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Stellingen

When the thymus of fish, like in other vertebrates, is important for the selection of T cells,
the absence of thymus involution in immunologically mature catp is possibly related to the
absence of distinct T cell regions in fish flymphoid organs.

This thesis.

Although B cells seem to originate from head kidney, indications for B cell selection or
expression of recombination activating genes (Rag) are not available in the first month of
cyprinid development.

This thesis; Trede and Zon (1998}, Developmental and Comparative Immunology, 22, 253-
263,

Because of the very low number of blood thrombocytes in the first weeks of development,
blood clotting after an injury is not possible or must be based on other mechanisms in
young fish,
This thesis.

Monoclonal antibodies (mAbs) against fish leucocyte subpopulations are without doubt a
big step forward in fish immunology, although no CD classification can be used till now.
This problem may be solved when mAbs can be made against recombinant proteins of fish
CD antigens, of which some are already sequenced.

The immune system of Antarctic teleosts must be adapted to low environmental
temperatures. Preliminary observations have shown that lymphomyeloid tissue develops
slowly and has extensive large vascularisation and peculiar erythrocytes, but other
physiological adaptations related to the immune response can also be expected.

A PhD degree has to reflect the scientific capacities of a candidate and should not, like in
Italy, be restricted to the working position of the candidate.

One of the major threads of science is the strong development of bureaucracy, which
probably does not only occur in Italy.

Unfortunately some scientific referees have a prejudice against papers coming from
southern Enropean countries; in general they don’t look at the message of a paper but more
to the prestige of the author or linguistic failures.

A relationship with horses allows people to understand more about the nature of our human
being.

The difference between Dutch and Italian tomatoes is clearly a matter of taste, probably
merely related to a difference in production methods (industrial versus natural).

Stellingen belonging to the thesis: “Ontogeny of the immune system of fish using specific markers”
from Nicla Romano, Wageningen, December 14, 1998




Man monotonous Universe,
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Jall only limits without end,
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Abstract

Romano, N. 1998, Ontogeny of the immune system of fish using specific markers. PhD thesis, Wageningen Agricultural
University, Department of Animal Sciences, Cell Biology and Iimmunclogy Group, P.O. Box 338, 6700 AH Wageningen, The
Netherlands.

A panel of monoclonal antibodies (mAbs} was used for the characterisation of leucocyte
subpopulations during the ontogeny of common carp (Cyprinus carpio, L.) and sea bass
{Dicentrarchus labrax, L.). In carp the leucocytes were monitored in different lymphoid organs
by immunofluorescence and flow cytometry using specific mAbs for early T cells (WCL9), B
cells (WCI12), monocytes/macrophages (WCL15) and thrombocytes (WCL6). Early T cells
were very numerous (~77 %) in thymus during the first weeks post fertilisation (p.f.), but also
present in other organs, especially head kidney. Subsequently, these cells disappeared from all
organs, except the thymus (~40%). B cells appeared in the head kidney from the second week
p-f., and later on in the spleen and blood, but their number remained {ow in the thymus and gut.
Thrombocytes were detected in cell suspensions of spleen from the first week p.f. and their
percentage increased until the 4th week (~30%) and then decreased in spleen (~10%), but
increased in blood {(~30%). Monocyte/macrophage-like cells were present in all organs from
the first week p.f. and their percentage gradually increased until the 8th week p.f.. By using
mAb WCL1S on fixed tissue the #n sifu distribution of monocytes/macrophages was studied in
thymus, head kidney, spleen and gut from 2 days until 60 weeks p.f.. Macrophages were found
from day 2 p.f. in the head kidney and in the dorsal part of the yolk sac epithelium. From 1
week onwards, macrophages were atso found scattered in the thymus and gut and during the
second week also in spleen. The number of macrophages increased in all lymphoid tissues until
the 6th-8th week p.f., then decreased except in the thymus, where they became localised mainly
at the cortical-medullary boundary. By using mAb WCL38 increasing numbers of mucosal T
cells were observed in cell suspensions of gills and intestine from the first week p.f. onwards.
With immuno-histochemistry the early appearance of mucosal T cells could be confirmed in
the gills and intestine but was also detected in skin. With mAb WCL9 the ontogeny of the carp
thymus was studied and special attention was paid to the development of cortex and medulla.
The differentiation between cortex and medulla started in the 4th week p.f.. Ultrastructural
study of the developing thymus confirmed these data and permitted the analysis of the
distribution and morphological differences of the epithelial cells. In addition, numerous
apoptotic cells appeared in the cortex from the 4th week p.f. onwards, while lower numbers
were observed in medulla. In sea bass, mAbs DLT15 and DLIg3 specific for T and B cells,
respectively, were employed to describe the morphology and distribution of these cells.
Enriched leucocyte fractions from different tissues (thymus, spleen, head kidney, intestine and
blood} were used. High numbers of T cells were detected in thymus and intestine, whereas B
cells were more numerous in blood, head kidney and spleen. Furthermore, an ontogenetic study
with DLTIS revealed that the thymus was the first organ with T ceils, followed by head kidney
and spleen. Although some differences were observed between the two commercially important
fish species studied, the data presented in this thesis are of phylogenctic interest and can be
used for the development of vaccination strategies in young fish.
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General Introduction

The environment contains a large number of microbial agents that could cause
pathologies in vertebrates. However, in most cases the adverse effects of invading
micro-organisms can be limited by an active immune system. In fact, a distinction can
be made between an innate and adaptive irnmune system. The innate immune system
can be regarded as the first line of defence against infections, acting in an unspecific
manner. This system could also activate adaptive immune responses, which produce
specific reactions to antigens. Adaptive immunity is characterised by specificity and
memory, and can be divided into humoral and cell mediated immunity. In the innate
and adaptive immune system a variety of molecules and cells (mainly leucocytes) are
involved, distributed throughout the body and each having its specific function (Roitt
et al., 1993).

From the phylogenetic point of view fish, especially teleosts, share both features
in the immune system with other vertebrates. In addition, a thorough knowledge of the
teleost immune system is necessary to develop health-protective strategies to prevent
disease and immunotolerance under intensive culture conditions. Fish farming at high
densities can easily result in the spreading of infective diseases at all stages of the
production cycle (Ellis, 1995). Therefore, a thorough knowledge of the immune system
and its development can be of high value for the protection of fish in aquaculture.

In this chapter, the current knowledge on leucocytes, lymphoid organs and their
development in bony fish is summarised. Finally the aim and outline of this thesis will
be described.

I.1. Fish leucocytes

Within the immune system of teleost fish leucocyte subpopulations including B
cells (irwin & Kaattari, 1986; Miller ef al., 1994; Koumans-Van Diepen et ai., 1994a),
T cells (Lin et al., 1992; Miller et al., 1994), granulocytes (Ainsworth, 1992; Hine,
1992; Lamar & Ellis, 1994), thrombocytes (Esteban ef af., 1989; Rombout ef «f.,
1996), macrophages (Meseguer ef al., 1991; Hardie e al., 1994, Sveinbjornsson &
Seljelid, 1994), and natural kilter cells (Evans ef al., 1992; Hogan et al., 1996) play an
important role. These cells are present in lymphoid and non-lymphoid organs or can be
associated with epithelia to form a mucosa-associated lymphoid tissue (MALT) (van
Muiswinkel, 1995). The production and use of monoclonal antibodies (mAbs) directed
against distinct cells have facilitated the characterisation of leucocytes. From the early
eighties, numerous mAbs have been developed against leucocytes and their
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General Introduction

subpopulations in various fish species. Tables 1 and 2 show the panel of specific
antibodies produced in the last 20 years.

