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Chapter 1 

General introduction 
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Animal models for the study of innate immunity: 

protozoan infections in fish. 
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General introduction 

1. Comparative immunology 

In 1905 Ilya (Elie) Metchnikoff described for the first time the existence of an 
immune response (Metchnikoff, 1905). Now, after a century of research our 
knowledge about this complicated system has greatly increased. In general, the 
immune system can be divided into two arms: the innate arm (incorporating 
the rapid and phylogenetically more primitive responses to infections, based 
on pattern recognition by germline encoded receptors) and the adaptive arm 
(involving more slowly developing, long-lived, and highly evolved antigen-specific 
protective responses, based on the use of rearranging gene fragments to generate 
epitope specific receptors). The adaptive immune system is based on the random 
generation of a massive array of recognition receptors coupled with the ability 
to select and propagate 'effective' receptors and their source cells (Magor and 
Magor, 2001). Although the adaptive immune system seems more complicated, it 
is well recognised that the innate immune responses are at least as important for 
protection as are the adaptive responses (Tosi, 2005). Since the discovery of the 
antifungal role of Toll in Drosophila (Lemaitre eta/., 1996) and Toll-like receptors 
(TLRs) in humans (Medzhitov eta/., 1997) and other vertebrates, research on the 
innate arm of the immune response has gained more attention. 
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Furthermore, also the field of comparative immunology, the study of the immune 
system of animals other than man, to shed light onto the evolution of the immune 
system, has greatly increased. Since (cartilaginous) fish are the first organisms with 
an adaptive immune system (Fig. 1.1), they represent a highly interesting group to 
study evolutionary / comparative immunology (Van Muiswinkel, 1995). 
There are approximately 53,000 vertebrate species of which over 25,000 are fishes. 
Since these different fish species inhabit highly different environments they are 
challenged by all kinds of pathogens. While their immune system evolved under 
constant pressure from infectious micro-organisms such as viruses, bacteria 
and larger parasites, it is fascinating to see how the immune system of such 
an evolutionary successful group of animals evolved under so many different 
environments. Comparative research may not only give an idea of the evolution 
of the immune system, but may also distinguish what has been conserved from 
what has varied, which will shed light onto what is essential and what is accessory 
to the human immune system (Paul, 1999). 

Within the fish species, teleosts (modern bony fish) are the most species-rich and 
diverse group and constitute about 95% of all fish species. Many components 
known from both the innate and adaptive arm of the mammalian immune 
system, have also been described for teleosts (Plouffe et a/., 2005; Secombes et 
al., 2005). However, although the general aspects of the teleost immune system 
are indeed very similar to the mammalian immune system there are also some 
important differences. Two of the most striking differences are that teleost lack 
bone marrow and have no lymphatic system. 

The teleost head kidney is considered to be the functional and structural 
homologue of the mammalian bone marrow, and the organ where hematopoiesis 
takes place (Zapata, 1981). Teleost macrophages originating from the head kidney 
perform similar functions as mammalian macrophages (Belosevic et al., 2006). 
Phagocytosis, antigen processing and presentation, production of cytokines and 
radicals have all been observed. Furthermore, surface markers such as different 
TLRs, MH(C)-I and II and members of the Ig superfamily are described for 
teleosts (Plouffe eta/., 2005). 

An organ or structure homologous to the mammalian lymph nodes, which is 
important for draining certain areas and bringing together antigen, macrophages, 
T cells and B cells, has never been described for teleosts. Although melano-
macrophage centres in spleen and kidney have been suggested to represent 
equivalents of mammalian germinal centres (Vigliano eta/., 2006), it is still debated 
where exactly in teleosts antigen presentation could take place. 
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Teleosts do have a memory B cell response which is faster and leads to a higher 
production of antibodies upon exposure to the same antigen for a second time. 
Furthermore, teleosts are capable of producing different Ig isotypes; IgM, IgD, 
and IgT/Z (Danilova eta/., 2005; Hansen eta/., 2005; Hordvik eta/., 1999; Savan 
eta/., 2005). Class switching between different isotypes is initiated by activation-
induced cytidine deaminase, this enzyme is present in teleosts (Barreto et a/., 
2005). Functional Ig class switching has, however, never been demonstrated and 
only minor affinity maturation has been shown (Kaattari eta/., 2002). Similar to 
the T cells of mammalian species, teleost T cells are generated and most probably 
mature in the thymus. Furthermore, expression of recombination activating gene 
1 and 2 was shown in these T cells, indicating the possibility for T cell receptor 
gene rearrangement (Huttenhuis et a/., 2005). Additional to thymic T cells, 
intraepithelial lymphocytes (IELs) have been described for several teleosts. These 
have, contrary to mammalian IELs, a highly diverse T cell receptor-P repertoire, 
which might be due to the lack of Peyer's patches and mesenteric lymph nodes 
in teleosts, and are suggested to fulfil a different function (Bernard eta/., 2006b). 
Until recently, research on the different T cell subtypes (e.g. T helper cells, 
cytotoxic T cells and T regulatory cells) has been severely hampered by the lack 
of appropriate T cells markers. To date, however, the sequences of various T cell 
markers and costimulatory receptor homologues have been described for teleosts 
(Bernard et a/., 2006a; Dijkstra et a/., 2006). Furthermore, the list of cytokines 
and chemokines, determining the type of immune response, is ever increasing 
(DeVries eta/., 2006; Huising eta/., 2004; Kaiser eta/., 2004). Taken together, this 
information will certainly lead to new insights in the function and differentiation 
of teleost T cells and related type I and type II immune responses. 

2. Macrophage polarisation in mammals 

2.1 Macrophage polarisation 
Macrophages perform their function at the interface of the innate and adaptive 
immune system, and are one of the first cells to encounter entering pathogens. 
Macrophages are maintained in the different organs by local division and by 
migration from the blood, where they circulate as monocytes. Macrophages 
are able to phagocytose large (numbers of) pathogens but also participate in 
chemotaxis, cytokine-mediated inter-cellular communication and regulation of 
coagulation, of the complement cascade and of acute phase protein production. 
As such, macrophages perform a key function at the onset and later development 
of the immune response, and can form a bridge between the innate and adaptive 
arm of the immune system. 

10 
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Upon activation, macrophages can polarise into different subsets with classically 
activated macrophages (caMF) and alternatively activated macrophages (aaMF) 
representing two extremes (Gordon, 2003; Mantovani et a/., 2002; Mills et a/., 
2000). The alternatively activated macrophages can be further subdivided into 
three subtypes: M2a, M2b, and M2c. M2a are the truly alternatively activated 
macrophages, M2b are type II activated and M2c are deactivated macrophages 
(Mantovani eta/., 2004). Innate activation is an activation state functionally close 
to classical activation, although induced differently. Innate activation is triggered 
by a single microbial stimulation, while classical activation is induced by the 
combination of a microbial stimulation and interferon (IFN)y (Gordon, 2003; 
Gordon and Taylor, 2005). 

