the tapeworms Eubothrium
crassum and Cyathocephalus truncatus, and the acanthocephalan
Pomphorhynchus laevis induce a decrease in the number of bombesin-,
gastrin-releasing peptide and glucagon-like endocrine cells, and an
increase in the density of cells containing cholecystokinin-8- and gastrin-
like substances (Dezfuli et al., 2003; Bosi et al., 2005). Given the recent
interest in the interactions with the endocrine and immune systems this
is an area that requires further elucidation.

The effects of enteric parasites are, however, not restricted to local
inflammatory response, and several studies have revealed that systemic
changes are also induced. These changes are reflected in both the innate
and acquired cellular and humoral components of the immune response
and have been ascertained using a variety of techniques. For example,
Steinhagen et al. (1997) noted that there was an increase in peripheral
granulocyte numbers on days 11 and 14 post-exposure of carp to Goussia
carpelli. Steinhagen also noted in 1997b that this parasite increased the
number of immunoglobulin-positive cells in the pronephros and intestine
of carp, and that the peak of the response correlated to the stage of oocyst
formation by the parasite, and was not affected by low temperatures. He
also showed that the parasite induced an enhanced phagocytic activity in
pronephric cells during the period of merogonic and gamogonic
development of the parasite, and that in carp with gamogonic and
sporogonic stages, there was an increase in the cytotoxic activity of
activated macrophages. Parasite molecules also enhanced the
opsoninization of non-activated macrophages (Steinhagen and Hespe,
1997). The possible role of a cellular component in the killing of intestinal
protozoans has also been suggested by studies carried out on Enteromyxum
leei infections of gilthead sea bream (Sparus aurata) where an increase in
serum peroxidase levels occurred after 10 days’ infection (Cuesta et al.,
2006). These effects on the systemic responses are not only limited to
protozoan infections, although it is true that, in contrast, there have been
fewer studies on the immunological interactions between enteric
metazoans and their fish hosts. Studies by Nie and Hoole (1996, 2000) did,
however, reveal that in in vitro assays containing pronephric cells from
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carp, antigens from Bothriocephalus acheilognathi induced proliferation of
lymphocytes and stimulated migration primarily of neutrophils and
eosinophils. In addition, in carp injected with Bothriocephalus extracts,
there was an increase in both antibody producing cells in the pronephros
and specific antibody serum levels (Nie and Hoole, 1999). However, this
increase was not as great in naturally infected fish. Recent studies on the
host-parasite interactions between fish and enteric parasites have
concentrated on the involvement of cytokines. Investigations carried out
by Cuesta et al. (2006) revealed an upregulation in expression of the pro-
inflammatory cytokine, IL-1b, in the pronephros of gilthead sea bream
exposed to Enteromyxum leei, in contrast there was no clear difference in
the expression of TNFa in infected compared to uninfected fish. Clearly,
more research is required to ascertain the involvement of cytokines in
both the systemic and local immunity to intestinal parasites in fish.