L1.1.Lymphocytes

Humoral and cellular reactions in vertebrates are mainly driven by macrophages,
B cells and T cells (Roitt ef al., 1993). In teleosts humoral responses that have been
shown to take place both in vivo and in vifro, include secretion of IgM-like
immunoglobulins by B cells and plasma cells (Miller ef al., 1985; Castillo et al., 1993;
Koumans-Van Diepen ef al., 1994a; Killie & Jorgensen, 1995). Cellular activities, by
putative T cells (and macrophages), were demonstrated both in vive and ir virro by the
presence of antigen-enhanced cell proliferation (Marsden er al., 1996), antigen
processing and presentation (Vallejo ef al., 1992), macrophage-activating factor
(Francis & Ellis, 1994; Hardie et al., 1994), mitogen responses (Sizemore ef al.,1984),
mixed leucocyte reactions (Miller er af., 1985) and allograft rejections (Botham &
Manning, 1981).

A boost for the research on the biology of fish B and T cells has been given by
the use of mAbs directed against subpopulations of lymphocytes. In attempts to
prepare mAb apgainst B cells mice were immunised with purified Ig from PBL or
mucus (see Table 1} and numerous mAbs are available. In an attempt to obtain mAbs
against T cells (Secombes ef al., 1983) the preparation revealed several difficulties (see
Table 2) until a few years ago. Many hybridomas obtained secreted antibodies
recognising a broad spectrum of antigens, because of their reaction with the
glycosylated epitopes common 10 various leucocyte populations (Rombout ef of,
1990). Thus, only few mAbs were developed as specific for thymocytes and T cells
(Scapigliati et al., 1995; Passer et al., 1996, Rombout ef al., 1997; 1998). The
successful T cell-specific mAbs were obtained by immunising mice with thymocyte or
intestinal intraepithelial lymphocyte {IEL) plasma membrane preparations (Rombout ef
al., 1997, 1998), or whole cells such as thymocytes (Scapigliati et al., 1995), and
thymocytes plus Ig-negative PBL (Passer et al., 1996).

f1.11 Bcells

B cell heterogeneity was demonstrated in several fish species as channel catfish
(Lobb & Olson, 1988), rainbow troul (Sanchez ef al., 1995), carp (Koumans-van

13



General Introduction

Diepen et al., 1995), Atlantic salmon (Pettersen er al., 1995; Magnadottir ef al., 1996),
and sea bass (dos Santos ef af., 1997) by using different Ig-specific mAbs. Moreover,
immuno-electronmicroscopical studies have shown morphological differences among
B cells and plasma cells in carp (Koumans-van Diepen er al., 1994a).

B cell functions in fish were demonstrated after agglutination in carp, (Lamers et
al.,1986) and in a species of tilapia (Sailendri & Muthukkaruppan, 1975). Van Ginkel
et al. (1994) provided in channel catfish evidence for the activation of B cells by
membrane immunoglobulin cross-tinking. Moreover, catfish B cells were purified by
magnetic cell sorting from peripheral blood leucocytes (PBL) and then stimulated by
membrane immunoglobulin cross-linking. The stimulated cellular fraction showed a B
cell receptor-like complex composed of two non-covalently associated molecules
(Rycyzyn et al., 1996). In carp, the mAb WCI12 specific for serum Ig and Ig-bearing
cells has been used to immunopurify by magnetic sorting fractions of Ig" and Ig' PBL
(Koumans-van Diepen ef al., 1994b). Immuno-purified cell fractions were stimulated
with phytohaemagglutinin {(PHA) and lipopolysaccharide (L.PS) mitogens. The Ig
cells were hardly stimulated with LPS, whereas both fractions showed mitogen
responses by PHA. In the sea bass, the mAb DLIg3 specific for Ig and lg-bearing cells
(Scapigliati er al., 1996), has also been used to purify by magnetic sorting cross-
reacting cells from PBL. The B cell identity of these purified cells has been proven by
their proliferation with LPS, but not with concanavalin A (in some species knowasa T
cell mitogen), confirming the in vitro activity of B cells purified from PBL. In
agreement with the heterogeneity of B celis, the immunoglobulin molecules also show
differences. Diversity in MW, structure (Havarstein ef al., 1988; Wilson & Warr, 1992;
Warr, 1995) and/or antigenicity in [gM are reported in many teleost (Lobb ef /., 1984;
Lobb & Olson, 1988; Koumans-van Diepen ef af., 1995; dos Santos et al., 1997).
Furthermore in carp, differences between serum and mucus immunoglobulins were
demonstrated using the mAbs WCI12 and WCI-M indicating the existence of a
different mucosal IgM isotype (Rombout ef al., 1993a). In addition an another IgD-like
molecule was recently described in channel catfish (Wilson e al.,1997). The
occurrence of IgD in fish suggests the ancient character of this Ig isotype (Wilson et
al., 1997).

14



General introduction

Table 1. Monoclonal antibodies (mAbs) against Ig molecules and [g-positive cells in bony fish. The asterisks

indicate the proven reactivity of mAb with B cells or plasmacells.

Fish species Name  Reactivity Specificity References
Commeon carp WCT12  serum Ig Ig heavy-chain * Secombes et al., 1983a
Cyprinus carpio  WCI4 " " Koumans-Van Diepen et al., 1995
WCI-M mucus " Rombout et af., 1993a
Channel catfish  3E11 serum Ig Ig heavy chain * Lobb & Olson., 1988
Ietaluris punctatus 3011 serum Ig "
1Hé serum Ig "
Atlantic cod several  serum Ig Ig heavy chain Israclsson et al., 1991
Gadus morhua serum Ig Ig light chain
European eel WEI1 serum Ig Ig heavy chain * van der Heijden ef al., 1995
Anguilla anguilla  WEI2Z  serum lg Ig light chain *
Japanese flounder several serum lg Ig heavy chain Bang et al., 1996
Paralichthys olivaceus
Red drum RDGOI3 serum Ig Ig heavy chain * MacDougal ef al., 1995
Sciaenops ocellatus
Atlantic salmon  several  serum Ig Ig heavy chain * Killie &t af., 1991
Salmo salar severat serum Ig Ig heavy chain* Pettersen ef al,, 1995
Type-I serum Ig Ig heavy chain Magnadottir ez af., 1996
Type-Il serum Ig Ig heavy vhain "
Gilthead sea bream WSI-3 serum Ig Ig light chain * Navarro ef al., 1993
Sparus auraia
Sea bass 3B5 serum [g [g heavy chain * Romestand ef al., 1995
Dicentrarchus &E11 serum g Ig heavy chain * Breuil er al., 1997
labrax DLIgl4 serum g [g heavy chain * Scapigliati ef al., 1996
DLIg}  serum [g Ig light chain * "
WDI1  serum g Ig heavy chain * dos Santos et al., 1997
WDi2/3 serum g Lg light chain * "
White sturgeon  1-10/i3  serum [g Ig heavy chain Adkinson ef al., 1996
Acipenser several lg light chain "
transmontanus
Rainbow trout 1.14 serum Ig nd. DeLuca et al., 1983
Oncorhynchus DCH4  serumIg Ig heavy chain Thuvander er al., 1990
mykiss 2A1 serum Ig Tg light chain Sanchez & Dominguez, 1991
2H9 serum Ig ig heavy chains* "
3B10 serum Ig Sanchez ef al., 1993, 1995
4D11 serum lIg
Turbot URI-7  serum lg 1g heavy chain Estévez et al., 1994
Scophtalmus
maximus
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General Introduction

I1.1.2 Teells

Evidence for cell-mediated immune reactions in fish has been provided by
studies on T cell responses using functional criteria such as proliferation induced by T
cell mitogens (Sizemore et al., 1984), mixed-leucocyte reactions (MLR} (Miller et al.,
1985), T helper cell functions in antibody production against thymus-dependent

Table 2. A list of mAbs against lg-negative leucocytes in bony fish. The symbol Md indicate macrophages
reactivity.

