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Abstract

Abstract

In the research presented here, aspects of cdlular immune responses of carp
(Cyprinus carpio L.) to the extra cdlular blood dwdling flagdlae
Trypanoplasma borreli Laveran & Mesnil 1901, were invetigated. As a
prerequisite, a continuous cell culture system for infective stages of T. borreli was
developed. In vivo and in vitro, T. borreli was inducing non-specific responses of
carp phagocytes, such as the production of nitric oxide (NO) and reactive oxygen
species (ROS) and phagocytoss activity. In vitro, phagocytes from carp of a
T. borreli susceptible and resgtant fish line were activated by parasite chalenge
in a compardble manner, indicating tha nether of the functiond phagocyte
reponses measured was correlated to discase resstance. The paradte itsdf
proved to be rdaivey insendtive to the functiond, non-specific phagocyte
responses observed here, as it was not killed by reactive intermediates (NO/ROS)
nor phagocytosed by neutrophils or macrophage. An important mechanism for te
defence of cap againgt T. borreli was the production of paradte specific
immunoglobulins (Ig), which in combination with complement were found to be
highly trypanocidd. For its survivd in the host, T. borreli seems to have evolved
drategies to impede the generation of a humord response, by modulating
lymphocyte proliferation in the framework of a specific immune reaction. The
paradte directly inhibited lymphocyte proliferation, when added to mitogen
simulated PBL cultures. In addition, NO secreted by phagocytes in response to
T. borréli chdlenge, was observed to down regulate lymphocyte proliferation.
Supernatants obtained from T. borreli primed HKL cultures, were suppressng
mitogen induced lymphocyte proliferation. T. borreli seems to be well adapted to
its survivd in a cyprinid hodt. It was insengtive to the nonspecific phagocyte
responses tested here and has developed strategies, to hinder the host’s attempt to
devdop specific, trypanocidd activity. The paraste interferes with immune
sgnaling of the host, essentid for coordination of immune responses.
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Chapter 1

General Introduction

Preface

The importance of fish, as source for food supply, resulted in a continuous
exploitation of the natura populations. Worldwide decline of ocean fisheries
stocks has provided impetus for rgpid growth in fish faming in the last decades
(Naylor et al., 2000). In agua culturd sysems, fish are maintained in an atificid
environment, congructed for economica purposes. When fish are cultured in high
densties and are dressed by adverse environmentd factors (e. g handling, low
dissolved oxygen, nutritiond deficiencies, and /or overcrowding), their ability to
generate effective immune responses againg pathogens is severdy impared
(lwama & Nakanishi, 1996; van Muiswinkel et al., 1999). Pathogens may have
the advantage and the risk of disease outbresk increases in the fish population
(Woo, 1992; Iwama & Nakanishi, 1996; van Muiswinke et al., 1999).

Treatment and control of disease outbresks by medicd drugs in cultured fish
stocks is expensive and problematical, as the applied substances may contaminate
and damage the aguatic ecosysem. Modern drategies are using preventive
measures, such as vaccination (Woo, 2001, FernandezAlonso et al., 2001) and
immunogimulation by food supplements (Sakai, 1999), as wel as breeding for
higher disease resstance (Wiegertjes et al., 1995 ab), to diminish the demand for
medicd drug treetment. For development and improvement of preventive
drategies, a profound knowledge on interactions of pathogens with the piscine
immune sysem is highly vduable It has become clear that fish are endowed with
immunologicd  properties enabling an efficient protection agang invading
pathogens. The relevant defense mechanisms often ae not known in detall.
Especidly a degper ingght in mechanisms of initiation and coordination of an
immune response in fish is needed for the improvement of preventive drategies
diminishing the impact of fish diseases in an economic aquaculture indudtry.
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Basic aspects of the piscine immune system

Non-specific immunity

For the protection of fish from an invason of pathogens, epithdid surfaces
(e.g. in, gills and gut) are essntid as a firg line of defense. Intact epithdid
sufaces as a mechanicd barier are effectively hindering the penetration of
pathogens. They are covered with a mucous layer, preventing the atachment of
bacteria, fungi or parasites (Pickering & Richards, 1980). In addition the mucous
contains reective subdances, which may immobilize pathogens inhibit their
enzymes or directly kill them (van Muiswinkd, 1995). It is of prime importance
for the fish to mantan the integrity of covering epithdia because of ther
importance in defense and for osmoregulation.

When pathogens have overcome the externa barriers, they are confronted
with reactive substances and leukocytes (e. g. macrophages and granulocytes) of
the non-gpedific immune sysem. These may inhibit the multiplication of
pathogens, opsonise them for further processng or directly kill them
(vanMuiswinkel, 1995). Examples of reactive substances are, the iron binding
protein tranderin, which is limiting the amount of free iron ard making it
unavailable for the growth of pathogens lectins (or natura agglutinins) which are
neutrdizing bacterid components (e g. endotoxin) and ae immobilizing
pathogens, fadilitating phagocytoss. C-reactive protein, bound to the surface of
microorganisms can act as opsonin to enhance phagocytoss or to activate the
complement system.

Leukocytes exhibiting nonspecific activity in fish ae macrophages and
monocytic cdls, induding neutrophilic and basophilic granulocytes (Verburg-Van
Kemenade et al., 1994; 1996). These cells are producing microbicida substances
for an intra and extracdlular killing of pathogens. In response to pathogenic
chdlenge, piscine macrophages and granulocytes ae incressng  their
phagocytoss activity (Chilmonczyk & Monge, 1999) and their capability to
produce cytotoxic radicd substances like reactive oxygen species (ROS) and
nitric oxide (NO) (cf. VerburgVan Kemenade et al., 1994; 1996; Neumann et
al., 1998). Like in mammds, processes of inflammaion are mediated by
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macrophages and granulocytes in fish. They are infiltrating the injured tissues in
high numbers and kill and phagocytose invading microorganisms. This confers
some degree of protection by “waling off” an infected area from the rest of the
body (van Muiswinkd, 1995). Macrophages and monocytes are representing the
firg line of cdl-medigted immunity in fish. In addition to their nonspecific
defense activities, macrophages and granulocytes have an important role as
accessory cdlsin initiation and modulation of specific defense mechanisms.

Complement system

The complement sysgem in fish congss of proten and non-protein
components involved in both innate defense mechanisms and specific adaptive
immunity. The complement cascade can be activated (1) in the classcd pathway,
which is dimulaed by antigenrantibody immune complexes and (2) in the
dternaive pathway, which is dated by contact with certain microbia cel wal
polysaccharides (for review see van Muiswinkd, 1995; Secombes, 1996). Woo
(1992) has shown in infections of trout with blood parasites Cryptobia, sp.), that
the dterndive pathway is the protective mechanism in nave fish. The dasscd
pahway is suggested to be important in acquired immunity after survivd of
paragtic infections (van Muiswinke, 1995).