PARASITES AS STRESSORS: EFFECTS ON HOST
IMMUNITY

Details considered so far have been related to the direct effects of parasitic
infection on the immune status of the fish host. It should not be forgotten,
however, that eukaryotic parasites, either by their population size as in the
case of protozoans, individual size, for example, cestodes and crustaceans,
or the pathology invoked, can be considered as stressors, and as such can
affect the immune status of the host, mediated through the stress response.
As in higher vertebrates, the stress response in fish involves hormonal,
physiological and behavioural changes. The hormonal changes, which are
indicative of the stress response, include the production of catecholamines
and corticosteroids (Wendelaar Bonga, 1997), and whilst the details of this
response are beyond the remit of this chapter, it is worth considering how
parasites might affect the stress hormonal balance within the host and thus
the immune status. It is somewhat surprising that the relationship between
the parasite, host stress response and immune status has not been
extensively studied, since there may be implications relating to the control
of infection in general and the efficacy of vaccination protocols. There
have, however, been several studies in a range of vertebrates which have
linked the presence of parasitic infection with an increase in levels of
corticosteroids, for example, the nematode, Ostertagia ostertagi in the cow,
Bos taurus (Fleming, 1998). Recently, however, the relationship between
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several eukaryotic parasites and the stress hormonal status of their fish
hosts has come under the spotlight. Whilst there are reports that parasitic
infections do not affect the plasma cortisol levels of their hosts, for
example, gnathiid isopods in the coral reef fish, Hemigymnus melapterus
(Grutter and Pankhurst, 2000), these are outweighed by the presence of
several investigations which have indicated a link between parasitic
infection and an increase in cortisol levels. Studies on several external
parasites have revealed that the parasite need not penetrate the host body
in order to induce a stress response. For example, Stoltze and Buchmann
(2001) noted an increase in cortisol levels in rainbow trout infected with
Gyrodactylus derjavini, and Poole et al. (2000) observed a similar response
in sea trout (Salmo trutta) parasitized by Lepeophtheirus salmonis. Walker
et al. (2004) speculated that these effects of external parasites were
probably mediated through disturbance of the hydromineral balance of the
fish host, resulting from damage and pathology associated with infection.
The association between cortisol and external infections has also been
confirmed by the administration of corticosteroids to the host. For
example, Harris et al. (2000) implanted hydrocortisone acetate into Artic
charr (Salvelinus alpinus) and brook trout (S. frontalis) and obtained a
significant increase in the population of Gyrodactylus salaris, implying the
immune status of the fish may have been compromised. The association
between cortisol and parasites is not only linked to external infections, as
Sures et al. (2001) observed that the nematode Anguillicola crassus induced
an increase in plasma cortisol levels in the European eel, Anguilla anguilla
which was correlated with the development of the larval parasite and the
appearance of the adult worm.

Whilst there have been extensive studies which have revealed that
cortisol affects the immune status of a fish, there have been limited
investigations which have established a clear route between parasitic
infection, the stress response evoked and a decrease in the immune status
of the fish host. In fact, it is only recently that Saeij et al. (2003a) proposed
a link between stress induced by handling in carp, cortisol levels, the host
immune response and parasitic infection. Handling apparently increased
susceptibility to the protozoan parasite, Trypanoplasma borreli. Indeed,
cortisol suppressed parasite-induced expression of a range of immune
parameters such as inducible nitric oxide, serum amyloid A, tumour
necrosis factor-a, interleukin-1b.
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ENVIRONMENTAL EFFECTS ON IMMUNE RESPONSES:
IMPLICATIONS FOR PARASITIC INFECTIONS

In the early 1990s, there was increased interest in the possible use of
parasites as monitors of pollution (e.g., Poulin, 1992) in both the marine
and freshwater habitats. These proposals were based partly on the
numerous field studies which had revealed that the prevalence and
intensity of both ecto- and endoparasites was affected by water quality,
primarily the presence of pollution (Khan and Thulin, 1991). Whilst this
effect could be mediated by direct effects of the pollutants on the free-
living and parasitic stages, and/or the intermediate host, the possibility
that the pollutant, either directly or indirectly via a stress response, may
affect immune status, and thus host susceptibility was also proposed.