Fish species Name Immunization MW Specificity Reference
antigen (kDa)
Commaon carp WCL6  Ig leucocyte 30 thrombocytes Rombout ef 2i.,1996
Cyprinus carpic . WCL9  thymocytes 150/200 early T cells Rombout et al.,1997,
this thesis
WCL38 Intestinal 38 mucosal T eells Rombout et af, 1998,
Lymphoid cells this thesis
WCL15 adherent Tg- several  MdD/monocytes Weyts et af., 1996,
HK cells thrombacytes this thesis
TCL/BE8 FPBL 122 monocytes Nakayasu ef al., 1998
neutrophils
Channel catfish  13C10  thymocyles 150 T cells, neutrophils  Miller ef af., 1987
Ietalurus punctatus Ig-negative PBL. thrombocytes
C3-1 Ig-negative PBL  n.d. neutrophils Ainsworth et al., 1990
5C6 Ig-negative PBL 40 NCC Evans & Jasc-Friedmann, 1992
CfT1 thymocytes and 35 peripheral T cells  Passer et af., 1996

Ig-negative PBL
4-20/7-2 lg-negative PBL. 150732 thrombocytes Passer et al., 1997

Sea bass DLT15 thymocytes 40 thymocytes and Scapigliati ef al., £993,
Dicentrarchus peripheral T eells  this thesis

labrax

Yellowtail YeT-2  thymocytes n.d. Ig- leucocytes Nishimura et af., 1997

Seriola quingueradiata

Rainbow trout Hybl06-9 serum Ig n.d. granulocytes and  Slierendrecht et af., 1995

Oncorhychus thrombocytes

mykiss 21Gé/  head kidney n.d. M®, lymphocytes, Bowden et al.,1997
21FI1  leucocytes granulacytes
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General Iniroduction

antigens (Miller ef al,, 1987; Clem et al., 1985), secretion of lymphokines (Secombes et
al., 1996; Graham & Secombes, 1990) and allograft rejection (Botham & Manning,
1981).Unfortunately, in these studies T cell responses have been monitored indirectly,
due to the lack of specific markers. The generation of permanent T cell lines has been
achieved in catfish (Miller et al,1994), and these ceils permitted elegant studies on in
vitro T cell responses. However, it is also important to monitor T cell response after in
vivo challenge with antigens and, in this respect, the possibility of purifying and/or
labelling T cells with the aid of a specific mAb offer new possibilities for fish
immunology. In attempts to obtain mAbs against T cells many research groups
immunised mice with thymocytes or PBL. Unfortunately, in most cases a cross-
reaction with other leucocyte subpopulations was revealed. Table 2 shows an updated
list of the mAbs developed against Ig-negative leucocytes.

In order to minimise the cross-reaction of anti-thymocyte mAb with other
leucocytes; mice were immunised with isolated membrane molecules from carp
thymocytes excluding many intracellular antigens (Rombout er al.,1997). The resulting
mAb WCL9 displayed a peculiar reaction with a subpopulation of thymocytes and
reacted with two polypeptides (155 and 200 kDa). This mAb is considered as a marker
for early thymocytes. A similar immunisation strategy was employed by using
membrane lysates of intestinal leucocytes of carp (Rombout er al, 1998), which has
been previously shown to be rich in Ig-negative lymphoid cells (Rombout et al.,
1693b). The resulting mAb WCL38 cross-reacted with 50-60% of gut, skin and gill
lymphoid cells and with approximately 5% of the thymocytes and a negligible
percentage of lymphoid cells in other organs and blood, suggesting being a marker of
mucosal T cells. WCL38 appeared to react with a dimeric molecule of 76 kDa,
consisting of two subunits of 38 kDa (Rombout ef af.,1998). In channel catfish, the
mAb CfT1 has been obtained using a mixture of thymocytes and Ig-negative PBL
{Passer et al., 1996). This mAb, recognised a 35 kDa non-glycosylated antigen, and
displayed the characteristics of a good marker for thymocytes and peripheral T cells,
since it reacted with a high percentage of thymocytes, and a lower percentage of cells
from PBL, spleen and head kidney in immunofluorescence and flow cytometry. These
data agree with those found with mAb DLT15 in sea bass thymocytes and periphera! T
cells in spleen (Scapigliati er al., 1995). Moreover, DLT15 can also be used in
immunohistochemistry on paraffin sections from [ymphoid and non-lymphoid organs
showing the in situ distribution of T cells (Scapigliati et al., 1995). In juvenile sea
bass, the immunostaining with DLT15 revealed a high concentration of positive cells
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General Introduction

in the outer region of thymic lobuli and scattered DLT15 " cells were found in distinct
lymphoid areas of the head kidney and spleen (Scapigliati et al., 1995).

I.1.2 Nen-specific cytotoxic cells

The non-specific cytotoxic cell (NCC) is another type of fish leucocyte that can
induce the destruction of foreign cells. Granular lymphoid cells were found in the
peripheral blood, spleen and head kidney of teleost (rev. Manning, 1994). The NCC
could be the teleost equivalent of mammalian natural killer cells (NK) (Evans & Jaso-
Friedmann, 1992; Evans, 1997). It has been suggested that the NCC may represent a
progenitor of the NK, but with more diversity in function (Manning, 1994). They may
provide the first barrier of defence against tumour growth and infectious agents, as it
occurs in mammals by NK cells. Both NCC and NK cells need a direct contact with
the target cell in order to kill by apoptotic or necrotic mechanisms (Greenlee et al.,
1991). A mAb (5C6) developed against channel catfish NCC (Evans ef al., 1988)
seems to be a non-species specific NCC marker. Recently, 5C6 has been characterised
as reacting with a vimentin-like protein present on the NCC {NCCRP-1, Jaso-
Friedmann & Evans, 1997). In mammals, lymphokine-activated killer (LAK) cells
exist in addition to NK cells, these cells need IL-2 to mediate cytotoxicity (Lanier,
1995). In contrast to the NK cells, they expose the ydTCR (Raulet, 1994). The lack of
specific markers against y8TCR in fish dues not permits the existence of LAK cells in
teleosts,

I.1.3. Thrombocytes

Fish thrombocytes are very abundant in blood and the majority shows a spindle
shape, with irregular nucleus and many vacuolar and granular inclusions (Ellis, 1977,
Rowley et al ,1988). Thrombocytes showed the same reaction upon collagen treatment
as mammatian platelets (Uchida et al,1992). In this respect, despite their different
cellular identity, they were considered as the equivalent of the mammalian platelets
(Parmley, 1988) since fish thrombocytes are responsible of blood clotting when an
injury occurs (Uchida, 1992). A mAb against rainbow trout granulocytes and
thrombocytes was produced (Slierendrecht ef af., 1993), but the reaction with
thrombocytes was weaker to compare with granulocytes. An interesting mAb was

developed against carp thrombocytes and precursors (WCL6, Rombout et «l.,1996)