A typical difference between classically activated versus alternatively activated 
macrophages is that they metabolise L-arginine by two different pathways 
involving either the enzyme inducible nitric oxide synthase (iNOS) or arginase, 
respectively. The enzyme iNOS converts L-arginine into nitric oxide (NO) and 
L-citruline via Nw-hydroxy-L-arginine. The enzyme arginase converts L-arginine 
into urea and L-ornithine, the latter being a precursor for polyamines and proline 
(Fig. 1.2). 

yfNO 

N^-hydroxy-L-arginine f — ^ L-citruline 

L-arginine I — 

arginase 

polyamines ^ cell proliferation 

L-ornithine ^ 

urea proline y- collagen production 

Fig. 1.2 L-arginine metabolism in macrophages. 
L-arginine can be converted by the enzymes iNOS and arginase, which by means of substrate 
competition inhibit each others function (- - —*). Furthermore N"-hydroxy-L-arginine, the 
intermediate in the conversion to L-citruline and NO, can inhibit arginase activity. 

By the production of NO and reactive oxygen species (ROS) classically activated 
macrophages play a role in the defence against intracellular pathogens. NO is 
effective against pathogens through its reactivity with DNA, proteins, thiols and 
the iron at the active site of many enzymes. Arginase activity by the alternatively 
activated macrophages does not only take away the substrate for iNOS, to 
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downregulate the type I immune response, but also takes care of the production 
of polyamines and proline. The latter two are important for cell proliferation 
and collagen production in wound healing. The balance between classically 
and alternatively activated macrophages is under influence of a competitive 
regulation by T helper (TH) 1 and TH2 cells via their secreted cytokines. Cytokines 
produced by respective TH1 and TH2 lymphocyte subsets cross-inhibit each 
others development and function. This concept provides a widely applicable, 
molecular-based rationale for the understanding of the polarisation of immune 
responses observed in many infectious diseases. 

Classically activated macrophages occur in type I immune responses, generally 
directed against intracellular pathogens. Type I immune responses are particularly 
associated with interleukin (IL)-1, tumour necrosis factor (TNF)a and IFNy and 
are implicated in inflammation. Alternatively activated macrophages occur in 
type II immune responses, generally directed against extracellular pathogens. 
Type II immune responses are associated with the production of IL-4, IL-10, 
IL-13, and transforming growth factor (TGF)P which are essential for down 
regulation of the inflammation and the production of antibodies by B cells. caMF 
possess cytotoxic, antimicrobial and antiproliferative functions based on their 
ability to secrete ROS and NO, their signature mediator, and play a defensive 
role in several diseases (Bogdan et al., 2000). However, the same caMF also 
secrete inflammatory mediators (TNFa, IL-ip, IL-6, and NO) that are involved 
in the induction of immunopathologies (Liew, 1993). In contrast, aaMF play 
an important role in type II immune responses against extracellular pathogens 
and secrete anti-inflammatory molecules (IL-10 and TGFP) that down-regulate 
inflammatory processes and counteract NO synthesis by expressing arginase 
(Mills, 2001). Furthermore, aaMF increase their production of factors involved 
in tissue remodelling and wound repair (Shearer et al., 1997). 

2.2 Polarisation in response to parasites 
During many parasitic infections macrophage polarisation (into caMF or aaMF) 
has been described. Currendy there are no (molecular) properties described 
of the parasites that can predict the type of macrophage activation and the 
subsequent immune response. In the majority of the parasitic infections the 
early phase is characterised by the presence of caMF and the production of 
the antimicrobial compound NO, while the later phase is characterised by the 
presence of aaMF and related arginase activity (reviewed by Noel et al., 2004). 
Alternatively, in some parasitic infections one type of macrophage activation 
prevails during the whole infection period. 

12 
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For example, during infections with the helminth Brugia malayi, macrophages 
are preferentially alternatively activated (Noel eta/., 2004). On the other hand, 
during Leisbmama major infections, parasites are cleared by caMF only (von 
Stebut and Udey, 2004). 

More information on the parasite molecules responsible for the stimulation 
of aaMF, during a Trypanosoma cru^i infection, has become available. Cruzipain 
(syn. cruzain), a highly immunogenic glycoprotein of about 52-58 KDa with 
a highly mannose glycosylated C-terminal domain is a major T. cru^i antigen 
found in every developmental stage of the parasite. Giordanengo et al. 
found an increase of urea associated with a decrease in nitrate levels after 
injection of cruzipain, suggesting that this cysteine protease preferentially up-
regulates the arginase pathway. Macrophages from immune mice cultured with 
cruzipain showed high urea levels but no increased nitrite levels. Cruzipain 
was found to directly activate macrophages to increase their arginase activity, 
possibly interacting through the mannose receptor (Giordanengo et al., 2002). 
Interestingly, this mannose receptor is upregulated in aaMF 
In conclusion, parasitic infections are informative models to study the general 
immune response of a host and in particular macrophage polarisation. 
Therefore, parasitic infections could also be informative for studies on 
macrophage polarisation in teleosts. 

3. Macrophage polarisation in teleosts 

3.1 Macrophage polarisation 
In teleosts, macrophages but also monocytes and granulocytes originate from 
the head kidney. Functions similar to those of macrophages of mammalian 
species have been described, including phagocytosis, radical production, 
antigen presentation and the production of cytokines. Polarisation into caMF 
and aaMF has, however, not been described for teleost macrophages. 
In mammals, the balance between caMF and aaMF is under influence of the 
competitive regulation by TR1 and TR2 cells. Since IFNy, TNFa, IL-ip, IL-6 
and NO characterise the type I response, and IL-4, IL-10, IL-13 and TGFfi 
characterise the type II response, it is worthwhile to consider these molecules 
in teleosts. After several descriptions of functional evidence for the existence 
of IFNy (Graham and Secombes, 1988; Neumann et al, 1995; Verburg-van 
Kemenade et al, 1996), and the cloning and sequencing of IFN-induced genes 
in teleosts (Collet and Secombes, 2002) the existence of IFNy was recently 
confirmed by cloning and sequencing of the gene for pufferfish (Takifagu 
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rubripes) and rainbow trout {Oncorhynchus mjkisi) (Zou et a/., 2005; Zou et a/., 
2004). In addition, IL-6 has been identified in pufferfish through synteny 
cloning (Bird et a/., 2005), yet has not been described for other teleosts. IL-lp\ 
TNFct, and iNOS have been identified in several teleost species (reviewed by 
Secombes et a/., 2001). No data on the existence of IL-4, and IL-13 in teleost 
have been reported. IL-10 has been identified in several teleost species (Inoue 
et a/., 2005; Savan et a/., 2003; Zhang et a/., 2005; Zou et a/., 2003) and several 
TGFf3 homologues have been cloned in teleosts (Hardie eta/., 1998; Harms eta/., 
2000; Laing eta/., 2000; Zhan and Jimmy, 2000). Although additional functional 
studies have to be performed, expression studies in common carp (Cyprinus carpio 
L.) indicate an inhibitory function for IL-10 and TGFp1 (M. Forlenza, personal 
communication). Furthermore, studies with recombinant mammalian TGFpi 
demonstrated enhancement or inhibition of trout macrophage functions at low 
or high concentrations, respectively (Jang eta/., 1994). 