There have been numerous studies which have revealed that the
immune status of vertebrates is affected by environmental conditions.
Indeed, the changes in immune parameters in fish, were proposed by
Wester et al. (1994) to be, in themselves, possible biomarkers for pollution.
Several investigations have revealed that those features which have been
highlighted above as being associated with the immune response of hosts
to parasitic infections, are affected by the presence of pollutants. For
example, over 20 years ago, it was noted that migration of fish leucocytes
and activation of lymphocytes were affected by such pollutants as aromatic
hydrocarbons, organophosphates and cadmium (see Hoole, 1997, for a
review). However, there are few studies which link the deterioration of
water quality with alteration in immune status of lower vertebrates and a
subsequent increase in parasitic infection. Studies in amphibians have,
however, shown that such a link may exist. For example, Linzey et al.
(2003) noted that there was a decrease in splenic lymphocyte
blastogenesis in marine toads, Bufo marinus, exposed to cadmium
pollution, and that this may be related to the increase in incidence of
Mesocoelium monas. In addition, tadpoles of Rana sylvatica exposed to a
range of pesticides exhibited a decrease in circulating eosinophils and an
increase in the prevalence of metacercariae of Ribeiro sp. and Telorchis sp.
(Kiesecker, 2002). The limited studies in fish have also indicated a direct
link between pollution, the immune response and parasitic infection.
Scherwerack et al. (2001, 2003) noted that proliferation of pronephric
lymphocytes of carp increased with mitogen stimulation when the cells
had been obtained from fish infected with the trematode, Sanguinicola
inermis and exposed to ammonia or cadmium. In addition, in fish exposed
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to heavy metals, lymphocyte blastogenesis induced by the cercarial
extracts was greater when compared to cells isolated from unexposed
infected fish. It would appear, however, that these responses, as well as
effects on the immune organs, were dependent on whether the pollutant
preceded or came after the parasitic infection. The combined effects of the
pollutant and parasitization on immune status of the fish have also been
studied by Jacobson et al. (2003). These workers revealed that Chinook
salmon exposed to polychlorinated biphenyl (PCB) and infected with the
trematode, Nanophyetus salmincola, had a low primary haemolytic plaque-
forming response in the pronephros. The effects of simultaneous parasitic
and pollutant exposures on antibody responses, however, appear to be
inconclusive. For example, Sures and Knopf (2004) noted that in eels
infected with Anguillicola crassus and exposed to cadmium, there was a
negligible effect on antibody production.

THE ELUSIVE PARASITE: EVASION AND SUPPRESSION
OF THE IMMUNE RESPONSE?

Parasitization perhaps represents one of the stongest forces for the
evolution of host organisms. The co-evolution of both host and parasite
is, in many respects, similar to an evolutionary arms race involving the
immune response of the host on one side and the evasion and/or
suppression strategies of the parasite on the other. This battle is perhaps
most eloquently explained in the ‘Red Queen Hypothesis’ proposed by van
Valen in 1973. Both parasite and host are, therefore, under considerable
selection pressure to evolve and adapt to their conjoined existence. Thus,
by definition, if a parasite exists, it must have evolved strategies to
withstand the immune response of the host. Whilst these strategies have
been the subject of extensive investigation in medically important
parasites (see Wakelin, 1996, for a review), their existence in parasites of
fish is primarily based on speculation. Whilst many workers have
acknowledged that such strategies must occur in fish parasites, detailed
investigations are lacking (Fig. 10.2).

As indicated above, the fact that a parasite may act as a stressor and
thus affect corticosteroid levels in the host could be interpreted as an
immune suppression strategy due to the suppressive effects of cortisol on
several immune parameters (Schreck, 1996). In addition to this indirect
effect of parasitization on the downregulation of the immune response
there is evidence that fish parasites might directly suppress and/or evade
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the immune response of a fish. These strategies may either involve physical
barriers, infection site choice and/or effects on both the humoral and
cellular components of the immune response.

The physical barriers present can be either host or parasite derived.
The interactions between monogenean parasites and the external surface
of their host are complex and varied. Whilst some parasitic species, such
as Pseudodactylogyrus anguillae, induce a hyperplastic response in the gill of
their eel host which eventually leads to a decline in parasite numbers
others, such as P. bini, appear to revel in the tissue reaction evoked and are
relatively unaffected by the response (Buchmann and Lindenstom, 2002).
It would appear that the gill is particularly effective in partly embedding
monogeneans, as a tissue reaction has been described in several host-
parasite interactions, for example Lepomis macrochirus on Cleidodiscus
robustus (Thune and Rogers, 1981) and Callorhynchicola multitesticulatus
on Callorhynchus millii (Llewellyn and Simmons, 1984). Such an
encapsulation could, as suggested by Buchmann and Lindenstrom (2002),
create a shelter for the parasite. The concept of a ‘protective shelter’ has
also been proposed by Cross (1993) for the gelatinous material which
ensheathed the immobilized Ichthyophthirius multifiliis. Such a barrier was
thought to prevent excessively large quantities of specific antibodies
binding to the cilia membrane. Physical barriers may not only result from

Fig. 10.2 Examples of speculative immune evasion and immune suppression strategies
adopted of parasites infecting fish.