Specific immunity

Fish are endowed with immunoglobulin (Ig) as well as other members of the
lg super family (Warr, 1995) like mgor hisocompathibility complex (MHC)
molecules class | and Il (Stet et al., 1996) and a T—cdl receptor (TCR) homologue
(Rust & Litman 1994, Wilson et al., 1998).
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I mmunoglobulin

The Ig in bony fish condgs of heavy (H) and light (L) chains and hence is
gmilar to that in other vertebrates. Because the H chain of the piscine Ig shows
homology with the m chain of mammas and because of it's tetrameric Sructure, it
is usudly referred to as IgM. The highest amount of Ig found in the serum of bony
fish is the tetrameric IgM. The presence of a monomeric Ig in the mucus of cap
was suggested by Rombout et al. (1993), but a distinct pattern of Ig sub-classes,
like in mammas (IgG, IgA, IgE) obvioudy does not exig in bony fish. An Ig
class switch (change of heavy chain) cannot be observed. This may explan why
somatic hypermutation and the subsequent sdection of high affinity B-cdl clones
areredricted in fish.

An important feature of the humord response in bony fish is the ability to
devdop immunologicd memory. Following a fird anitigen contact, B-memory
cdls retain the capacity to be simulated by the antigen. A secondary antibody
regponse in fish is fager and results in higher Ig titers in the serum, than the
primary response. In carp, the ratio between secondary and primary antibody
responses never reached the high levels found in mammas (10-20 fold in carp and
up to 100-fold in mammas) (cf. van Muiswinke, 1995).

L eukocyte cooper ation

Lymphocyte heterogeneity (T- and B-cdls) has been invedigated by using
monoclona antibodies (Secombes et al., 1983; De Luca et al., 1983) and by
functiond tests of cdl cooperation (Miller et al.,, 1985; 1987). Surface
immunoglobulin postive (dg+) lymphocytes were found to be responsble for the
production of serum Ig ad therefore are consdered to be analogous to B-
lymphocytes (bone marow derived lymphocytes) in the mammdian immune
system (Secombes et al., 1983; Miller et al., 1985; Koumans- van Diepen,
1994 alb).

The activation of piscine B-lymphocytes is triggered by mediators generated
from activated dg negative (dg) lymphocytes indicating T-lymphocyte (thymus
derived lymphocytes) functions of these cells (Secombes et al., 1983; Caspi &

10
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Avtdion 1984a; Caspi et al., 1984). These assumptions were confirmed by the
detection of a T—cell receptor (TCR) homologuein fish (Rust & Litman, 1994).

< B-memory cells
CSS
.,Es@ <

Cytotoxic
\ T-cells
N —

B-B-cell; M-Macrophage; TH-T-helper cell; TC-cytotoxic T-cell;
IL-interleukin
I -Pathogen |] -MHC-class | V-T-cell receptor <Pro|iferation

¢-Antigen [I] -MHC-class IIY -B-cell receptor
(immunoglobulin)

Figure 1. Interaction of immune cdls in the vertebrate sysem. (From: van
Muiswinke, 1995, dightly modified).

The activation of lymphocyte (B- and T- cdlg) in fish is modulated by
accessory cdls, like macrophages and monocytic cdlls, induding neutrophilic and
basophilic granulocytes (VerburgVan Kemenade et al., 1996). Pathogens
phagocytosed by activated monocytes and macrophages are processed and smdl
antigenic determinants are presented to lymphoid cedls associated with MHC class
Il molecules (Fig. 1). Subsequently T-helper cells are activated by interaction of
ther TCR with the antigenic determinant and factors secreted by accessory
phagocytes (e.g. inteleukin 1, Verburgvan Kemenade et al., 1995). The
activated T-hdper cdls gimulate the differentiation and proliferation of effector
cdls as B-lymphocytes and cytotoxic T-cells by secretion of different factors
(e. g interleukin 2, Caspi & Avtdion, 1984b). Depending on the circumstances,
B-cdls will devdop into long-lived B-memory cdls or short-lived B-plasma cdls.
These B-plasma cdls secrete huge amounts of gspecific immunoglobulin (1g),

11
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which will bind, and opsonise invading pathogens showing the corresponding
determinant (Fig. 1) (cf. van Muiswinke, 1995).

During a specific immune response, activated lymphocytes (B- and T- cdls)
themsdves have the capability to trigger the activation of macrophages. Upon
dimulation with bacterid antigens (e g. lipopolysaccharide, LPS) lymphocytes
are secreting macrophage activating factors (MAF), which incresse the ROS
production and phagocytoss activity of macrophages (Secombes et al., 1996,
Neuman et al., 1998, 2000). In pardld piscine macrophages have receptors for Ig
(Fc receptors) on ther surface facilitating the binding and subsequent
phagocytosis of |g opsonised materia (Sakai, 1984). Koumans- van Diepen et al.,
(1994b) detected high amounts of Ig binding macrophages in gut associated
lymphoid tissue of cap and a limited amount of Ig binding macrophages and
monocytic cdls in the pronephros (a mgor lymphatic organ, see beow). Thus
macrophages and monocytes may be consdered as a linkage of non specific and
gpecific immunity in teleodts.

Lymphatic organsin teleosts

The main lymphoid organs in teleosts are thymus, head kidney (pronephros),
trunk kidney (mesonephros) and spleen (Fig. 2). Leukocytes dso are present in
the blood, intesine and epithdia of skin and gills Bone marow, bursa of
Fabricius, Peyers patches and lymph nodes, which are present in birds and/or
mammals are not found in fish.

Figure 2. Mgor lymphatic organs in carp. T — Thymus, PN — Pronephros (head
kidney)

12
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In the kidney and in the spleen, cdls from the interditid haematopoetic tissue
respond to antigenic simulation by proliferation like in lymphoid organs of higher
vertebrates (Manning, 1994). The firg Ig producing plasma cells appear in the
pleen and kidney around 1 week after immunisation followed by a pesk another
week later (van Muiswinkd, 1995). Spleen and kidney in fish represent the mgor
organs for antigen presentation by accessory cdls  (granulocytes  and
macrophages) and thus initistion of B- and T-cdl responses. The spleen in
addition has important function for antigen trgpping and dimination from the
circulating blood by macrophages.

In the head kidney (pronephros) of carp, besde lymphocytic cdls, mature
macrophages and granulocytes as wel a monocytic cdls  (granulocyte
/macrophage precursor cells) are present (Bayne, 1986; Temmink & Bayne, 1987;
VerburgVan Kemenade et d., 1994a). During peritoned inflammation in the
goldfish, (Carassius auratus), head kidney neutrophilic and basophilic
granulocytes were released to the periphery (Bidek et al., 1999). hdicating that
the head kidney, in addition to its functions for B-cdl development, has functions
for the development and differentiation of monocytic cdlls.