18



General Iniroduction

which appeared to be a suitable tool to study the appearance of thrombocytes during
ontogeny. More recently, a thrombocyte-specific antigen CD41/ CD61-like was
identified in catfish by using mAbs 4-20 and 7-2 (Passer et al.,1997)

I.1.4. Menocytes/macrophages

Macrophages and neutrophilic granulocytes in fish are the principal phagocytic
cells, which phagocytose inert or antigenic material, exert cytotoxic activity and
stimulate lymphocytes by secreting interleukin-1-like factors (Secombes & Fletcher,
1992; Verburg-van Kemenade et al., 1995). In fish, macrophages can be distinguished
on the basis of presence or absence of melanin. Melanomacrophages, contain melanin
or other pigments and lysosomes and are ofien organised in groups so called
melanomacrophage centres {Agius, 1995). Despite in carp “melanomacrophages” are
similar to those in other species they do not contain melanin (Agius, 1995).

The other macrophages, are localised more solitary in tissues, lack pigments and
contain numerous lysosomes or phagosomes (rev. Secombes & Fletcher, 1992).
Although macrophage-like cells were observed in numerous tissues of fish their
classification on the basis of their heterogeneity was not performed, probably due to
the lack of specific markers. A direct lineage relationship between monocytes and
macrophages was supposed, but never proven, and the characterisation of both cells in
adult or larval fish was performed by functional (Faisal & Ahne, 1990; Sveinbjornsson
& Seljelid, 1994; Verburg-van Kemenade et af., 1994) or (ultra) structural studies
{Zapata & Cooper, 1990; Koumans-van Diepen et al., 1994c). In general, macrophages
are involved in phagocytosis (rev. Secombes & Fletcher, 1992), antigen processing and
presentation (Vallejo et al., 1992), production of cytokines (Secombes, 1991) and
other modulating factors (Secombes & Fletcher, 1992) and immune-complex binding
(Koumans-van Diepen ef al, 1994c). In vitro assays of prolipherative and antibody
response to various thymus-dependent antigens provided evidence that the major
histocompatibility complex (MHC) molecules govern the antigen presentation (Vallejo
et al., 1992), and that MHC seem to be expressed carly during the development
{Rodrigues et ai., 1996).

A marker for monocytes and macrophages, WCL15, was recently reported by
Weyts et al. (1997). A permanent cell line originating from carp peripheral blood
leucocytes (Faisal & Ahne, 1990) having morphological and functional characteristics
of macrophages appeared to be reactive with this mAb. However, with live peripheral
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blood leucocytes WCL15 recognised also thrombocytes and showed a weak reaction
with basophils (Rombout et al., unpublished).

L.1.5. Granulocytes

Fish granulocytes can be classified into three subtypes: basophils, neutrophils
and eosinophils (Ellis, 1977). However, based on their staining properties, a clear
identification of the subtypes was not easy in each species. Moreover, the respective
roles of the different populations is not clear and vary from species to species (rev.
Manning, 1994), Anyway, numerous ultrastructural studies were published in the last
ten years, indicating different granulocyte cytology in each species. Generally, they are
involved in early non-specific immunity since the first reaction during inflammation is
an influx of granulocytes. Their presence at the site of inflammation reaches a peak
after 12-24 h and is followed by an invasion of monocytes and lymphocytes (Griffin,
1984). Neutrophilic granulocytes, are characterised by cytoplasmic round-oval
granules often containing of a crystalline structure (Rowley er al, 1988). Neutrophils
are involved in fish inflammatory responses and show chemotactic (Hine, 1992) and
phagocytotic reactions (Ainsworth, 1992). Carp neutrophils showed respiratory burst
and microbicidal activity and interleukin 1-like secretion (Verburg van Kemenade et
al., 1989, 1995},

In contrast to marmmals, the presence of basophils and mast cells is still a matter
of debate in fish. In carp, cells with a similar ultrastructural feature were described
(Rombout et al., 1989; Verburg-van Kemenade et al., 1994). Basophilic-like cells in
fish could differentiate into mast cells when activated and they may function in
inflammatory reactions as occurs in mammals (Ellis, 1977, Reite, 1998). However, it is
not proven yet whether histamine-like molecules are produced in fish (Ellis, 1977).
The literature on fish eosinophils is centradictory, they have been reported to contain
large cytoplasmic “granules” stained with eosin (Kelényi & Néméth, 1969) but their
function is still unknown, In carp, basophils and eosinophils are considered to belong
to the same lineage (Temnmink & Bayne, 1987), because the existence of intermediate
cells with both “basophilic” and “eosinophilic” granules was described {(Rombout ef
al., 1989). However, a real ensinophilic cell may exist in carp, since a fourth granular
cell type was described with eosinophilic granules, however, its presence seems to be
restricted to the skin (Cross & Matthews, 1991). Thus, the controversial classification

of gramilocytes in fish also suffers of the lack of specific markers for each
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subpopulation. Again, the use of granulocyte specific mAb against {channel catfish,
Ainsworth, 1990; carp, Nakayasu ez al., 1998) can be important in this respect.

L.2. Ontogeny of the immune system of fish
L.2.1. Histogenesis of the lymphoid organs in fish

The fish immune system involves lymphoid organs as thymus, (head and trunk)
kidney, spleen and mucosal associated lymphoid tissues in skin (SALT), gills (GIALT)
and gut (GALT), as shown in Figurel.

Complete histological description of the ontogenetic development of the teleost
lymphoid organs are reported in rainbow trout (Grace & Manning, 1980), carp
(Botham & Manning, 1981), yellowtail, red sca bream and Japanese flounder
(Chantanachookhin et al., 1991), giithead sca bream (Josefsson & Tatner, 1993), rosy
barb (Grace ef al, 1981), Atlantic salmon (Ellis, 1977), Mozambique mouth brooder
{tilapia) (Doggett & Harris, 1987), an other tilapia species (Fishelson, 1995), and in
antarctic species, as Harpagifer antarcticus (O’ Neili, 1989).

Like in all vertebrates, the thymus of fish probably plays an important role in the

Figure 1. The localisation of tymphoid organs and tissues in teleost fish (TH=thymus, HK=head kidney,
M=mesonephros, $P=spleen, GIALT=gill-associated lymphoid tissue, GALT= gut-associated lymphoid tissue,
SALT=skin-associated lymphoid tissue).
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development of the functional immune system, as demonstrated with early
thymectomy (Saliendri, 1973; Nakanishi, 1986). Fish thymus is mainly composed by
Ig-negative lymphoid cells (Scapigliati et al.,1995) within a network of reticular
epithelial cells, and generally with a cortex and medulla organisation (rev. Manning,
1994). Although the anlage of head kidney appears earlier than thymus (Zapata &
Cooper, 1990) the first appearance of lymphoid cells was generally observed in thymus
{Botham & Manning, 1981; Grace er al., 1981; O’Neill, 1989). Migration of
thymocytes to the head kidney has been demonstrated during development of sea
bream (Josefsson & Tatner, 1993} and suggested for carp (Secombes et al., 1983) and
sea bass (Abelli et «l., 1996, this thesis).