In conclusion, the cytokines involved in type I immune responses are well 
described for teleosts, while not all the cytokines of 'true' type II responses 
(IL-4 and IL-13) have been described as yet. Therefore, it is not possible to use 
cytokine profiles to fully distinguish TH1 and TH2 cells as indicators of type I 
and type II immune responses, respectively. The levels of iNOS and arginase 
activity in macrophages may, however, reflect the type I and type II immune 
response designation. For teleosts, this allocation would allow for typing immune 
responses as type I or type II, based on the production of NO or arginase activity, 
respectively. 

3.3 Polarisation in response to parasites 
Common carp (Cyprinus carpio L.) is the natural host of two kinetoplastid parasites: 
Trypanoplasma borreli and Trypanosoma carassii (Fig. 1.3), that diverged more than 
500 million years ago (Fernandes eta/., 1993). Infections with these trypanosomes 
could present informative models to study carp macrophage polarisation in vivo. 
Blood-sucking leeches (Piscico/ageometra or Hemiclepsis marginatd) act as vectors for 
transmitting kinetoplastid parasites between cyprinid fish and many carp will in 
fact carry mixed populations of T. borreli and T. carassii (syn. T. dani/ewkyi) (Lorn 
and Dykova, 1992). Both protozoan parasites are kinetoplastids, with T. borreli 
belonging to the family of parabodonida, whereas T. carassii is classified in the 
family of trypanosomatida (Fig. 1.4). T. carassiiis a member of the "aquatic clade" 
(Figueroa et al, 1999), a group of trypanosomes all transmitted by leeches, that 
appeared early in the evolution of the genus Trypanosoma (Stevens eta/., 2001). 

14 
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Fig. 1.3 SEM photographs of Trypanoplasma borreli (A) and Trypanosoma carassii (B) 

T borreli and T. carassii shaxe the features typical of kinetoplastid flagellate parasites 
such as a kinetoplastid organelle containing the mitochondrial DNA, a glycosome 
compartmentalising glycolysis and a mini-exon; a highly conserved short RNA 
leader sequence trans-spliced onto every messenger RNA. Trypanosomatids (and 
thus also T carassiibut not T. borreli) have a single flagellum (Fig. 1.3B) and all genera 
are parasitic, either in vertebrates, invertebrates, ciliates or in flowering plants. 
The family of trypanosomatida is well-studied, because it contains the important 
mammalian parasites T cru^i, Trypanosoma brucei rhodesiense and Trypanosoma brucei 

gambiense and ~Leishmania spp a.o.. Bodonids (and thus also T. borreli, but not T. 
carassii) have two flagella (Fig. 1.3A) and most species are free-living inhabitants 
of aqueous environments, but some are vertebrate ecto- or endoparasites of fish 
(e.g. of the skin, gills, alimentary tract, reproductive organs or blood) or parasites 
of invertebrates (Stevens et a/., 2001). Bodonids represent an ecologically and 
economically important group of organisms, as they are present in all major 
aquatic ecosystems. They are also crucial components of sewage cleaning units 
and the causative agents of some fish diseases in aquaculture. 
In analogy to the salivarian trypanosomes both T. carassii and T. borreli are believed 
to live exclusively extracellular in the blood and tissue fluids of their fish hosts. 
Differendy, they are believed to lack antigenic variation, since fish that recovered 
from one infection are resistant to infection with other parasite lines or infection 
with parasites from a chronic phase (Overath eta/., 2001; Overath eta/, 1999). 

15 
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Analogous to the stercorarian ttypanosomes, the surface coat of T. carassii shows 
a clear resemblance with the carbohydrate-dominated surface coat of T. cru^i 
(Paulin eta/., 1980). Highly glycosylated mucin-like surface proteins are abundant 
and anchored in the plasma membrane by glycosylphophatidylinositol (GPI) 
residues (Lischke eta/., 2000). Although less data is available on the surface coat 
of T. borreli, electron microscopy suggests a much more massive surface coat 
than found for T. carassii (Lom and Nohynkova, 1977). 
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Fig. 1.4 Simplified phylogenetic tree of kinetoplastida 
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Possibly, T. borreli and T. carassii have different modes of adaptation allowing 
these parasites to infect and persist in carp. More importandy, it seems that the 
immune response of carp against these two parasites is fundamentally different. 
During T. borreli infection of carp high production of NO have been found (Saeij 
et at, 2002b). Since T. borreli seems to induce a type I immune response (Saeij et 
a/., 2003a) we expect classically/innate activated macrophages to be involved. 
Interestingly, infections in carp with T. carassii do not seem to be associated with 
high NO levels (Saeij eta/., 2002b) and do not lead to an excessive inflammatory 
response (Dykova and Lom, 1979). Probably, divergent GPIs have evolved to 
the advantage of the various parasitic protozoa to activate or down-regulate the 
endogenous signalling pathways of the host (Tachado eta/., 1999). In theory, it 
is very well possible that T. carassii preferentially induces alternatively activated-
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rather than classically /innate activated-macrophages in carp. 
Assuming that teleost macrophages can indeed show polarisation, infections with 
fish kinetoplastid parasites that have evolved with this aspect of the innate immune 
system in place will certainly bring new insights into the evolution of host-parasite 
relationships and the polarisation of the immune system of teleosts. 

Aim and outline of this thesis 

In order to gain more insight in the evolution of the immune system and the 
presence of macrophage polarisation in teleosts, carp macrophages and their 
activation in response to parasites were investigated. We hypothesise that 
macrophage polarisation into classically activated and alternatively activated 
macrophages is present in teleosts. Furthermore, we hypothesise that T. 
borreli infections induce a classical activation of macrophages leading to type I 
immune responses, while T. carassii infections induce an alternative activation of 
macrophages leading to type II immune responses. 