Blood parasite infection of carp: an immunological research
model

In the last decades of research in tdeost immunology, it has become desr,
that fish are endowed with the mgor components of the immune sysem of
gnathostome vertebrates. Many aspects of the complex interactions of pathogens
with the piscne immune sysem ae 4ill not wel undersood. Defined disease
models are needed, to get deeper indght into host pathogen reationships and
immunomodulatory processes in fish (Chilmonczyk & Monge, 1999). Disease
models are important tools, for research on the impact of externd factors (eg.
stress, poor environmenta conditions, pollution) on the effectiveness of immune
responses in fish. They may hdp to diminish the impact of fish diseases in an
economic aguaculture industry, by the development of preventive measures (eg.

vaccination, immunogtimulation, breeding for higher disease resistance).

13
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Infections of cap (Cyprinus carpio L. with the protozoan flagdlate
Trypanoplasma borreli can easlly be induced and monitored and therefore are
good models for the study of interactions of the paradte with the host immune
sysem (Wiegerties et al., 1995; Jones et al., 1995) and mechanisms of
pathogeness (Lom & Dykova 1992; Bunngirakul et al.,, 2000). For
experimentation, T. borreli was successfully transmitted by the injection of blood
from infected fish into muscle or body cavity of recipient fish (Jones et a., 1993),
and acloned strain was established (Steinhagen et al., 1989).

Trypanoplasma borreli a trypanomatid parasite:

Unicdlulr flagellates of the family Trypanomatidee ae found in Al
vertebrate classes. With the exception of Trypanosoma cruz, which is dividing in
the cytoplasm of mammdian cdls, trypanosomes are consdered to thrive in the
vascular system of vertebrates. They are transmitted to their hosts by blood
sucking invertebrates (Overath et al., 2001).

Figure 3. Trypanoplasma borreli bloodstream form. Blood smear, Giemsa sain,
T—T. borrdi, L — Lymphocyte, E — Erythrocyte

Kinetoplastid trypanosomes are present in a wide variety of ocean and fresh
water fish species (Woo & Poynton, 1995). In European cyprinids, Trypanosoma
carassi (formerly known as T. danilewskyi) and Tryanoplasma borreli are widdy
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digributed (Lom, 1979; Lom & Dykova, 1992). T. carassi aswdl as T. borreli
infections do not show a fluctuating parastemia, which is characterigic for
infections with Sdlivarian trypanosomes (e.g. T. brucei in humans) (Steinhagen
et al., 1989 a Overath et al., 1999). They are tranamitted by leeches, which leads
to an initid rise in blood parastemia, followed by a decline of parasite numbers.
Thereafter, low numbers of flagellates are present in the blood and internd organs
of most of the fishes for a prolonged period. These chronic infections may result
in a high prevdence of the flagdlates in a given populatiion, but the intengty of
infection is generdly low (Lom, 1979; Steinhagen et al., 1989 a Lom & Dykova,
1992; Jones et al., 1993).

Route and cour se of Trypanoplasma borreli infection

The hemoflagdlate Trypanoplasma borreli Laveran & Mesnil, 1901
(Kinetoplagtida:  Cryptobiidee) develops extra cdlular in the peripherd blood of
infected cyprinids (Fig. 3). In Europe, the infection is widespread in hatchery
populations of common carp (Cyprinus carpio) and tench (Tinca tinca) (Lom,
1979). T. borreli is tranamitted by the blood sucking leeches Piscicola geometra
and Hemiclepsis marginata (Lom, 1979). The leeches are acting as vectors, not as
obligatory intermediate hosts (Kruse et al., 1989). For experimentation, the
parasite was successfully transmitted by the injection of blood from infected fish
into muscle or body cavity of recipient fish (Steinhagen et al., 1989 alb; Jones et
al., 1993) and a cloned strain was established (Steinhagen et al., 1989 a). About 7-
14 days post injection (PI) flagellates are present in the bloodstream of the carp.
During the following weeks the flagdlate numbers incresse rapidly and pesk
about 21-28 days PI. This phase of parastemia is followed by a chronic phase
with lower numbers of parastes (Steinhagen et al., 1989 & Jones et d., 1993). In
T. borreli resstant carp parasite numbers decline after 812 week P, followed by
therr dimination from the periphera blood (Steinhagen et al., 1989 a; Jones et al.,
1993). Water temperature affected the length of prepatent periods, height of
parastemia and duration of the infection. It lasted 20 weeks when fish were kept
at 20°C and it was shortened to 12 weeks at 30°C (Steinhagen et al., 1989 a).
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Pathology and mortality

The T. borrdi infection causes a ,deeping sckness of infected cyprinid fish
(Schéperclaus, 1979; Lom & Dykova, 1992; Woo & Poynton, 1995).
Experimentaly infected fish show lethargic swimming behavior, loss of appetite
and become anaemic (Lom, 1979; Steinhagen et al., 1990; Jones et al., 1993). The
anaemia is associated with high parastaemia and is absent in recovered fish.
Mortdities due to T. borreli infection are rdlated to the sze of inoculums and
water temperature (Woo & Poynton, 1995). Age seems to be another important
factor. Lom (1979) indicated in some cases 40-80 % mortdity in fird year carp,
which was dgnificantly reduced in second year carp. Kyessditz (1906) suggested
that post-spawning cyprinids seemed to be more susceptible to the paraste than
sexudly maure fish. This might be due to a weskening of condition by the
gpawning. In hatchery gocks, high mortaity due to the T. borrei infection is
rarely reported (Lom, 1997).

Some drains of cap and goldfish were found to be highly susceptible to the
paradte. Upon an injection of T. borreli into the muscle or peritoned cavity of
these fishes, paraste numbers increased quickly in their circulaing blood. The
fish were highly anaemic, developed ascitis, showed exophthdmia, swimming
disorders, and died within 3-4 weeks post injection (Pl) (Lom & Dykova, 1992;
Wiegertjes et al., 1995 ab). The kidneys of infected, T. borreli-susceptible carp
showed degenerative changes, glomerulitis and tubulonephross (Lom & Dykova,
1992; Bunngjirakul et al., 2000; Rudat et al., 2000). This is suggested to severdy
affect the osmoregulation in these fish (Bunngjirakul et al., 2000).

Immune responses of carp to Trypanoplasma borreli

Immunosupressive agents significantly increesed parasitaemias in carp, which
resulted in high fish mortdities (Steinhegen et al., 1989 b). Expeimentdly
infected, resstant carp, rapidly produced antibodies in the fird 4 weeks of
infection (Jones et al., 1993). Peak antibody production coincided with the decline
in parastemia and mog fish recovered 8-12 week post infection (Jones et al.,
1993). Infected goldfish that survived heavy experimenta T. borrei infections
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were protected to reinfection (Lom, 1979). This dso was observed in carp, up to
220 days Pl with T. borreli (Steinhagen, 1985).