Encapsulation, e.g., monogeneans
Ensheathment, e.g., I. multifiliis
Protective layer, e.g., L. intestinalis

Absorption of host
proteins
e.g., L. intestinalis

Lysis of components
e.g., S. inermis

Evasion of complement
lysis
e.g., T. danilewsky

Nitric oxide suppresses
B and T cell proliferation
e.g., T. borreli

Decrease leucocyte polarisation
e.g.,
Effects on cytokine profile
e.g.,

B. acheilognathi

T. borreli, L. salmonis

e.g., Eye fluke - Diplostomum
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the host response, but it is also feasible that the complex nature and
structure of several parasite surfaces may assist in evasion of the immune
response. This is particularly highlighted in the case of the tapeworms,
which comprise a large microthrix border. Hoole and Arme (1982) noted
that the plerocercoid stage of the cestode, Ligula intestinalis, which resides
in the body cavity of several species of cyprinid fish, contains an unusually
extensive microthrix border of 10 mm in depth. Ultrastructural
observations revealed that this border might prevent penetration of host
leucocytes to the more vunerable tegumental surface (Fig. 10.3).

Fig. 10.3 Host reaction of roach (Rutilus rutilus) on the surface of the plerocercoid of
Ligula intestinalis. Macrophages (Ma), lymphocytes (L) and neutrophils (N) appear to be
incapable of pentrating the extensive microthrix border (M) and thus obtaining access to the
tegument of the parasite (T). Scale bar 2 mm.

The surface membrane of a parasite may also be associated with
immune evasion as several metazoans which parasitize mammals, for
example, the trematode, Schistosoma mansoni and the nematodes Brugia
pahangi and Wuchereria bancrofti have the ability to acquire or mimic host
molecules and incorporate them into their outer surface (Sher et al., 1978;
Premaratne et al., 1989; Kar et al., 1993, respectively). Host molecules thus
disguise the parasite against immune attack. Although there is no direct
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evidence that such a strategy occurs in the host-parasite interaction in
fish, circumstantial evidence does suggest that it may be possible. Hoole
and Arme (1983) utilized a transplantation protocol incorporating the
plerocercoid of Ligula intestinalis and two cyprinid hosts, Rutilus rutilus and
Gobio gobio, to propose that the parasite might acquire host proteins onto
its surface that may be involved in disguise. In addition, Hoole and co-
workers (Roberts et al., 2005) detected ‘host-like’ molecules on the surface
of the blood fluke, Sanguinicola inermis. There have been several studies in
which fish immunoglobulins have been noted on the surface of parasites,
although the possibility that such molecules may be ‘blocking antibodies’,
as have been noted in parasites occurring in mammals (Wakelin, 1996),
has not been considered. There have, however, been a limited number of
studies that have indicated that parasites in fish may evade the humoral
immune responses evoked.