The principles of the teleost immune system and the host-parasite model (carp-
T. borreli / T. carassii) are introduced (this chapter). The possibility to use iNOS 
and arginase activity as markers for type I (caMF) and type II (aaMF) immune 
response, respectively, is discussed (chapter 2). The arginase 1 and 2 genes are 
cloned and characterised for carp (chapter 3). A macrophage culture system is 
set-up, characterised and used for in vitro polarisation (chapter 4). T. borreli and T. 
carassii infections are performed to study macrophage polarisation in vivo (chapter 
5). A mixed infection with T. borreli and T. carassii is performed in order to assess 
whether these parasites can influence each other in a mixed infection (chapter 6). 
T. borreli and T. carassii expression libraries are constructed and screened in order 
to identify antigenic proteins (chapter 7). Finally, the observations described in 
this thesis are discussed (chapter 8). 
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Macrophage polarisation in the immune 
response to parasites 

Geert F. Wiegertjes and Maaike Joerink 
Bull. Eur. Ass. Fish Pathol., 2004 24 (1): 5-10 
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Macrophage polarisation 

Introduction 

Macrophages perform a key function in the immune response against parasites. 
No matter where a parasite enters the body it will encounter resident but highly 
active macrophages that can recognise pathogen-associated molecular patterns 
(PAMPs). These macrophages may not only be able to phagocytose parasites 
but participate in complement activation, chemotaxis, cytokine-mediated 
inter-cellular communication, regulation of acute-phase protein production 
and antigen presentation, among others. In general, it is the innate system 
that controls the initiation of the adaptive immune response by regulating 
the expression of costimulatory activity on professional antigen-presenting 
cells such as macrophages. The costimulation instructs the adaptive part of 
the immune system to develop a particular effector response by releasing 
cytokines. When indeed the immune system needs to recruit T helper cells to 
fight a parasite, it does so by instructing precursor T lymphocytes, which have 
not yet encountered a foreign antigen, to mature into either of two kinds of 
helper cells. These two, T helper 1 (TH1) and T helper 2 (TH2), typically differ 
by the cytokine profiles they produce and the functions they perform. For 
example, these cytokines, produced by the TH cells will influence the activity of 
the macrophages attracted to the site of infection. 

Macrophages have long been recognised as a heterogeneous cell population, 
probably reflecting the plasticity of these cells in response to micro-
environmental signals, such as cytokines and PAMPs. Much of the understanding 
of the 'classical' activation of macrophages originates from studies on mice 
infected with typically intracellular parasites such as Ijeishmania spp., resulting 
in enhanced antimicrobial activities as part of a type I response. More recently, 
it has been recognised that particular cytokines from TH2 cells can induce 
an 'alternative' activation of macrophages that induces distinct functional 
activities, integrating these macrophages in the type II response (Gordon, 2003; 
Mantovani et a/., 2002; Mills, 2001). It is important to realise that an effective 
immune response against a particular parasite requires a balanced differentiation 
between T 1 lymphocytes/ classically activated macrophages (type I response) 
and TH2 lymphocytes/ alternatively activated macrophages (type II response). 
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Fig. 2.1 Macrophages exhibit distinct functional activities in type I and type II immune responses. 

The classically activated macrophages are associated with the TR1 cells and their cytokines, they 

have a higher inducible nitric oxide synthese (iNOS) expression and produce more nitric oxide 

(NO). The alternatively activated macrophages, associated with the Tp]2 cells and cytokines, 

upregulate arginase activity important for cell proliferation and wound healing. (Adjusted from 

Sandor et al, 2003.) 

Macrophage polarisation 

Classically-activated macrophages (caMF) possess cytotoxic, antimicrobial and 
antiproliferative functions based on their ability to secrete nitric oxide (NO) and 
reactive oxygen species (ROS) and in this way play a defensive role especially 
against intracellular parasites. Alternatively-activated macrophages (aaMF) play 
a regulatory role in humoral immunity (production of antibodies) against 
extracellular parasites, often helminths, and allergy and participate in the 
process of wound healing. 

What has become clear during the last few years is the central role of the amino 
acid L-arginine in the polarisation of macrophages as it is the common substrate 
to both caMF and aaMF. In caMF L-arginine serves as a substrate for NO 
production by inducible nitric oxide synthase (iNOS). iNOS oxidizes L-arginine 
in two steps: L-arginine is first hydroxylated to Nw-hydroxy-L-arginine (NOHA), 
which is further oxidized to L-citruline and NO. NOFLA is a competitive inhibitor 
of arginase and in this way suppresses the alternative activation of macrophages 
(see Fig. 2.1). In aaMF L-arginine is hydrolysed to L-ornithine and urea by 
arginase. L-ornithine is a precursor for the synthesis of L-glutamine, polyamines 
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and proline, the latter two being important for cell replication and wound healing, 
respectively (Vincendeau et al, 2003). 

A reciprocal change in arginine metabolism is proposed to be extremely important 
for wound healing. Expression of iNOS creates a cytotoxic environment 
and favors vasodilatation, important in the early phase of wound healing. 
Increased arginase activity favors fibroblast replication and collagen production, 
required for tissue repair in the late phase of wound healing (Vincendeau et 
al, 2003). An unregulated classical activation of macrophages may result in 
immunopathology due to high concentrations of (pro)-inflammatory mediators 
such as tumour necrosis factor (TNF)a, interleukin (TL)-ip, IL-6 and due to high 
concentrations of NO. An unregulated alternative activation of macrophages 
may lead to immunosuppression induced by anti-inflammatory cytokines such 
as IL-10 and transforming growth factor (TGF)p\ Thus, an effective and healing 
immune response against a particular parasite requires a balanced differentiation 
between caMF/iNOS and aaMF/arginase. The balance between caMF and 
aaMF is under influence of a competitive regulation by T 1 and TH2 cells via their 
secreted cytokine profiles. caMF develop as part of a type I response with TNFa 
and interferon (IFN)y as main stimulating signals. In contrast, aaMF develop in a 
type II response and are particularly associated with the production of IL-4, IL-
10 and IL-13 (see Fig. 2.1). The cytokines produced in the type I or II reaction 
cross-inhibit each others development (Fiorentino et al, 1989; Mills, 2001). 

Polarisation of the fish immune response 

To date, there is no clear molecular nor functional evidence for the existence 
of T helper lymphocytes in fish, let alone a polarization into T 1 and TH2 cells. 
However, from Table 2.1 it is clear that an assignation of fish immune responses 
as type I or type II, although still in its infancy, could tentatively be based on 
the molecular evidence for those mediators that have been described for fish, 
even without directly implicating the cellular source. So far ignored, but evidently 
present are iNOS and arginase activity as potential markers for a type I or type II 
immune response, respectively, in fish. 