Highly susceptible isogenic homozygous cap (100 % mortdity) were not
producing specific antibodies to T. borreli infection (and hapten chdlenge). Out
bred carp, the mgority of which survived infection, showed an antibody response
to the paradte (and hapten chdlenge) (Wiegertjes et al., 1995 ab). Trander of
immunity by passve immunisation of susceptible cap with immune serum was
only patidly and resulted in a dightly longer survival time when compared to
animals injected with untrested serum (Wiegertjes et al., 1995 a/b). Indicating thet
the generation of a humord (B-cdl) response is Sgnificant for the defense of the
diseese. High susceptibility of some cap lines might be relaed to geneticaly
determined deficiencies for the induction of a humord response (Wiegertjes et al.,
1995 ab). Jones & Woo (1987) were not able to protect rainbow trout
(Oncorhynchus mykiss) from a lethd infection with Cryptobia salmositica, a
paraste closdly related to T. borreli, by injection of immune plasma By passve
transfer of both leukocytes and immune plasma, however, the rainbow trout could
be protected from an infection with the parasite. Jones & Woo (1987) suggested
that sendtisation of granulocytes might be important in the defence of rainbow
trout to C. salmositica.

Cdlular interactions of T. borreli with host leukocytes, which might be
rdevant in susceptibility, defense and /or pathology of the disease are bardy
understood. In hematopoetic tissues of T. borreli infected carp, increased
proliferative activity was detected by means of flow cytometry (Hamers &
Goerlich, 1996). Higopathologicd <udies reveded incressed proliferation of
mononuclear cdls in kidney and spleen of T. borreli infected carp (Bunngirakul
et al., 2000). Jones et al. (1995) observed that carp leukocytes in vitro faled to
proliferate in response to mitogenic dimulation, when co-cultured with high
numbers of live T. borrdi, indicating a possble immunosuppressve influence of
the paaste. The number of leukocytes (especidly granuloblasts and
granulocytes) in the blood of carp increased &fter infection (Steinhagen et al.,
1990). Corresponding to these findings, Kiesecker-Barckhausen (1996) observed
a decrease of granulocytes in the head kidney (pronephros) of infected carp,
indicating that during the infection head kidney derived granulocytes are
migrating to the peiphery. Thus beddes mononucdear Iymphoid cdls,
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granulocytes apparently are involved in responses to T. borreli. In co-cultures of
T. borreli and head kidney leukocytes from hedthy carp, containing of approx.
40 % granulocytes, an increased production of nitric oxide (NO) was found (Sagi
et al., 2000). This coincided with a decreased motility of the paradte in the co-
cultures, but not akilling of T. borreli.

Whether other activities of granulocytes and macrophages, such as
phagocytoss or the production of microbicidd substances like reective oxygen
species (ROS) (respiratory burst activity), play a role in responses to the parasite
IS not clear.

Aims of thethesis

The production of T. borreli specific antibodies is suggested to be sgnificant
for a defense of the paradite (Jones et al., 1993, Wiegertjes et al., 1995 ab). In the
blood of susceptible carp, T. borreli are multiplying rapidly and the fishes dready
die in the third week of infection (Bunngirakul et al., 2000), before they are able
to mount the pesk antibody response (cf. van Muiswinkd, 1995). During the lag
phase of the antibody response to T. borreli, control of the infection is depending
on nonspecific activities in which granulocyte and macrophage activation might
dgnificantly be involved. In padld ther accessory functions in lymphocyte
activation could be decisve for rapidity and effectiveness of a specific response to
T. borreli. Differences in the patern of leukocyte activation in susceptible and
resgant cap, might give evidence on immunomodulatory mechanisms, relevant
in the defense of the T. borrei infection. Overdl, T. borreli might benefit from an
imparment of granulocyte/macrophage activation and the generation of a pecific
lymphocyte response.

Based on the outlined condderations, we want to further characterise
interactions of carp leukocyte subsets and the blood flagellate T. borreli in cdl
culture sysems. Therefore the availability of blood stream forms of T. borreli is a
prerequidte. In a fird sat of experiments we will develop a cdl culture system,
dlowing thein vitro propagation and multiplication of the parasite.
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As lymphocyte proliferation proved to be a reevant aspect in the specific
defence of the disease, a flow cytometric method for the andyss of cap
lymphocyte proliferation in vitro will be developed and established. Carp
lymphocytes will be obtained from the peripherd blood of carp. Proliferation will
be induced by the addition of mitogens. With this method we want to further
claify the assumption, that T. borreli is modulating the lymphocyte proliferation
in carp.

In a third st of experiments, we will investigate interactions of accessory
cdls, especidly granulocytes, with the paraste. Granulocytes can be obtained in
high numbers from the head kidney (pronephros) of carp. In cdl cultures changes
in morphology, viability, phagocytoss ectivity and the production of reective
oxygen species (ROS) and nitric oxide (NO) of granulocytes due to mitogenic and
paastic dimulaion will be andysed. In vitro the influence of activated
granulocytes on the viability of T. borreli will be investigated. In co-cultures of
T. borreli and carp head kidney leukocytes, increased production of nitric oxide
(NO) was detected (Sagi et al., 2000). In immune responses of mammals, the NO
contributes to inflammation (Eisengtein e d., 1994), modulates lymphocyte
proliferation (Allione et al., 1999) and is a mediator of non-specific anti-microbia
activities (James, 1995). In a fourth set of experiments we will ask, whether NO
production is induced in T. borreli infected cap and thus might contribute in
immunomodulaion in cap. At lag the influence of T. borrei on lymphoid
proliferetion and responses of accessory cdls will be invedigated in a
comparative sudy with leukocytes obtaned from T. borrei ressant and
T. borreli susceptible carp.
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Chapter 2

In vitro cultivation of Trypanoplasma borreli
Laveran & Mesnil 1901

Summary

An in vitro culture sysem was developed for infective dtages of
Trypanoplasma borreli. Trypanoplasms multiplied rgpidly in a mixture of Hank's
baanced sdt solution (HBSS, 45%), L 15 (22.5%), Eal’'s minimum essentid
medium (MEM, 225%) and 10 % didtilled water, which was supplemented with
5-10% heat in-activated pooled cap serum. In medium supplemented with feta
bovine serum, multiplication of T.borrei seemed to be inhibited. Cultures
initiated with less than 100000 T. borreli/ml culture medium did not survive, and
a ubgantid multiplication of trypanoplasms was found a inocula beginning with
630 000 flagelatesml. Trypanoplasms multiplied & 15°C, 20°C and 25°C. In
cultures incubated a 4 °C the trypanoplasms remained viable but the number of
flagellates did not increase. Trypanoplasms from in vitro cultures retained thar
infectivity for carp for a leest 90 days (5 passages). The trypanoplasms survived
in culture over a period of up to 5 months (10 passages). The established culture
system dlows the propagaion of high numbers of fishtinfective trypanoplasms,
which are required to study parasite-host-relationshipsin carp.