Studies have revealed that serum factors, e.g., complement and
antibody, mediate adherence of fish leucocytes to metazoan parasites
(Hoole and Arme, 1986; Sharp et al., 1991b). The absence of such a
reaction to the adult stage of Sanguinicola inermis led Richards et al. (1996)
to propose that the parasite may produce substances which breakdown
host serum components. There have been several reports suggesting that
the alternative complement pathway may kill gyrodactylid monogeneans.
This, together with the fact that a number of isoforms of the complement
proteins are known to exist in teleosts (Holland and Lambris, 2002;
Boshra, Li and Sunyer, 2006), led Buchmann and Lindenstrom (2002) to
propose that monogenans lacking the particular epitopes to activate these
complement isoforms may evade the lysis and remain attached to the host
surface. The differential effects of both the alternative and classical system
of complement activation on parasite survival has been noted in infections
of the protozoan, Trypanoplasma borreli in carp. Saeij et al. (2003b)
observed that, at least in vitro, the parasite was lysed by the classical
complement pathway but not by the alternative pathway. Wiegertjes et al.
(2005) suggested that this differential activation of the complement
system might be related to properties of the surface coat of some flagellate
protozoans. The fish trypanosome, Trypanosoma danilewsky, has a surface
coat comparable to non-Salivarian trypanosomes whose carbohydrate
moiety of the mucins comprises sialic acid. This is transferred by trans-
sialidase from the host glycoconjugates to the parasite surface. These
‘pathogen-associated molecular patterns’ appear to provide a protection
against the initial attack by the complement system via the alternative
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pathway, although they may be required for antibody-mediated lysis.
Wiegertjes and co-workers (1995) also suggested that the T. borreli
induced mortality in carp was related to the lack of antibody production
and further speculated in 2002 (Saeij et al., 2002) that this may be
associated with an increase in production of nitric oxide in the pronephros
which could suppress antibody production by suppressing B and T cell
proliferation. They likened it to ‘bystander lymphocyte autotoxicity’
suggested by Eisenstein et al. in 1994. Indeed, Scharsack et al. (2003a) also
noted that T. borreli-induced NO production and significantly inhibited
the proliferative response of mitogen-stimulated carp pronephros and
peripheral blood lymphocytes. Such observations suggest that the cellular
component of the immune response of fish may directly, or indirectly, be
subject to parasite-induced suppression, or that the parasite may evade the
cellular response provoked.

There have been several reports which suggest that factors produced
by helminth parasites can influence the immune response of fish. For
example, extracts from the plerocercoid of Ligula intestinalis suppressed the
mitogen-induced proliferative response of splenic lymphocytes from roach
(Taylor and Hoole, 1994) and temperature-induced migration, i.e.,
polarization of roach leucocytes (Taylor and Hoole, 1993). In addition,
pronephric granulocytes from carp, either naturally or experimentally
exposed to antigens of the cestode, Bothriocephalus acheilognathi exhibit a
decrease in the polarization response to extracts of the parasite when
compared to cells obtained from naïve fish (Nie and Hoole, 2000). How
migration of fish leucocytes is downregulated by parasitization is unkown
although Saeij et al. (2003b) did suggest an interesting hypothesis that the
reduction in the IL-8 receptor homologue (CXCR2) in the head-kidney of
carp infected with T. borreli might interfere with migration of neutrophils
to the site of infection. Extensive studies carried out on Lepeophtheirus
salmonis have suggested that this large crustacean parasite also produces
immunomodulatory substances. Fast et al. (2005) noted that PGE2, a
component of L. salmonis secretions, inhibited expression of several
immune-related genes, e.g., IL-8b, COX-2, MH class I and II, and
suggested that this substance may prevent leucocyte recruitment at the
feeding site and presentation of parasite antigens to T cells.

It has also been proposed that parasites may mediate the phagocytic
and killing activity of fish leucocytes. Chaves et al. (2006) noted that the
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phagocytic response of spleen and pronephric cells of Trachinotus
marginatus infected with the monogenean Bicotylophora trachinoti were first
stimulated by the infection, but was later depressed. They suggested that
this biphasic reponse might be the result of immuno-suppressive factors
produced by the parasite. A similar biphasic response was noted in
Gasterosteus aculeatus infected with the tapeworm, Schistocephalus solidus,
where pronephric leucocytes isolated from infected fish 44 and 48 days’
post-infection failed to respond to parasite antigens (Scharsack et al.,
2004). It has also been clearly established that secretions of L. salmonis
produce a range of enzymes with proteolytic activity which may reduce
phagocytic and respiratory burst responses (see Johnson and Fast, 2004,
for review). This inhibition of killing activity of fish leucocytes is not
limited the metazoan parasites. Studies on infections by intracellular
parasites, such as microsporideans, partially suppress the respiratory burst
in turbot phagocytes (Leiro et al., 2001), which suggests that parasites may
produce ROS-scavengers such as catalase, superoxide dismutase, or
glutathione peroxidase (Lobo-da-Cunha and Azevedo, 1993; Kwon et al.,
2002).