The kidney is an important lymphopoietic organ in teleost. It appears as a sheet

of tissue, located dorsally in the peritoneal cavity. Lymphopoietic areas were
distinguished in head and trunk kidney. The structure of lymphohaemopoietic tissue is
the same in both portions, however, in trunk kidney lymphoid areas are restricted
among renal tubules that lacked in the head kidney (Zapata & Cooper, 1990).
The kidney seems to be a multi-functional organ in fish. It has endocrine functions
(Abelli et al, 1995), myelopoietic functions (rev. Zapata, 1996) and immune
functions. Most authors agree that the head kidney together with haematopoietic areas
of mesonephros (trunk kidney) are the main sites of granulocyte, B lymphocyte,
monocyle differentiation and partially, the site of erythropoiesis, (Ellis, 1977; Zapata,
1979; Bielek, 1981; Botham & Manning, 1981), although the presence of macrophages
before appearance of the kidney suggest the existence of other lymphopoietic foci in
the fish embryo (Zapata ef al., 1996). Haematopoietic blast cells were observed in the
head kidney prior to the appearance of lymphocytes in any other lymphoid organ
(Ellis, 1977; Grace & Manning, 1980; Botham & Manning, 1981; Razquin et ai.,
1990; Zapata & Cooper, 1990; Josefsson & Tatner, 1993) suggesting the possibility
that the head kidney could be the first hacmatopoietic organ.

The spleen develops later and remains predominantly erythroid in most teleost
species (Rowley ef al., 1988; van Muiswinkel er al., 1991), however, in some species it
is possible to distinguish red and white pulp areas (i.e. sea bass, Abelli ef al., 1996).
Only a few studies were published on the ontogeny of the spleen (Quesada ez al.,
1995). It seems to be a central organ for thrombopoiesis in juvenile carp (Rombout et
al., 1996) which was shown by using a mAb specific for thrombocytes and their
precursors (WCL6).
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The epithelial surfaces in contact with the external environment, i.e. skin, gills
and gut, representing the first barriers for pathogens, seem to be protected by a
mucosal immune system (Rombout ef af., 1989, 1993a; van Muiswinkel, 1995, Joosten
et al, 1997, Abelli et al, 1997). In the intestine of fish numerous leucocytes were
found (Rombout e/ al, 1989) with prevalence of T lymphocytes and Jlarge
macrophages among epithelial cells and B cells in the lamina propria (Abelli et al.,
1997; Rombout ef ai., 1998). Although not much is known about antigen processing in
gills and skin, indications are available for antigen uptake by these epithelia and for the
presence of leucocytes at these locations (Lobb, 1987; Rombout e al., 1993a; Iger &
Wendelaar Bonga, 1994). Furthermore, the mucus itself is constantly being secreted
and shed, and used to prevent mechanical and pathogenic diseases {(Manning, 1994).
Only very few studies are conducted to the ontogeny of these tissues (Botham &
Manning, 1981; Picchietti ef af, 1997}, In carp the first histological localisation of
lymphoid-like cells in gut of larvac was reported around 9 days p.f. (Botham &
Manning, 1981) and in sea bass around the 30 days post hatch (p.h.) (Picchietti ef ai.,
1997).

1.2.2. Ontogeny of specific immunity
1221 Immunoglobulin presence in early developmeni

The presence of Ig-like molecules was detected in fish embryos before any
organs and tissue are formed. This suggests their role as the first barrier against
pathogens. Ig-like molecules were also found in the eggs and/or new-born fries of pike
Fxos Iucius (Clerx, 1978), carp (Van Loon ef al., 1981), plaice Pleurocetes platessu
(Bly et al., 1986), guppy Poecilia reticulata (Takahashi & Kawahara, 1987), rainbow
trout (Shors & Winston, 1989; Castillo et al, 1993; Oshima et al., 1996), tilapia (Mor
& Avtalion, 1990), chum salmon Oncorhyncus keta (Fuda et 'al., 1992), channel catfish
{Hayman & Lobb, 1993), red sea bream Pagrus major (Kanlis et af., 1995}, coho
salmon Oncorhyncus kisutch (Yousif et al, 1995), Atlantic salmon Salmo salar
(Lillehaug et al., 1996, Olsen & Press, 1997) and sea bass (Breuil ef al., 1997). Using
125I-iabelled homologous Ig, Bly (1984) demonstrated the uptake of Ig in the eggs of
plaice (oviparous fish) and in the young of viviparous blenny (ovarian gestation) and
swordtail Xiphophorus hellery (follicular gestation). In the channel catfish, IgM was
found both in the yolk and in the egg membranes, suggesting that it provides an
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immune barricr at the surface of the egg, as well as protection for the developing fry
(Hayman & Lobb, 1993).

Transfer of specific antibody from an immunised female to her eggs has been
reported in many oviparous species (Bly et «l, 1986, Mor & Avtalion, 1990,
Kawakara et al., 1993; Kanlis et al., 1995) while in an ovoviviparous guppy immunity
was transferred to the new-born fry by the mucous feeding {Takahashi & Kawahara,
1987). In the red sea bream, the concentration of Ig in the oocytes was found to
increase during vitellogenesis. Interestingly, the oocytes as well as the fertilised eggs
of the Vibrio-immunised females had a much higher specific antibody titre than the
same stages from control mothers (Kanlis et al, 1995), Sin et al (1994) have
demonstrated passive transfer of protective immunity against fchthyophthirius in
tilapia, as well as a beneficial effect of mouthbreeding. The protective immunity was
correlated with the anti-lchthyophthirius titres in soluble extracts of fry tissues and
maternal plasma. Hence the protective Ig was from two sources: the eggs, but also
mother’s mouth cavity, These studies indicate that a transfer of maternal antibody
takes place in many fish species and suggest that female fish can vaccinated to provide
their offspring with protection against specific pathogens.

In rainbow trout, IgM was detected in unfertilised eggs. Subsequently, in
embryos, lg levels increased slowly to reach a peak at the time of hatching, before
slowly declining to initial values (11 pg/g egg weight) by 2 months p.h. (Castilio et al.,
1993). In tilapia, Ig levels declined during the prelarval stages and reached the lowest
value 12 days p.h. (Takemura, 1993). In sea bass, Ig was also found in the eggs (3 ug/g
egg weight) with an Ig level decrease in prelarvae and a gradual increase from day 18
p-h. onwards (Breuil ef al., 1997). These studies indicated that the maternal supply of
IgM was almost depleted by the time of yolk exhaustion at the start of feeding, after
which the larvae apparently begin 1o synthesise endogenous Ig.

£2.2.2 Lymphoid cells

Specific immunity (in sensu stricto) includes the reactions of lymphoid cells in
addition to other cellular and humoral components that are related to the immune
response of these celis. This type of defence is characterised by antigen specificity and
memory formation. In the last case the immune system reacts faster and stronger after
repeated contact with the same antigen. This process includes antigen processing and

cell cooperation between distinct leucocyte subpopulations (i.e. macrophages, B and T
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cells). In fish, functional tests such as hapten-carrier assays suggested a cooperation
between T helper and B cells (Yocumn et al.,1975). In recent years, the availability of
specific mAbs has improved the knowledge on the leucocyte subpopulations, but only
few studies were related to the ontogeny of the immune system. The central point now
is to study the development of immunological structures in relation with the first
appearance of leucocyte subpopulations and their functional capacity. The proposed
age-equivalence model of lymphoid development, which suggested that different fish
species attain the same level of immunological maturity at equivalent age/temperature
{Solomon, 1978), was mainly documented by histological observations (Ellis, 1977;
Grace & Manning, 1980; Grace, 1981; Botham & Manning, 1981; Schneider, 1983;
Josefsson & Tatner, 1993}. Unfortunately, functional studies supporting this model are
scarce.