Introduction

To have a constant supply of paraste materid for these experiments, in vitro
cultures of trypanoplasms are needed. Successful culture systems were established
for Trypanoplasma (Syn. Cryptobia) salmositica from the blood of North
American samonids and T. bullocki from North American flounders. These
flagdllates are closdly related to T. borreli and were cultivated in media based on
Hank's sdt solution (T. salmositica) or minimum essentid medium (T. bullocki,
T. salmositica) and supplemented with heat inactivated bovine serum (Woo &
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Poynton, 1995). In these media, the trypanoplasms multiplied rapidly and ill
were able to infect fish after a prolonged period of cultivation (Woo & Li, 1990).
In vitro cultures of T. borreli were done in diphasic blood agar medium (SNB-9),
supplemented  with vitamins and antibiotics (Nohynkova, 1984; Hgdu &
Matskas, 1984; Peckova & Lom, 1990). In these cutures, however, T. borrdi lost
its infectivity for fish after 10 — 14 days of primary culture (Peckova & Lom,
1990) or after six subcultures (Nohynkova, 1984).

The following expeiments were undeteken to edablish an in vitro
cultivation procedure for T. borreli which dlows an easy propagation of the
paradte, the isolation of high numbers of trypanoplasms without contaminating
blood and serum components, and the maintenance of the parasite's infectivity for

carp.

Materials and methods

Fish

Cap from a dngle crossng (E20x R8, Wageningen Agriculturd Universty,
The Netherlands, known to be highly susceptible to T. borrdi; see Bunngirakul
et al., 2000) were used throughout the study. The female (E20) originated from an
out bred femde, which was gynogeneticdly reproduced. This isogenetic femde
was crossed with an outbreed mae of Hungarian origin (Wiegertjes et al., 1995a).
The cap were reproduced and raised under paraste free conditions in filtered
recirculating tgp water & 20+ 2°C and fed daly with commercid carp chow
(Alma, Kempten, Germany). In experiments the carp were used a an age of 11
months and a body weight of 150-200 g.

Flagellates

The drain of Trypanoplasma borreli used in this sudy was isolated from a

naturaly infected common carp, cloned and characterized as described earlier

(Steinhagen et al., 19893d). The paradte was maintained by syringe passage
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through highly susceptible carp (strain E20x R8) by intramuscularly inoculation
of 5000 T. borrdi.

| solation and purification of T. borreli from the blood of infected carp

Infected carp were anaesthetized by the immerdon in a solution of 0.15 %
amino benzoic acid ethyl ester methansulphonate (Sigma, St. Louis, MO) and bled
from the caudd vein into syringes prefilled with 1 ml of heparinized [501U
sodium hepariniml] RPMI 1640 medium in order to harves 4 ml of blood. The
trypanoplasms were purified from the blood cells according to a method of Bienek
and Bdosevic (1997). Briefly, the diluted paradte containing blood was
centrifuged for 5min & 90x g and subsequently for 10 min a 400 x g. Then the
buffy coat and the supernatant were removed with minimd disurbance of the
erythrocyte pellet and transferred to a second centrifugetion tube. Here, the
paradtes from the buffy coat were suspended in washing medium (RPMI 1640
supplemented with 10 % of double distilled water, 101U/ ml sodium feparin) and
soun again (10 min, 400xg, 4°C). After centrifugaion hdf of the washing
medium was lemoved and the parastes were separated from the erythrocyte pellet
by caefully agitaing the tube in circles. With this, flagdlates were resuspended
in the washing medium while most of the erythrocytes remained atached to the
bottom of the tube. The supernatant with the parasites was transferred to a second
centrifugation tube and spun agan once a 400xg. The resuspendon and
centrifugation steps were repeated once to remove most of the erythrocytes.
Following the last centrifugation the via was tilted to an angle of approx. 20° for
5-10 min. By this the trypanoplasms separated from the pelleted cells and were
found on the wadl of the vid. The flagdlates were pipetted off, resuspended and

counted in a haematocytometer.

Culturemedia

For cultivation experiments, the following media were used: RPMI 1640
(Biochrom, Berlin, Germany, Cat. No. T 21-10), Leibovitz L 15 (L 15; Biochrom,
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Cat. No. 1315), Hank's buffered sdt solution (HBSS, Biochrom, Cat. No. 182-
01), Eal's modified minimum essentid medium (MEM, Biochrom, Cat. No.
F 03515), and a mixture of HBSS (45.0 %), L 15 (22.5%), MEM (22.5 %) and
double digtilled water (10 %; HML- medium, see Wang & Belosevic, 1994). All
media were supplemented with 2 mmol/L L-glutamine (Biochrom Cat No. K
0280), 100000 IU/L penicillin and 100 mg/L sreptomycin (Biochrom, Cat No.
A 2212). To meet the osmolarity of carp blood, the media were adjusted to
250+ 5mOgan/kg by addition of 10% (viv) of double digtilled water. The
cultivetion media contained ether 10% feta bovine serum (FBS), 1%, 3%, 5%
or 10 % carp serum (CS), or 1%, 3%, 5% or 10 % carp plasma (CP). Fish serum
was obtained by anaesthetizing and bleeding parasite free carp as described above.
The blood was dlowed to clot, centrifuged (2 000 x g) and the supernatant serum
was collected. The sera collected from 5 to 7 fish were pooled, heat-inactivated
(30 min a 56°C), filter-gerilized (0.2um, Schleicher & Schudl, Dass,
Germany) and stored frozen until use.

In some experiments, the culture media were supplemented with carp
erythrocyte lysates. The erythrocytes were obtained by bleeding parasite free carp
into syringes prefilled with heparinized RPMI 1640 as described above. The
erythrocytes were pelleted by centrifugation, washed twice in washing medium as
described above, resuspended in culture medium a a density of 1x10° cdlsml
and lysed by 3 drcdes of freezing & —80°C and thawing. Findly, the cdl
suspension was centrifuged a 2.000xg. The supernatant was harvested, filter-
derilized and stored frozen (-80 °C) until use.

Cultivation of Trypanoplasma borreli

Purified trypanoplasms were inoculated into micro titer plates, Leighton tubes
or 25 cr? flasks & varying dendties and incubated at 15 °C, 20 °C, or 25°Cin
ar. The medium was changed a intervas of 3 to 5 days and the number of
trypanoplasms was determined. This was done by resuspending the trypanoplasms
in the medium, removing a smdl amount and enumerding the flagelates in a
haemocytometer. In addition, the number of flagelates was determined by the
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dandard cdl dilution assay (Pechold & Kabditz, 1998) by means of a flow

cytometer. All culture experiments were done in duplicate.

Flow cytometric analysis of Trypanoplasma borreli

For quantitaive and quditative flow cytometric anadyss, samples were
resuspended thoroughly and transferred to polystyrene tubes. Propidium iodide
(2mg/L) and a suspenson with a defined number (4 x 10%) of standard cells were
added. Standard cedls were paraformadehyde-fixed bovine blood mononuclear
cdls which were labdled with a murine monoclond antibody directed agangt
bovine MHC class | molecules (mAb Bo 1; Schuberth et al., 1992) and then with
FITC-conjugated goat anti mouse immunoglobulins (Dianova, Hamburg,
Germany). Forward light scatter (FSC, corresponding to cdl dSze), sde light
scatter (SSC, corresponding to cell complexity), and fluorescence characteristics
were recorded for 10 000 events of each sample by means of a FACScan® flow
cytometer (Becton Dickinson, Heidelberg, Germany) and evduated using the
WinMDI 2.8 software package (Trotter, 1998). Numbers of viable trypanoplasms
were cdculated according to the formula Eventdpropidium iodide-negetive
trypanoplasms] x number[standard cellg] / eventd standard cells).