An in vitro-derived carp head kidney macrophage culture system 

Nitric oxide production by macrophages in response to lipopolysaccharide 
(LPS) has been demonstrated in several fish species, although the role of NO 
in fish parasite infections and its effect on parasite viability has remained largely 
uninvestigated. To our knowledge, no arginase activity has been reported for fish 

22 



Chapter 2 

macrophages. To further elucidate the role of fish macrophages and their ability 
to develop a type I (iNOS) or type II (arginase) response we established an in 
wVro-derived carp head kidney macrophage culture system, based on previous 
work by others on goldfish kidney macrophages (Neumann etal, 1998; Neumann 
et al, 1995). Flow cytometric analyses of the in vitro-denved carp head kidney 
cultures showed an enrichment for myeloid cells when cultured for a prolonged 
period. NO production by these cells could be determined with a Griess reaction 
measuring the amount of nitrite accumulating in the supernatant (Green et al. 
,1982) after stimulation with LPS. Arginase activity by the carp myeloid cells 
could be determined by a micromethod measuring the amount of urea formed 
in one hour in the presence of excess L-arginine (Corraliza et al., 1994) after 
stimulation with dibutyryl cyclic AMP or dexamethasone in combination with 
LPS (Morris et al, 1998). Both activities could be detected as early as 18 h after 
stimulation, indicating the 'primed' state of the myeloid carp cells in culture. 
There are three NOS genes, but only one is inducible and associated with 
macrophages. The availability of the full coding sequence for carp iNOS allowed 
us to perform expression studies after stimulation with LPS (Saeij et al, 2000), or 
with parasites (Saeij et al, 2003a). 

There are two arginase genes and both seem to be activated in (murine) 
macrophages (Mori et al, 2000; Morris et al, 1998). Coding sequences for both 
arginase isoforms have been reported for fish (see Table 2.1) and we are in the 
process of identifying the arginase genes in carp. In murine cells, arginase 1 is 
located in the cell cytosol (together with ornithine decarboxylase facilitating 
polyamine synthesis), while arginase 2 is located in the mitochondria (together with 
ornithine aminotransferase enhancing L-proline and L-glutamate production). 
Quantitative expression studies on iNOS and arginases 1 and 2 will give us more 
insight into the polarisation of carp myeloid cells in response to parasite antigens. 
Expression studies on arginase will be of added value because of the possibility 
to distinguish between the two arginase isoforms. 
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Table 2.1. Type I and type II cytokines and mediators presently described for fish. The table is not 
complete and shows a selection of cytokines and mediators. Information is provided for a limited 
number of fish species (carp, rainbow trout, zebrafish and pufferfish). 

Type I response 

IFNy 

TNFa 

IL-ip 

IL-6 

iNOS 

Accession number 

-

Carp fAJ31180(Ti 

Rainbow trout (AJ2780851 

Carp (AB01070r) 

Rainbow trout (AJ278242^ 

Zebrafish (AY340959^ 

-

Carp rAJ242906^ 

Rainbow trout (AJ29523(T) 

Type II response 

IL-4 

IL-10 

TGFP 

IL-13 

Arginase 1 

Arginase 2 

Accession number 

-

Carp r ABIIO78(TI 

Pufferfish (AJ539537) 

Carp fAF136947i 

Rainbow trout (X99303) 
Zebrafish fAY178450Nl 

-

Rainbow trout (AY3107331 
Zebrafish 

(ENSDART00000000974)* 
Pufferfish 
(SINFRUT00000148803)* 

Rainbow trout (AY05647T) 

Zebrafish 
(ENSDART00000023658)* 

Pufferfish 
(SINFRUT00000148943)* 

* Not yet annotated but found in the ensembl database (www.ensembl.orp) 

- Not described for fish 

Parasite infections 

As mentioned above, an effective immune response against a particular parasite 

requires a balanced differentiation between a type I and a type II response. For 

example, in murine macrophages infected with Leishmania major, an intracellular 

parasite, a type I response induces NO synthesis and parasite killing, whereas 
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a type II response favours parasite growth (Vincendeau et aL, 2003). Likewise, 
resistance to the extracellular parasite Trypanosoma brucei is associated with the 
ability to produce a caMF response in the early phase of an infection, followed 
by an aaMF response in the late/chronic phase of the infection (Baetselier et aL, 
2001). 

With the use of our in pitro-deaved head kidney myeloid culture it should become 
possible to examine putative type I or type II polarisation responses to fish 
parasites based on the balance between caMF/aaMF activities. We previously 
found that the NO induced by the extracellular parasite Trypanoplasma borreli could 
have a trypanostatic effect in vitro (Saeij et aL, 2002b). Carp highly susceptible 
to the parasite produce immunosuppressive amounts of NO, suggestive of an 
unbalanced immune response. In the late phase, resistant carp produce lytic 
antibodies (Saeij etal., 2003a) and overcome the infection. We now can investigate 
whether, similar to what is observed for T. brucei infections, carp can and need to 
switch from a caMF response in the early phase to an aaMF response in the late 
phase of infection, enabling the production of protective antibodies. 

Conclusion 

Since evidence for the existence of type I and type II immune responses to fish 
parasites, based on polarised cytokine profiles secreted by TH1 and TH2 cells, is 
lacking, we propose to use iNOS and arginase activity as markers for polarised 
immune responses in fish. Carp in pitro-detived head kidney myeloid cells readily 
express iNOS and arginase activity upon specific stimulation and can be of true 
importance for providing new insights in the immune response against fish 
parasites. The role of L-arginine during infection deserves more attention, not 
only because parasites such as T. borreli possess arginase to convert L-arginine 
for their own growth but also because, unlike mammals, fish cannot synthesise 
L-arginine. Fish macrophages can be activated in a classical and/or alternative 
manner and, most likely, the balance between these caMF and aaMF will critically 
determine the outcome of the immune response to fish parasites. 
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Abstract 