The first indications for humoral immunity were found in carp (Secombes et ai.,
1983b; Koumans-van Diepen ef afl., 1994a). The appearance of membrane Ig+ cells
was detected in the head kidney by day 14 post fertilisation (p.f.), although head
kidney lymphoid tissue was already observed 10 days earlier (Botham & Manning,
1981). During carp ontogeny the presence of different B cell subpopulations was
suggested and their percentages varied during the larval development (Koumans-van
Diepen et al., 1994a). In 14 days-old carp the main population of Ig-bearing cells is
recognised by the mAb WCI 4, while at older stages another mAb (WCI12) against Ig
reacts with the major B cell population (Koumans-van Diepen ef al, 1995). A
comprehensive analysis using immunohistochemistry indicates that the kidney of
many teleost species could the first organ containing IgJr cells (rev. Tatner, 1996).
These findings together with functional studies support the idea, that the fish kidney
may be a primary lymphoid organ for B cell maturation {Kaattari & Irwin, 1985; Irwin
& Kaattari, 1986; Schroder et al., 1997). The early detection of IgJr cells in rainbow
trout embryos {Castillo ef al., 1993) 8 days before the first identification of renal
lympho-haematopoietic tissue {(Grace & Manning, 1980; Razquin et al, 1990)
suggests that only a limited number of cells is derived from other sources. The in situ
localisation of such cells has not been established yet. Thus, ontogeny of B cell
precursors in fish apparently requires further investigation.

Numerous morphological studies were performed aiming to define the ontogeny
of teleost cell-mediated immunity, but general pattern of development in different
teleost species has not been firmly established (Manning, 1994; Tatner, 1996; Zapata
et al, 1996 for reviews). This is mainly due to the lack of specific markers to detect
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early haematopoietic cefls. Allograft rejection has been studied in fish to assess the
ontogenetic development of cellular immunity. Studies in rosy barb (Rijkers & van
Muiswinkel, 1977), carp (Botham & Manning, 1981) and rainbow trout (Tatner &
Manning, 1983) have demonstrated the early functional maturation of cytotoxic T
cells, few days after their morphological detection during development (Tatner, 1996).
Studies to clear up whether antigens encountered early in life can prime the immune
system to vield positive or negative (immunological tolerance) memory responses
upon subsequent challenge with the same antigen were conducted in carp and sea
bream (van Muiswinkel ef al., 1985; Mughal er al.,1986; Joosten et 4l.,1995). Carp
vaccinated by immersion or by antigen injection with Aeromonas salmonicida bacterin
(thymus independent antigen) 4 week p.f. showed an enhancement of the serum Ig
levels. However, when the carp were vaccinated with thymus-dependent antigens, such
as human gamma globulin (HGG), the secondary challenge showed development of
the immunological tolerance (Mughal et af., 1986). Carp orally vaccinated with Vibrio
anguillarum bacterin at 2 or 4 weeks p.f. showed antigenic tolerance, whereas an oral
vaccination at 8 weeks p.f. appeared to develop immunological memory (Joosten et al.,
1995) suggesting that the maturation of immune system in carp takes place in the first
two months p.f.

1.2.3.0ntogeny of nen-specific immunity

In addition to any maternally derived protection, larvae and fry possess a variety
of non-specific defence mechanisms that provide them with protection prior to the
maturation of the specific immune system. In addition to non-specific lectins,
haemagglutinins and maternal IgM, fries also possess an efficient phagocytic system
(rev. Tatner, 1996). In trout at 4 days p.h. phagocytosis of carbon particles was
observed by mobile macrophages, which accumulated in connective tissues and
epidermis of skin, gut and gills. The trapping of carbon particles in the gills of young
fry was interpreted as a specialised mechanism to protect the developing thymus from
undesirable and possibly tolerogenic antigen exposure (Tatner & Manning, 1985). The
hypothesis that non-specific mechanisms are developed earlier than specific responses
is further supported by the observation that carp macrophages were already localised in
the yolk sac (Botham & Manning, 1981).
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L.3.Aim and outline of this thesis

Although the teleost immune system has not been studied as extensively as that
of mammals or birds, it can be stated that a number of structural and functional
features related to humeoral, cell-mediated, and non-specific immunity are shared by all
classes of vertebrates. The immune system, of teleost fish is composed of similar
leucocyte subpopulations compared with other vertebrates and these cells are localised
in lymphoid organs and can be associated to epithelia to form a mucosa-associated
lymphoid tissue (MALT). However, the exact correlation with the mammalian immune
system appears to be difficult in fish, due to the lack of a set of specific identification
markers.

This thesis aims to contribute to the knowledge of the developing immune
system in fish. Specific mAbs are used to detect the distribution and percentages of
leucocytes subpopulations during ontogeny. The freshwater teleost carp (Cyprirus
carpio, L.) and the sea bass (Dicentrarchus labrax, L.) were used because of the
availability of specific T cell mAbs in these species.

In chapter 2, the early presence of leucocytes subpopulations were detected by
immunofluorescence/flow cytometric analysis using specific carp mAbs for early T
cells, B cells, monocytes/macrophages and thrombocytes. The relative percentages of
immunocompetent cells in the important lymphoid tissues (thymus, head kidney,
spleen, blood and intestine), from 1 week to 30 weeks p.f., provides information on the
quantitative distribution of leucocyte subpopulations during development, and on the
origin of these leucocyte types.

In chapter 3, a mAb (WCL15) only reactive with monocytes/tnacrophages in
fixed tissue was used to describe the distribution in sifu of these cells in lymphoid
organs of carp (thymus, head kidney, spleen and gut) from 2 days p.f. until 60 weeks
p-f. The positive ¢ells were detected by avidin-biotinylated peroxidase immunostaining
with nickel-enhancement on paraffin section, indirect immunofluorescence and by
immuno-gold electron microscopy.

In chapter 4, the ontogeny of the carp thymus is defined by using the mAb
WCL9 specific for early T cells. Special attention was paid to the development of
cortex and medulla by using immunohistochemical, confocal-laser-scanning analyses.
The ultrastructural study of the developing thymus permitted the analysis of the
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distribution and morphological differences of the epithelial cells. In addition, the in
situ localisation of apoptotic cells were studied in paraffin embedded thymuses, trying
to connect the distribution of thymocytes and epithelial cells with the proposed
selection process in the thymus.

In chapter 5, mAb WCL38, was used during the ontogeny of carp to detect
mucosal T cells in cell suspensions from systemic and mucosal lymphoid organs by
flow cytometry. The appearance and distribution of lymphocytes in some developing
epithelia such as intestine, gills and skin has also been included.

In chapter 6, the mAbs DLTI5 and DLIg3 specific for T and B celis of sea
bass, were employed to describe the morphology of these cells. Enriched leucocyte
fractions from different tissues (thymus, spleen, head kidney, intestine and blood) were
used.