I nfectivity of cultured T. borreli for carp

Trypanoplasms from a drain cultivated in HML medium supplemented with
5% or 10% cap seeum a 20 °C were inoculated into highly susceptible carp
ater 60 and 90 days of cultivaion. The cap were kept in aguaria with
recirculated and filtered tap a 20 °C. At weekly intervals, blood samples were
taken and examined for the presence of T. borreli. The numbers of parasites were
determined using a haemocytometer.
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Statistics

Two-way andyds of vaiance and Dunn's leest dgnificant differences test
were used to compare differences between treatment groups at different dates.
Probability vaues of less than 5 % were consdered to be significant.

Results
| solation and flow cytometric analysisof T. borreli

With the isolation method gpplied here, highly purified populaions of
T borreli were obtaned. After flow cytometric anadlyss, T. borreli displayed
lower forward (FSC) and higher side scatter (SSC) characteristics compared to

carp periphera blood lymphocytes and thus could be recognized and gated in FSC
versus SSC dot plots (Fig. 1).
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Figure 1. Forward/sde scatter (FSC/SSC) diagram of Trypanoplasma borreli
isolated from the circulating blood of laboratory-infected carp (8). (b) Scatter
diagram of blood leukocytes from a carp infected with T. borréeli in the [aboratory.
Propidium iodide-postive and deteriorating cdls with low FSC scatter
characterisics were excluded from the andyds. Trypanoplasms exhibited
characteristic FSC/SSC pattern (R1) and could be distinguished from peripherd
blood cdls (R2).
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Based on these characterigic morphologica flow cytometric parameters, the
suspensions of isolated T. borreli contained 3 95 % of viable, propidium iodide-
negative trypanoplasms. The quantification of trypanoplasms cultivated in vitro
under various conditions was performed by a flow cytometric procedure (standard
cdl dilution assay, see above). This method was vdidated by pardld counting of
84 samples with a haemocytometer. The numbers of T. borreli caculated by both
methods were comparable and did not differ sgnificantly (p > 0.01).

Survival and growth of T. borreli in vitro

The viability of trypanoplasms incubated in RPMI 1640 culture medium

supplemented with 3% carp serum decreased rapidly, and after 10 days the
culture harboured only few actively moving flagdlates.

- — MEM

1500004 - V- L-15
—& - MEM/L15/HBSS 5 %
—A— RPMI / N\
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Number of Trypanoplasma borreli

0 5 10 15 20 25
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Figure 2. Cultivation of Trypanoplasma borreli in different culture media. Vaues
represent the average numbers of viable T. borreli from duplicate cultures after
incubation of 100000 flagdlates in 150 ul of RPMI 1640, L 15, MEM or a
mixture of MEM/L 15 and HBSS (HML-medium). The media were supplemerted
with 10 % pooled carp serum. The cultures were incubated a 15°C. *: ddtidticaly
ggnificant (p<0.05) more T.borreli in cultures with MEM/L 15/HBSS when
compared to other culture mediatested.
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When incubated in L 15, MEM or HBSSMEM/L 15 (HML-medium; dways
with a 3% carp serum supplementation), a loss in viability was not observed for a
peiod of 10 days Trypanoplasns cultivated in  HML-medium survived
dgnificantly longer than in the other culture media teted (Fig. 2). In different
experiments the effect of serum supplementation of the HML medium on the in
vitro growth of T. borreli was determined. Medium supplemented with 10 % (v/v)
carp serum supported a rapid proliferation of T. borreli. Over a period of 25 days,
the number of T.borrei increased from 2x10° up to more than 70x 10°

trypanoplasms (Fig. 3).
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Figure 3. Growth of Trypanoplasma borreli in culture media supplemented with
feta bovine serum. In these cultures, 1 x 10° T. borreli were incubated in HML-
medium supplemented with fetal bovine serum (FBS), pooled carp plasma (CP),
hest inactivated pooled carp serum (CS) and mixtures of FBS, CP, and CS. The
cultures were incubated at 15 °C. Values represent average numbers of T. borreli
from duplicate cultures. MC: partid change of cuture medium, SC: subcultures.
*. datidicdly ggnificant differences (p<0.001) between 10% CS and other
Upplements.  **: ddidicdly dgnificant differences (p<0.01) between: 10 %
FBS, 1% CSand 5% CP, 10 % FBS, 0.5% CP or 10 % FBS; 5% CP and 10 %
FBS, 0.5 % CPor 10 % FBS.
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In cultures, supplemented with 10% (v/iv) FBS, the trypanoplasms did not
show dgns of loss of viadility, but flagdlate numbers did not increese. The
addition of a mixture of 10% FBS and 1% CS reaulted in a dight increase of
numbers which was sgnificantly less than that seen in cultures supplemented with
10% cap seum (Fig. 3). In a second st of experiments, T. borreli were
incubated with 1%, 3%, 5% or 10 % of carp serum and plasma, respectively.
Trypanoplasms cutivated in the presence of cap serum proliferated sgnificantly

fagter than those incubated in media supplemented with the same amount of carp

plasma (Fig. 4).
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Figure 4. Propagation of Trypanoplasma borreli in culture medium containing
different amounts of cap serum (& or plasma (b). The trypanoplasms were
incubated at 20°C a a density of 1 x 10° flagellaesml. The media were
supplemented with lysates of 1 x 10° carp erythrocytesml. Shown are average
numbers of T. borreli from duplicate cultures. CS. heat inactivated pooled carp
serum, CP. pooled carp plasma. MC:. patid change of culture medium, SC.
subculture. *: datigicaly dgnificant differences (p<0.01) between 5% CS and
1% CSor3%CS; 10% CSand 1% CSor 2% CS.
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For a rgpid growth of flagdlates a high serum supplementation was required.
Even though trypanoplasms multiplied in the presence of 1% or 3% of cap
sarum, flagellae numbers in cultures with 5% or 10 % sarum were dgnificantly
higher after 30 days of cultivation (Fig. 4).

The number of T. borreli initidly inoculaed into HML medium with 5%
cap seum dgnificantly influenced the proliferation of trypanoplasms. When
duplicate cultures were sated with less than 1x10° T.borréei//ml, no
proliferation or even a decrease of flagdlate numbers was observed (table 1).
Maximum growth rates were observed a densities between 2 x 10° and 10 x 10°
trypanoplasmsgml culture medium (table 1). In cultures initisted with T. borreli at
a dendty of 30x10° or 60x 10° flagellatesml, a significantly dower proliferation
of trypanoplasms occurred (table 1).

Table 1. Vitdity of Trypanoplasma borreli cultured in vitro isinfluenced by the
numbers of paragtesinitialy inoculated.