Classically activated macrophages (caMF) play an important role in type I 
immune responses and alternatively activated macrophages (aaMF) function in 
type II immune responses. While the classical activation of fish macrophages 
has been well described, the existence of aaMF has not yet been described for 
teleosts. Arginase is the characteristic enzyme in aaMF and two isoforms have 
been described for mammals. To study the presence of aaMF in a primitive 
vertebrate species we cloned arginase 1 and 2 cDNA of common carp. 
Carp arginase 1 is a 340 aa protein with 63% aa sequence identity to human 
arginase 1. Carp arginase 2 is a 347 aa protein with 63% aa sequence identity to 
human arginase 2. Three highly homologous arginase 2 genes were found, each 
showing only single non-synonymous substitutions. Basal arginase 1 expression 
is mainly found in carp mid kidney. In contrast, arginase 2 was expressed in 
all organs examined, with the highest basal gene expression in liver. Cultured 
carp head kidney-derived macrophages were used to study aaMF in vitro. Carp 
macrophages showed significant arginase activity which could be induced by 
dibutyryl cyclic adenosine mono phosphate (cAMP) and specifically inhibited by 
Nw-hydroxy-L-arginine (NOHA). At the gene level, arginase 2 gene expression 
was upregulated by cAMP stimulation, while arginase 1 gene expression was 
not influenced. LPS stimulation did not alter the arginase 1 or 2 expression, 
inducible nitric oxide synthase (iNOS) expression was however upregulated. 
This expression of iNOS was used as a measure of classical activation of carp 
macrophages. Thus, in contrast to mammals, fish arginase 2 and not arginase 1 
is differentially regulated and likely involved in the alternative activation of fish 
macrophages. Our data suggest there may be an evolutionary conservation of 
the presence of aaMF down to teleost fish. 
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Introduction 

Macrophages are described to occur in a resting, primed or activated state. 
Their activation can be subdivided in a classical and alternative state (Gordon, 
2003; Mantovani etal., 2004; Mantovani eta/., 2002; Mills eta/., 2000; Noel eta/., 
2004; Sandor etal, 2003). Classically activated macrophages (caMF) have been 
widely studied (Eisenstein etal, 1994; Nathan, 1992) and find their role in type I 
immune responses against intracellular pathogens by the production of reactive 
oxygen species (ROS) and nitric oxide (NO). More recently, there is a growing 
interest in the role and functioning of alternatively activated macrophages 
(aaMF). Macrophages in this state of activation, via arginase activity, play an 
important role in type II immune responses against extracellular pathogens 
by showing increased phagocytic activity and enhanced gene expression of 
MHC class II. Besides this role aaMF promote proliferation and antibody 
class switching and function in allergic reactions and wound healing processes. 
Arginase is the characteristic enzyme in aaMF, and arginase activity plays a key 
role in the actions of aaMF (Gordon, 2003; Mantovani etal, 2004; Mantovani 
et al, 2002; Mills et a/., 2000; Mori and Gotoh, 2000; Noel et a/., 2004; Sandor 
<?/*/., 2003). 

Arginase (L-arginine aminohydrolase, E.C. 3.5.3.1) is a binuclear manganese 
metalloenzyme that catalyses the hydrolysis of L-arginine to L-ornithine 
and urea. Two distinct isoforms encoded by two separate genes have been 
described in mammals (Jenkinson et al, 1996; Morris et al, 1998). In ureotelic 
animals (like mammals) arginase 1 takes part in the ornithine-urea cycle aimed 
at ammonia detoxification, is located in the cell cytosol and mainly expressed 
in the liver. In contrast, arginase 2 is found in mitochondria and expressed in 
almost all organs. Although in mice the highest gene expression can be found 
in kidney (Mori and Gotoh, 2000; Morris etal, 1997), the organ distribution of 
arginase 2 gene expression is not the same for all mammals (Mori and Gotoh, 
2000; Morris etal, 1997; Salimuddin etal, 1999). 

There are a number of important functions of arginase that relate this enzyme 
to the immune system, often specifically to the function of macrophages. 
For example, arginase activity can deplete the extracellular environment of 
L-arginine, necessary for proliferation and survival of both pathogen and host 
cells (Currie et al, 1979; da Silva et al, 2002; Vincendeau et al, 2003; Yu et al, 
2001). Also, arginase can deplete intracellular L-arginine, thereby removing the 
substrate of inducible nitric oxide synthase (iNOS) (Vincendeau et al, 2003). 
For example, not only are iNOS and arginase 2 co-expressed in LPS-stimulated 
macrophages (Gotoh et al, 1996; Mori and Gotoh, 2000; Morris et al, 1998; 
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Wang et a/., 1995) but NO production is also enhanced when arginase gene 
expression is inhibited (Chang eta/., 1998). In this way arginase can modulate 
the production of NO by caMF (da Silva et a/., 2002; Nathan, 1995; Yu et 
a/., 2001). Further, arginase is involved in the production of polyamines and 
proline. Polyamines are important for cell proliferation and differentiation, 
while the production of proline is important for collagen production and 
wound healing (Albina eta/., 1990; Vincendeau eta/., 2003). 
Teleost fish, such as the common carp {Cyprinus carpio L.), are one of the 
evolutionary oldest vertebrates to have both an innate and acquired immune 
system and can be considered a useful model to study the development of 
important functions of the immune system (Magor and Magor, 2001). The 
macrophage is considered an ancient cell type within the immune system (Beck 
and Habicht, 1996) and its function is most likely well-conserved throughout 
evolution. Indeed, caMF have been well characterised in teleost fish (Laing et 
a/., 1996; Laing eta/., 1999; Neumann eta/., 1995; Saeij eta/., 2000; Saeij eta/., 
2002b). The presence of aaMF in teleost fish, however, has to the best of our 
knowledge, not been recognised so far. 

To study the role of arginase in fish macrophages and hereby, an indication 
for the presence of aaMF in teleost fish, we first identified the carp arginase 
1 and 2 cDNAs. Subsequently, we examined the gene expression of both 
isoforms in different organs. Arginase 1 expression was found mainly in the 
mid kidney which in teleosts consists of both haematopoietic and excretory 
tissue (Zapata, 1979). In clear contrast, arginase 2 was found to be expressed 
in all organs examined, with the highest gene expression in liver. Cultured 
carp head kidney-derived macrophages were used to study aaMF in vitro. 
Teleost fish do not posses bona fide bone marrow; instead, the head kidney 
is considered to be the functional and structural homologue (Zapata, 1981). 
Cultured head kidney-derived macrophages could be differentially stimulated 
to increase either arginase activity or NO production. Like in mice (Munder 
et a/., 1999) arginase activity could be induced by dibutyryl cyclic adenosine 
mono phosphate (cAMP) stimulation. This induced arginase activity could 
specifically be inhibited by N^-hydroxy-L-arginine (NOHA), which is the 
intermediate in the conversion of L-arginine into L-citruline and NO, and 
inhibits arginase by specifically interacting with the manganese-cluster of the 
active site of the enzyme. NO production could be induced by LPS stimulation. 
This induced NO production could be specifically inhibited by the L-arginine 
analogue Nm-monomethyl-L-arginine acetate (L-NMMA), as was shown before 
(Saeij et a/., 2000). To distinguish between arginase 1 and arginase 2 -induced 
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activity in carp head kidney-derived macrophages we studied the expression 
of both genes by real-time quantitative PCR. The results clearly show a low 
gene expression of arginase 1 which could not be upregulated while arginase 2 
gene expression was higher and could be significantly upregulated by cAMP. In 
addition, LPS could induce iNOS gene expression and NO production in carp 
macrophages, but neither gene expression of arginase 1 nor 2. Collectively our 
data show that, in contrast to mammals, fish arginase 2 but not arginase 1 is 
differentially regulated and likely involved in the alternative activation of fish 
macrophages. 