In chapter 7, the mAb DLT15 was employed to analyse the ontogenetic
development of lymphoid cells within thymus, head kidney and spleen of sea bass,
with the aim of obtaining new information on the differentiation of T cells in this
marine species.

In chapter 8, the observations described in this thesis are discussed in relation
to their possible implications for phylogeny and aquaculture.
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Abstract

The distribution of leucocyte subpopulations was studied in thymus, head kidney,
spleen, gut and bloed of developing carp by using monoclonal antibodies against early
T-cells, B-cells, thrombocytes and macrophage-like cells. In the first week post-
fertilisation (p.f.}, early T-cells are very numerous (approximately 77 %) in thymus, but
also present in other organs, especially the head kidney; subsequently these cells
gradually disappear in all organs, except thymus (approximately 40%). B-cells appear in
head kidney from the second week p.f., and later in spleen and blood, but their number
remains low in thymus and gut. Thrombocytes first appear in spleen during the first
week p.f. and their percentage increases until the fourth week (approximately 30%).
Monocyte/macrophage-like cells are present in all organs from the first week p.f, and
their percentage gradually increases until eighth week p.f. This study indicates that: {1)
thymus may be the primary lymphoid organ for T lymphocytes; (2) head kidney could
be the primary lymphoid organ for B lymphocytes; (3) spleen is a primary site for
thrombopoiesis; and (4) monocyte/macrophage-like cells are already present in early
age. These findings provide new information on development of fish immune system.

Introduction

The teleost immune system has not been studied as extensively as that of
mammals, although a number of structural and functional features related to humoral,
cell-mediated, and non-specific immunity are shared by both classes of vertebrates
(Ellis, 1977; Esteban et al., 1989). At present, there is increasing interest for the immune
system and immune responses of fish, both to establish comparative relationships with
other vertebrates and to control fish health in aquaculture.

Previous studies of leucocytes distribution during fish development were
performed by light and electron microscopic observation in marine species (Ellis, 1977;
Esteban et al., 1989; Josefsson & Tatner, 1993) and freshwater species (Cannon ef al.,
1980; Grace & Manning, 1980; Fishelson, 1990). In carp, microscopical observations
revealed macrophages presence before the appearance of lymphoid tissues (Manning,
1994) and first lymphocyte-like cells around the first week post-fertilisation (p.f.)
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(Botham & Manning, 1981). Obvious progress derived from functional tests and the
production of antibodies recognising fish leucocytes subpopulations such as
granulocytes (Ainsworth, 1992; Hine, 1992), monocytes/macrophages (Hardie et al.,
1994, Sveinbjornsson & Seljelid, 1994; Koumans-van Diepen ef al, 199%a),
thrombocytes (Rombout ef al., 1996), B-lymphocytes (Irwin & Kaattari, 1996; Miller et
al., 1994; Koumans-van Diepen e af, 1995; Scapigliati et al, 1996), and T-cells
{Scapighati et al, 1996; Miller et al., 1987; Koumans-van Diepen ef a/, 1994a) in a
variety of fish species. Particularly for carp, monoclonal antibodies specific for
immunoglobulins and [g-producing cells (Koumans-van Diepen et al., 1995; Koumans-
van Diepen ef al, 19945), early T-cells (Koumans-van Diepen ef af, 1994b),
thrombocytes (Rombout ef al., 1996) macrophages and thrombocytes {(Weyts et al.,
1996} are available.

In this study we used these monoclonal antibodies (WCL9, early T-cells, WCI12,
Ig-producing cells, WCL6, thrombocytes, WCL15, monocyte/macrophages and
thrombocytes) to analyse the presence of immunocompetent cells in the most important
lymphatic tissues (thymus, head kidney, spleen, blood and intestine) during carp
development (from 1 week to 30 weeks post-fertilisation). Although the ontogeny of B-
cells has been described from 2 weeks (except intestine and thymus) (Koumans-van
Diepen ef al., 19944%), an earlier presence of B cells before this date were suggested. For
this reason, this study included the analysis of B-cells from 1 week for confirmation and
comparison with other leucocyte subpopulations. The immunereactive cells were
detected by immunofluorescence/flow cytometric analysis to assess the ontogenetic
development (timing and percentage) of leucocytes subpopulations.

Materials and Methods
Animals
Wild-type carp, Cyprinus carpio (L.} 1 to 3¢ weeks old and adult (80 weeks), were bred
and kept in the laboratories of the Department of Experimental Animal Morphology and

Cell Biology (now, Dept. of Animal Sciences) of the Agricultural University of
Wageningen {The Netherlands). They were reared in recirculating, filtered, UV-
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sterilised water at 23°C and fed with Artemia salina nauplii for 2 weeks followed by
Trouvit K 30 pellets (Trouw & Co., Putten, The Netherlands) at a daily age-dependent
ration of 10% (2 week-old) decreasing to 2% at 30 weeks onwards.

Before the dissection of head kidney, thymus, whole gut and spleen, fish were killed by
an overdose of 0.03% tricaine methane sulfonate {(Crescent Research Chemicals,
Phoenix, AZ) in water (w/v). From 6 weeks onwards, blood was sampled from the
caudal vein using a syringe containing 0.5 ml heparin solution (50 IU/ml) in ¢-RPMI
(RPMI+10% double-distilled water). From animals of 1-to 5-weeks of age, blood was
collected upon severing the tail. Leucocytes from blood and organs from 6-30
individuals (number decreasing from 30 to 6 with age) were pooled in order to obtain
enough cells (>2X109) for analysis.

Cell suspension

Cell suspensions from head kidney, thymus, spleen and gut were prepared in c-
RPMI containing 0.1% sodium azide by teasing the tissues through a nylon gauze filter
(50 pm mesh). Peripheral blood leucocvtes (PBL) were prepared from heparinised
blood diluted 1:1 in c-RPMI and centrifuged (15 min at 100 g) at 4°C, subsequently the
buffy coat was collected. All cell suspensions were washed ones (from 1 to 6 weeks) or
twice for 10 min at 680g and 4°C in ¢c-RPMI and resuspended in 2 ml of ¢c-RPMI. These
cell suspensions are layered over a discontinuous gradient of Percoll (Pharmacia AB,
Uppsala, Sweden) diiuted in c-RPMI to yield densities of 1.020 and 1.070 g ml-1
(leucocytes lacking basophils collect at the interface, as previously demonstrate by
Koumans-van Diepen ef al., 1994a). After centrifugation (30 min at 840 g} at 4°C, cells
layered between the densities mentioned above were collected and washed twice (10
min at 680g) at 4°C. The pellet was resuspended in ¢-RPMI with 1% BSA and 0.1%
sodium azide. Peripheral blood leucocytes (PBL) were prepared from heparinised blood
(5 ml) diluted 1:1 in RPMI and centrifuged (15 min at 100 g) at 4°C. The buffy coat was
collected, resuspended in RPMI and layered as described above.

Monoclonal antibodies
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WCI12 is specific for carp immunoglobuling and Ig-producing cells was
previously described (Koumans-van Diepen e¢f 2l 1994c), as a murine monoclonal
antibody reactive with the heavy chain of carp Ig. WCLY reacts with a membrane
antigen on a thymocyte subpopulation (early T-cells, Rombout et al., 1997). The anti-
thrombocyte monoclonal antibody, WCL6 reacts with living (Rombout ef al., 1996) and
fixed cells (unpublished data) and WCL15 is reactive with monocytes/macrophages and
thrombocytes (Weyts ef al., 1997). All monoclonal antibodies are of IgG, class except
WCL13, which is IgM.