I nocul ated Multiplicity of vitd T. borreli
T. borrdi [x10°] days after inoculation

6 11 13 19
0.1 0.5 0 - -
0.2 0.7 0 - -
1.0 1.2 - 1.0 -
2.0 3.3 6.6 8.8 -
10.0 5.0 15.1 - 325
30.0 1.9 34 - 6.8
60.0 1.7 2.2 - 45

The trypanoplasms were incubated in HML medium supplemented with 5% CS
and kept a 20°C in ar. The vaues represent the fractions of: [number of vita
T. borreli measured in the cultures)/ [number initidly inoculated] (average vaues
from duplicate cultures; -: not determined).

An influence of temperaiure on the proliferaion of the T. borreli was
examined by incubating trypanoplasms a 4°C, 15 °C, 20 °C, or 25 °C. In cultures
maintained a 15°C, 20 °C or 25 °C, a rapid increase of flagellate numbers was
observed (Fig. 5). When compared to cultures kept a 15 °C, this increase was
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gonificantly fager a 20°C and 25°C. At 4°C T.borrei survived and
proliferated at extremely low rates (Fig. 5).

Trypanoplasms which were stored at 4°C for 4 weeks and then transferred to
15°C, 20°C and 25 °C showed smilar growth rates as trypanoplasms which were
inoculated into culture medium immediately after isolation from carp blood (data
not shown). We were able to mantan T. borreli in culture in HML medium
supplemented with 5% carp serum at 20 °C for up to 10 passages over a period of
5 months.
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Figure 5. Cultivation of Trypanoplasma borreli a different incubation
temperatures. The flagellates were incubated in HML-medium supplemented with
10 % CS at a density of 1 x 10° trypanoplasms/ml and incubated at 4, 15, 20, and
25 °C. A patia change of culture nedium was done at days 6, 9, and 14 and is
indicsted by MC. Given ae average numbers of T. borreli from duplicate
cultures. *: datidicaly sgnificant differences (p < 0.01) between 15°C and 20 °C
or 25°C. The numbers of T. borreli in 4°C cultures were aways sgnificantly
(p < 0.001) lower thanin cultures a 15 °C, 20 °C or 25 °C.
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I nfectivity of T. borreli from in vitro-culturesto common carp

All carp injected with trypanoplasms from in vitro cultures in HML medium
supplemented with carp serum acquired a T. borrdi infection. At day 23 post
infection, carp injected with flagdlaes, which were cultivated in this medium a
20 °C for 90 days had a parasitaemia of 1.7-7.2 x 10" T. borreli/ml blood.

Discussion

We were able to isolate trypanoplasms from the blood of infected carp in high
numbers and with little contamination of fish blood cdls. This was confirmed by
microscopic and flow cytometric analyss of flagelate suspensons. With the flow
cytometric andlyss of T. borrdi-suspensons we were able (1) to discriminate
trypanoplasms from blood cdls and (2) by applying the standard cell dilution
assay (Pechold & Kabelitz, 1998) to determine absolute numbers of flagellates per
sample with high accuracy.

In the culture system for T. borreli we describe here a fishinfective strain of
the parasite was propagated and cultivated for a long period. Severd reports on
the cultivation of T. borreli were published previoudy (cf. review by Lom &
Dykova, 1992). The paradtes can be grown in the biphasc medium SNB 9 which
consdts of a rabbit or human blood-agar solid phase and an overlay with vitamins
and neopeptone (Peckova & Lom, 1990; Opperdoes et al., 1988). It aso
multiplies in a monophasc LIT-medium, which conasts of a suspenson of liver
infuson, tryptose and dectrolytes (Wiemer et al., 1995). In these media, the
trypanoplasms propagated rgpidly but log ther infectivity to fish Hsh
trypanosomes (eg. Trypanosoma carassi (syn. danilewskyi) transform to
epimagtigote stages when cultivated in SNB 9 media (Lom & Dykova, 1992) and
loose their infectivity to fish. Unlike trypanosomes, trypanoplasms do not undergo
morphological  trandformations from trypomestigote  bloodstream  dages to
epimastigote stages during its cyclica development. In the digestive tract of the
leech, T.borreli multiplies rapidly and produces numerous smdl and short
flagdlate cdls which later dongate and form long and dender flagelates (Kruse
et al., 1989). All gages from the leech however were found to be infective when
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inoculated into recipient fish (Kruse et al., 1989). When cultivated in SNB 9 or
LIT medium, T. borrdi transformed to smal and short cells and logt its infectivity
to cap (Peckova & Lom, 1990; Lom & Dykova, 1992). In our experiments,
T. borreli did not undergo a morphological transformation during the in vitro
cultivation and retained its infectivity to carp.

Attempts to maintain fish infective drains of T. borreli in the tissue culture
media RPMI 1640 or L 15 medium supplemented with fetd bovine serum failed.
Initidly, the cell culture medium RPMI 1640 was chosen because it was srongly
recommended by Hill & Hirumi (1983) for the cultivaion of animd infective
drans of mammdian trypanosomes and was widdy used for cultivating cap
peripheral blood leukocytes (Jones et al., 1995; Koumans-van Diepen, 1993). Its
composition, however, gopears not to be suitable for cultivating of the fidt
infecting T. borreli. We observed that trypanoplasms incubated in RPMI 1640
died dgnificantly earlier when compared to cultures in L 15, HBSS, or MEM-
medium. A successful cultivation of the flagelate was possble in a mixture of
MEM, L15 and HBSS. This medium closgly represents the TDL medium used by
Wang & Bdosevic (1994) for cultivation of Trypansoma danilewskyi from the
blood of goldfish Carassius auratus and by Li & Woo (1996) for the cultivation
of Trypanoplasma catostomi from the blood of the white sucker (Catostomus
commersoni). Hagdlaes cultivated in these media remained infective for their
piscine hosts (Wang & Belosevic, 1994, Li & Woo, 1996; present study).

Trypanoplasma salmositica, a species closdly related to T. borreli, multiplied
rgpidly in a modified MEM medium, which was supplemented with 10% (v/v)
heat inactivated fetal bovine serum (Woo & Poynton, 1995). In the present study
T. borreli did not grow in media, which contained no carp serum. A Substantia
multiplication of T. borreli was recorded when 5 to 10 % heat inactivated carp
serum was added to the culture media. These findings correspond to observations
of Trypanosoma danilewskyi, which dso required the addition of fish serum
(goldfish, carp or tin foil barb, Puntius schwanenfeldi; cf. Bienek & Beosevic,
1997; Overath et al., 1998).