Materials and Methods 

Animals 

Common carp (Cyprinus carpio L.) were reared in the central fish facility 'De 
Haar-Vissen' at 23°C in recirculating UV-treated tap water and fed pelleted dry 
food (Trouvit, Nutreco) daily. R3 x R8 heterozygous carp are the offspring 
of a cross between fish of Hungarian origin (R8 strain) and of Polish origin 
(R3 strain) (Irnazarow, 1995). E5 carp are a gynogenetic homozygous carp 
strain (Komen et a/., 1991). The homozygous carp were used to distinguish 
between mutiple genes and allelic polymorphisms, for all other experiments 
heterozygous R3 x R8 carp were used. 

Amplification of carp arginase 1 and 2 cDNA 
Oligonucleotide primers for both arginase 1 and 2 (Table 3.1) were designed 
based on known partial fish arginase sequences. Aliquots (300 ng) of a A.ZAP 
cDNA library, made from phorbol 12-myristate 13-acetate (PMA) -stimulated 
carp head kidney phagocytes (Saeij et a/., 2000) were used in a PCR or anchored 
PCR with A.ZAP specific primers SK and T7. Based on partial carp sequences, 
new primers were designed to obtain extended (and for arginase 2, full-length) 
sequences. 

(Anchored) PCR reactions were performed in Taq buffer, using 1 U Taq 
polymerase (Goldstar/Eurogentec S.A.) supplemented with MgCL, (1.5 mM), 
dNTPs (200 uM) and primers (400 nM each) in a total volume of 25 ul. PCR 
conditions included one cycle of 4 min at 94°C; followed by 35 cycles of 30 
sec at 94°C, 30 sec at 55°C and 1 min at 72°C; and final extension for 7 min at 
72°C, using a GeneAmp PCR system 9700 (PE Applied Biosystems). 
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5' and 3' Rapid amplification of cDNA ends assay 

A full-length sequence of arginase 1 could not be found in the carp head kidney 
phagocyte cDNA library. The 5' and 3' ends of this gene were amplified by 
5'and 3' rapid amplification of cDNA ends (RACE) (Frohman, 1993) using 
the GeneRacer™ RACE Ready cDNA Kit (Invitrogen) according to the 
manufacturer's protocol. Briefly, the GeneRacer™ RNA Oligo was ligated onto 
the 5'end of RNA from freshly isolated carp head kidney phagocytes. From this 
RNA cDNA was reverse transcribed using the oligo dT primer. Gene-specific 
primers (Table 3.1) were used in combination with the GeneRacer primers 
to amplify the first strands of cDNA. A second round with nested primers 
(Table 3.1) was performed to obtain a specific product. PCR and nested PCR 
were carried out under the following conditions: one cycle of 3 min at 94°C; 
followed by 35 cycles of 30 sec at 94°C, 30 sec at 55°C and 2 min at 72°C; and 
final extension for 7 min at 72°C. 

Amplification of multiple carp arginase cDNAs 

Multiple arginase sequences were found in heterozygous carp. To distinguish 
between mutiple genes and allelic polymorphisms, both arginase 1 and 2 genes 
were sequenced using organ material from carp, fully homozygous. If multiple 
sequences are detected in homozygous carp this indicates the presence of 
multiple genes and not alleles. Forward and reverse primer pairs were based 
on the sequences obtained from heterozygous carp (Table 3.1). RT-PCR was 
performed on RNA isolated from the head- or mid-kidney. For RT-PCR the 
Superscript One-Step RT-PCR system (Invitrogen) was used. Briefly, 0.1 ug 
of total RNA, forward and reverse primers (200 nM each), 12.5 ul reaction 
buffer (2x), 20 U RNase inhibitor and 100 U Superscript II KT/Taq mix were 
mixed and diethyl pyrocarbonate (DEPC)-treated water was added to a final 
volume of 25 ul. RT-PCR was carried out under the following conditions: 
cDNA synthesis for 30 min at 50°C, followed by one cycle of 2 min at 95°C; 
and 40 cycles (arginase 1) or 30 cycles (arginase 2) of 30 sec at 94°C, 30 sec at 
53 °C, and 1 min at 72°C; and final extension for 7 min at 72°C. 

Cloning and sequencing 

Products amplified by PCR, anchored PCR, RT-PCR or RACE-PCR were 
ligated and cloned in JM-109 cells using the pGEM®-Teasy kit (Promega) 
according to the manufacturer's protocol. Plasmid DNA was isolated using the 
QIAprep Spin Miniprep kit (Qiagen) according to the manufacturer's protocol. 
From each product both strands of four to eight clones were sequenced, using 
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the ABI Prism™ Bigdye™ Terminator Cycle Sequencing Ready Reaction kit, 
and analyzed using an ABI 377 automatic sequencer. 

.Analysis of sequences 

Searches for similar sequences within the database were performed using 
the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) and 
the Swissprot, EMBL and Genbank databases using SRS 7.1 from the EBI 
(European Bioinformatics Institute) site (www.ebi.ac.uk). Comparisons 
between sequences were performed using the CLUSTALW 1.7 software 
(Thompson etal, 1994) on the BioASP site, with minor optimisations made by 
hand. The PROSITE profile library (Falquet et al, 2002) was used to identify 
family signatures and the MitoProt prediction tool (Claros and Vincens, 1996) 
was used to determine the presence of an N-terminal mitochondrial targeting 
sequence (MTS). Phylogenetic analysis was performed using MEGA version 
2.1 software (Kumar et al, 2001) using both the neighbour joining method 
and the minimal evolution method on the basis of amino acid differences 
(p-distance) and complete deletion of gaps (Saitou and Nei, 1987). Reliability 
of the trees was assessed by bootstrapping using 1000 bootstrap replications. 