Immunofinorescence and flow cytometry

Leucocytes were incubated suspensions of 250 pl in different tubes with WCI12
(1:100), WCL9 (1:20), WCL15 (1:100) and WCL6 (1:100). Labelled cells were then
washed (10 min at 680g) at 4°C and incubated for 30 min with fluorescent-conjugated
rabbit anti-mouse Ig (RAM-FITC, Dako, Glostrup, Denmark) diluted 1:100 in c-RPMI.
After washing, 104 cells were measured with a flow cytometer (FACStar, Becton
Dickinson Immunocytometry System, Mountain View, CA, USA), gated specifically for
lymphoid cells (Fig.1) and analysed using the Consort 30 data analysis package The
percentage of antibody-positive were calculated from pools of different individuals
(N=30 in 1| and 2 week old carp; N =11 from 3 to 5 week old and N =5 from 6 week
onwards). Controls for non-specific reactions were performed and in each experiment
cell suspensions from 60 week old fish were used as positive controls. The percentage of
monoclonal antibody positive cells was calculated by subtracting the percentage of cells
labelled with only the secondary antibody (RAM-FITC).

Results

Figure 1 shows the forward scatter (FSC) and 90° side scatter (SSC) profile of all
organs used from 2 and 30 week old carp, including the gate used to calculate the
percentage of immuno-reactive leucocytes. Events with a low FSC (non-cellular
particles) or cells with a high SSC were excluded from the gate; these cells mainly
represent granulocytes as was proven by fluorescence activating cell sorting and
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Fig.1 FCS/SSC profiles of each organ used of 2 and 30 weeks p.f. old carp showing the gale used for calcujating the
percentage of lympheid cetls with a low side scatter. The percentage of gated cells is given in each profile (a-j}: & b)
PBL suspension of 2 and 30 week-old carp, respectively; ¢, d) splenocytes of 2 and 30 week-old carp, respectively; e,
f} head kidney cells of 2 and 30 week-old carp, respectively; g, h) T-cells of 2 and 30 week-old carp, respectively; i,
}) gut leucocyte suspensions of 2 and 30 week-old carp, respectively.
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electron microscopic examination of sorted cells {(Verburg-van Kemenade ef al., 1994).
In each organ the percentage of gated cells increased with age, especially during the first
8 weeks. From 8 to 30 weeks there was a slight increase. Small change was found in
thymus (from 70 to 73%) and the biggest in PBL (from 17 to 67%). The majority of
immunoreactive cells were present in the gate, with the exception of WCL15-
immunoreactive cells, with a minor population with SSC higher of that used for the
gate. Figs. 1-5 represent the results obtained in one offspring. The Table | show the
mean = standard deviation of results obtained in three different offsprings (with the
same strain).

The percentage of Ig-bearing cells (WCI12 cells) in thymus, head kidney, spleen,
gut and blood of 1 to 30 week-old is depicted in Fig. 2. The percentage of Ig-bearing
cells was very limited {<1%) in all organs of 1 week-old larvae and became detectable
in head kidney (3%), spleen (1%) and blood (1%) in 2 week-old carp. From the second
week to the thirtieth week these percentages increased gradually in head kidney and
spleen (for both, up to 20%). From the sixth week the percentage also increased in blood
(up to 35% after 30 weeks) but it remained very low in thymus and gut.

The percentage of early T-cells (WCL9cells) in thymus, head kidney, spleen, gut
and blood of 1 to 30 week-old is depicted in Fig.3. Early T-cells were very numerous
(77%) in thymus and clearly detectable in cell suspensions from head kidney (37%),
spleen {13%), blood (26%) and gut (10%) of one week old animals. Throughout
development, the percentage of early T-cells sharply decreased in all organs (<1%),
remaining high only in the thymus (around 40%).

The percentage of thrombocytes (WCL6™ cells) in thymus, head kidney, spleen,
gut and blood of 1 to 30 week-old is depicted in Fig.4. Thrombocytes first appeared in
the spleen from 2 weeks post-fertilisation (4%) and their percentage increased up to
30% in the third week. In the other organs the percentage remained very low (< 1%). In
the fourth week WCL6™ cells became detectable (5%) in blood. From the fifth week
onwards, the number of thrombocytes quickly reached the adult levels of approximately
10% in spleen and 30-40% in blood.

The percentage of monocyte/macrophages (WCL151/WCL6" cells) in thymus,
head kidney, spleen, gut and blood of 1 to 30 week-old is depicted in Fig.5. The
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Fig.2 Ontogeny of WCI2% carp cells. Time-course graph of WCI2" cefls in lymphoid organs detected in

immunofluorescence-flow cytometric analysis from 1 to 30 week old carp. BL: blood; GU: gut; SP; spleen; HK:
head kidney; TH: thymus.

sP N v« B T

100
90
80
70
60
50
40
30
20
10

% of gated cells

Fig.3 Ontogeny of WCLOY carp cells. Time-course graph of WCLYT cells in lymphoid organs detected by
immunofluorescence-flow cytometric analysis from 1 to 30 week old carp. BL: blood; GU: gut; SP: spleen; HK:



Carp leucocytes during ontogeny

The percentage of monocyte/macrophages (WCL15Y/WCL6~ cells) in thymus,

head kidney, spleen, gut and blood of 1 to 30 week-old is depicted in Fig.5. The
percentage of WCL6Y cells has been subtracted because of the cross-reaction of WCL15
with thrombocytes.
Monocyte/macrophages were already present in all organs, except the spleen, of 1 week-
old fish and their number gradually increased during development reaching considerable
percentages in the eighth week in spleen (46%), thymus (37%), head kidney (37%),
blood (33%) and gut (19%). Between 8 and 30 weeks the percentage of WCL15" 6
cells increased in gut (up to 38%) and decreased in blood (to approximately 18%), while
it did not changed in other organs.

Although statistical data cannot be given since leucocytes of different individuals
were pooled throughout the experiment, the presented results show the same tendencies

as found in three other similar performed experiments (Table 1).
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Fig.4 Ontogeny of WCL6Y carp cells. Time-course graph of WCL6Y cells in lymphoid organs detected b
immunofluoreseence-and flow cytometric analysis from 1 to 30 week old carp. BL: blood; GU: gut; SP: spleen; HK

head kidney; TH: thymus.
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Discussion

In this study the timing of ontogenetic development of leucocyte subpopulations
(B cells, early T-cells, thrombocytes and monocytes/macrophages) in different

lymphoid organs of carp is reported.
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Fig.5 Ontogeny of WCL1576" carp cells. Time-course graph of WCL15¥ cells in lymphoid organs detected by
immunofluorescence-and flow cytometric analysis from 1 to 3¢ week old carp. BL: blood; GU: gut; SP: spleen;
HK: head kidney; TH: thymus. The values are generated by subtraction of WCL6™ cells from the percentage of

WCLY5Y cells in spleen and blood.

The development of lymphoid organs in carp seems to be precocious as compared with
other teleost species (Grace & Manning, 1980; Fishelson, 1990; Hine, 1992; Abelli et
al., 1994). Head kidney develops between the third and the fourth day post-fertilisation
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