The concept of an immunologically privileged site where a parasite
can spend its life unperterbed by the host immune response is perhaps a
parasite view of nirvhana, which can never be effectively achieved. There
are, however, some organs where the lack of an intense immune response
may aid parasite survival. At high intensities, it has been noted that
gyrodactylid monogeneans aggregate on the cornea of the eye, and the
30% of the infection can occur on less than 1% of the total fish surface.
Sigh and Buchmann (2000) proposed that these observations, together
with a poor mast and mucous cell complement in the corneal surface, may
mean that the eye is an ‘immunological refugium’ for monogeneans.

One must surely marvel at the enigmatic parasite!

THE FUTURE: OVERCOMING THE LIMITATIONS

Although significant advances have been made over the last two decades
in the knowledge of the immunological interactions between the immune
response of fish and parasitic infection, these have been relatively minor
when compared to the advances made on this interaction with prokaryotic
infections. One of the main reasons for this relates to the difficulty in
establishing parasite life cycles in the laboratory. To undertake controlled
infections, repeatable laboratory maintenance of infective stages must be
obtained. This is perhaps highlighted by the fact that success in the studies
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of the immune response of fish to eukaryotic parsites has been primarily
obtained with selected protozoan parasites, e.g., Trypanoplasma borreli,
Ichthyophthirius multifiliis. When one considers the metazoan parasites, real
significant advances have only been made on the external parasites, e.g.
Gyrodactylus spp, Lepeophtheirus salmonis which have a direct life cycle that
lacks an intermediate host. Although there have been isolated studies on
endoparasitic metazoan parasites, e.g., Sanguinicola, Diplostomum,
Bothriocephalus the difficulty in maintaining more than one host and
producing significant numbers of parasite not only to maintain the life
cycle but carry out experimental infections have usually meant that such
studies have not been continued. One area that has not been fully
explored is the in vitro culture and maintenance of fish parasites, perhaps
because this, in many ways, is more difficult than establishing indirect
parasite life cycles in the laboratory.

Perhaps what is required to overcome these problems is the
application of technology that will allow numerous parameters to be
monitored during a parasitic infection. Recent advances in molecular
biology may allow this. The application of post-genomic techniques such
as microarray analysis offers exciting and detailed insights to studies on
several physiological processes in fish. Studies by Cossins et al. (2006) on
carp have revealed numerous changes in the gene profile in fish that have
been environmentally challenged. Such an approach has highlighted a
number of candidate genes which because they are up- or downregulated
and are targets fot further studies. Such techniques have recently been
applied to carp infected with I. multifiliis and have revealed that the skin
is an important site of expression of immune proteins in infected fish
(Gonzalez et al., 2007), and in Japanese flounder (Paralichthys olivaceus)
infected with the mongenean Neoheterobothrium hirame where several
important immune genes are uprgulated in peripheral blood leucocytes
(Matsuyama et al., 2007). Such insights allow more target investigations to
be carried out on the association between the parasite and the cellular and
humoral components of the immune response of fish.

Until our knowledge of how the immune response of the fish attempts
to eradicate the parasitic infection is significantly advanced, mechanisms
utilized by the parasite to evade these responses can only remain mere
speculation, having serious consequences for contol scenarios. Until that
time the parasite, as it has done since it first formed an association with
its host in the Cambrian Period, must remain an enigma.
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