In vitro culture of head- and mid-kidney-derived macrophages 

In teleost fish the head kidney is considered to be the functional and 
structural homologue of the bone marrow, the mid kidney consists of both 
haematopoietic and excretory tissue (Zapata, 1979; Zapata, 1981). To obtain a 
pure macrophage population carp head- or mid-kidney-derived macrophages 
were cultured essentially as described previously (Joerink etal, 2004; MacKenzie 
et al, 2003; Neumann et al, 1998). Briefly, fish were euthanised with 0.25 g/1 
tricaine methane sulfonate (Crescent Research Chemicals) buffered with 0.38 
g/1 NaHC03 , bled by syringe from the caudal vein and head- and mid-kidneys 
were aseptically removed. Organs were gently passed through a 100-um sterile 
nylon mesh and rinsed with homogenisation buffer [incomplete-NMGFL-
15 medium containing 50 mg/ml gentamicin, 50 U/ml penicillin, 50 [xg/ml 
streptomycin, and 20 U/ml heparin (Leo Pharma BV)] (Neumann etal, 1998). 
Cell suspensions were layered on 51% (1.071 g.crrr3) Percoll (Amersham 
Pharmacia Biotech AB) and centrifuged at 450 x g for 25 min at 4°C. Cells at 
the medium/Percoll interface were removed and washed twice. Cell cultures 
were initiated by seeding 1.75xl07 head- or mid-kidney leukocytes in a 75 cm2 

culture flask containing 20 ml of complete-NMGFL-15 medium [incomplete-
NMGFL-15 medium supplemented with 5% heat inactivated pooled carp 
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serum and 10% bovine calf serum (Invitrogen)] with 50 U/ml of penicillin 
and 50 ug/ml streptomycin. Cells were incubated at 27°C and cultured head-
or mid-kidney-derived macrophages harvested after 6 days. 

Flow cytometric analyses 

Freshly isolated head- or mid-kidney leukocytes and cultured head- or mid-
kidney-derived macrophages were analysed using a flow cytometer (Beckman 
Coulter, Epics XL-MCL). Forward scatter (FSC-H, reflecting cell size) sideward 
scatter characteristics (SSC-H, reflecting cell complexity) and fluorescence 
were recorded for 104 events per sample, propidium iodide (1 pig/ml) was 
added to each sample to identify necrotic cells. Cell populations were identified 
according to van Kemenade et al. (Verburg-van Kemenade et al, 1994) and 
MacKenzie et al. (MacKenzie et al, 2003). 

Macrophage arginase activity and nitrite production 

Head- or mid-kidney-derived macrophages (5x105) were seeded in 100 pd 
rich-NMGFL-15 medium [incomplete-NMGFL-15 medium supplemented 
with 2.5% heat inactivated pooled carp serum and 5% bovine calf serum 
(Invitrogen)] in 96-well flat-bottomed culture plates. Macrophages were 
stimulated with the cAMP analogue dibutyryl cAMP (0.5 mg/ml, dibutyryl 
cyclic adenosine mono phosphate, Sigma D0672) or with LPS (50 ug/ml; E. 
coli, Sigma L2880), inhibited with Nw-hydroxy-L-arginine (NOHA 1 mM , 
Sigma H-7278) or with N^-monomethyl-L-arginine acetate (L-NMMA 500 
uM, Sigma M7033), or left untreated, and incubated for 18 h at 27°C. cAMP 
has been shown to upregulate both arginase gene expression as well as activity 
(Gotoh and Mori, 1999; Morris eta/., 1998). LPS has been shown to upregulate 
iNOS gene expression and activity (Mori and Gotoh, 2000; Morris eta/., 1998; 
Salimuddin et al, 1999). NOHA has been shown to inhibit arginase activity 
(Boucher et al, 1994; Daghigh et al, 1994) while L-NMMA has been shown to 
inhibit NO production (Saeij et al, 2000). 

Arginase activity was measured essentially as described by Corraliza et al. 
(Corraliza et al, 1994): macrophages were lysed in 50 pd 0.1% Triton X-100 
containing 5 pig pepstatin, 5 pig aprotinin and 5 pig antipain at room temperature 
for 30 min. Fifty pd of 10 mM MnCL,, 50 mM Tris-HCl, pH 7.5 was added and 
the mixture was incubated for 10 min at 55°C. To 50 pd of this activated lysate 
50 pd of 0.5 M L-arginine, pH 9.7 was added and incubated for 1 h at 37°C. 
Reaction was stopped by adding 400 pd acid mixture containing H2S04, H3P04 

and H 2 0 (1:3:7), then to each reaction 25 pd 9% oc-isonitrosopropiophenone 
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(in 100% ethanol) was added and incubated for 45 min at 100°C. After 10 min 
cooling in the dark the absorbance was read at 540 nm and arginase activity 
(mU per million cells, mU= nmol urea formed per min) was calculated by 
comparison with a urea standard curve. 

Nitrite production was measured essentially as described by Green et al. (Green 
eta/., 1982): to 75 JJLI cell culture supernatant 100 JJLI 1% (w/v) sulphanilamide 
in 2.5% (v/v) phosphoric acid and 100 [d of 0.1% (w/v) N-naphthyl-
ethylenediamine in 2.5% (v/v) phosphoric acid were added in a 96-well flat-
bottom plate. The absorbance was read at 540 nm (with 690 nm as a reference) 
and nitrite concentrations ((AM) were calculated by comparison with a sodium 
nitrite standard curve. 

Arginase and iNOS gene expression in cultured carp macrophages 
For in vitro induction of gene expression 5x105 cultured head kidney-derived 
macrophages in 100 JJLI rich-NMGFL-15 medium were seeded in 96-well flat-
bottom culture plates and stimulated with cAMP (0.5 mg/ml), with LPS (50 
ug/ml) or left untreated as control. Optimal concentrations were determined by 
titration (data not shown). Head kidney-derived macrophages were incubated 
at 27°C and at 0, 3, 6, 9 and 18 h RNA was isolated. For this 2x106 cells (4 
wells) per time point and per treatment were lysed and pooled before RNA 
was isolated. 

RNA isolation, DNase treatment and first strand cDNA synthesis 
RNA was isolated from nine organs (head- and mid-kidney, liver, brain, gills, 
spleen, thymus, skin and gut) of four carp usingTrizol (Gibco BRL). RNA was also 
isolated from peripheral blood leukocytes (PBL) isolated on Ficoll (Amersham 
Pharmacia Biotech AB) and cultured head kidney-derived macrophages using 
the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. RNA 
concentrations were measured by spectrophotometry (Genequant, Amersham 
Pharmacia Biotech AB) and 1 JJLI was analysed on a 1% agarose gel to check the 
integrity. RNA was stored at -80°C until further use. For RNA isolated from 
cultured head kidney-derived macrophages DNasel treatment was included 
on the columns of the RNeasy Mini Kit, using the accompanying RNase-
Free DNase Set according to the manufacturer's protocol (Qiagen). For RNA 
isolated from organs and PBL DNasel treatment was performed just before 
cDNA synthesis. To 1 [Ag of total RNA 1 JJLI of DNasel reaction buffer (lOx), 
1 JJLI of DNasel (Invitrogen) and RNase free water up to 10 [d was added. 
The mixture was incubated at room temperature for 15 min and DNasel was 
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