The culture sysem described in this dudy eedly dlows to isolate and
propagate fish infective-strains of T. borreli, which may be usful for cdl
biologicd or molecular genetic characterization of the paraste and its interaction
with the immune system of the fish.
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Chapter 3

Proliferative response of carp (Cyprinus carpio) lymphocytesto
mitogenes and to Trypanoplasma borreli

Summary

The activation of cap peripherd blood leukocytes (PBL) was andysed
radiometricaly and by means of flow cytometry (FCM) to compare the results
obtained with both methods. The quditative and quantitative FCM andyss of
cdlular morphology and viability resulted in a further characterisation of
proliferative responses of cap PBL to T.borrei in vivo and in vitro. The
lymphocyte population of PBL from T. borreli infected carp exhibited a marked
shift in forward scattered light (FSC; cdl sze). When PBL from hedthy carp
were simulaied with mitogens in vitro, dso a lymphoid population with increased
FSC profiles was observed. The number of these cells coincided to ratios of 3H-
thymidine incorporation, recorded from corresponding cultures. Thus it was
concluded, that the increese in sze of dimulated lymphocytes could be due to
blastogenic transformation. This offers the advantage of monitoring activation and
proliferation of unlabeled lymphoid cdls from cap by means of flow cytometry.
Co cultures of mitogen stimulated carp PBL and T. borreli reveded the ability of
the parasite to suppress lymphocyte proliferation in vitro.

I ntroduction

In a study on the histopathologicd changes associated with a T. borreli
infection, an induction of a proliferation of mononuclear interdtitid cedls was
obsarved in the kidney of paradtised cap (Bunngirakul et al., 2000).
Corresponding to the nephritis, a congestion and deterioration of rend tubules
occurred (Bunngjirakul et al., 2000). In teleosts the kidney is consdered to
represent a mgor lymphoid organ and the interdtitial tissue of the kidney was
found to respond to antigen chalenge in a way Smilar to the pronephros (Zapata
& Cooper, 1990; Press & Jorgensen, 1998). Thus, one might condder that the
proliferetion of interstitill mononuclear cells seen in T. borrdi-infected carp
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might reflect a cdlular response of carp to the paraste infection. The god of this
chapter was a further characterisation of this proliferative response by means of
quantitetive and quditative flow cytometric procedures. Ordinary, leukocyte
proliferation in fish is measured conventiondly by the detection of incorporated
tritiated thymidine in DNA of replicating lymphocytes (Etlinger et al., 1976;
Liewes et al., 1982; Caspi & Avtdion, 1984, De Koning & Kaettari, 1991;
Hamers, 1995) or by flow cytometry based assays measuring tota cellular DNA
content after cdl fixation and daning with propidium iodide (Hamers &
Goerlich, 1996; Chilmonczyk & Monge, 1999). However, snce simulation of
lymphocytes can result in cdl activation with and without cdlular divison or
even cdlular anergy or deeth, the conventiond methods to monitor cdlular
activation can only describe one of the aspects of cdlular dynamics after in vitro
dimulation (Pechhold & Kabditz, 1998). Therefore we decided to monitor
leukocyte activation and proliferation with a multi-dimensonal gpproach using
flow cytometry based applications. Although flow cytometric andysis has been
used to study various aspects of fish genetics and immunology (Thuvander et al.,
1992, Verburg Van Kemenade etal., 1994, Hamers & Goerlich, 1996,
Chilmonczyk & Monge, 1999) it has not been applied to monitor proliferation
assays of unlabeled leukocytes.

Materialsand M ethods

Fish

Carp (Cyprinus carpio) of a dgngle crossng (E20xR8, Wageningen
Agricultura University, The Netherlands) were used throughout this study. The
fish were bred and raised a 20-23 °C in recirculated filtered tap water. After
initid feeding with Artemia salina nauplii for 4 week, the food was switched to
pelleted dry food (Milkivit, Germany). Cap, 1-2 years old and weighing 100
200g were used for blood collection and infection with T. borreli. Before
infection the carp were acclimatised to a recirculating system of separate 120 L
tanksat 20 + 1 °Cfor at least 1 week.
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Culture media

Throughout the sudy, culture media for cdl separation and cultivation and
phosphate buffered solution (PBS) were diluted with didtilled water (10 % [v/v])
to adjust their osmotic pressure according to carp serum osmolarity. Diluted
RPMI 1640 (Rosswdl Park Memorid Inditute cell culture medium No. 1640;
Biochrom, Berlin, Germany) with 50,000 IU/L sodium hepain (Sigma, . Louis,
USA) was used for the blood collection (heparinised medium). As medium for
cultivation experiments, diluted RPMI 1640 was supplemented with 10° 1U/L
penicillin, 100 mg/L  dtreptomycin, 4 mmol/L  L-glutamine, 15mmol/L HEPES
buffer (dl chemicds Biochrom, Berlin, Germany) and 1% [v/iv] cap serum (cell
culture medium). The serum from 15 individud fish was pooled, heat inactivated
for 30 min at 56 °C, erilefiltered and stored at —22 °C until use.

Parasite collection and infection

Trypanoplasma borreli was cloned and characterised by Steinhagen et al.
(1989) and maintained in the laboratory by syringe passage through susceptible
cap from the same line. Carp (n=5) were infected by intra muscular injection of
5,000 T. borrdi in 100l PBS. Carp (n=5) injected with PBS alone served as
controls. Blood samples were taken from dl fish a day 20 Pl. From these samples
the parastemia was monitored usng a Neubauer counting chamber and blood
leukocytes were separated and analysed by flow cytometry as described below.

Additiond 5 cap were infected i.m. with 5000 T. borrei for paraste
collection. From these carp blood was collected at days 20-25 Pl and T. borreli
were separated according to a method described by Bienek & Belosevic (1997),
counted in a Neubauer counting chamber and inoculated into TDL 15 culture
medium (Wang & Beosevic, 1994) supplemented with heat inactivated pooled
cap serum (10 % [viv]). The trypanoplasms were stored refrigerated (4 °C) until

use.
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Leukocyteisolation and cultivation

For blood collection, cap were anaesthetised in a solution of aminobenzoic
acid ethyl ester (Tricaine, Sigma, St. Louis, USA, (0.02% [w/w] in water from
the respective fish tank). Blood was taken by caudd veini puncture into syringes
prefilled with heparinised medium. Peripheral blood leukocytes (PBL) were
separated by centrifugation over Lymphoprep (Nycomed, Odo, Norway) as
described by Miller & Mc Kinney (1994). PBL from hedthy carp were plated out
in flat bottom micro titre plates a a density of 10° cdls per wel in a find volume
of 175 ul cdl culture medium. Stimulation was brought about by adding mitogens
(Img/L pokeweed mitogen, PWM, 3mgL phytoheemagglutining PHA and
10 mg/L concanavain A, Con A). The cultures were incubated a 27 °C in a water
vepour saturated atmosphere with 3% CO,. Leukocyte activation and
proliferetion was assayed in padld cultures radiometricdly and by means of
flow cytometry. Co cultures of PBL from hedthy carp with live T. borreli were
evduaed by flow cytometry only. For co cultures live T.borrei (7 x10%
35x10% and 7 x 10° per well) or mitogens dong with trypanoplasms in triplicates
were added to PBL from individud carp.

Radiometric analysis of cell proliferation

For the radiometric evduation of DNA replication, 20kBq methyl-3H-
thymidine (Buchler, Braunschweig, Germany) in 25l culture medium was added
to each well 18 h before the end of the incubation period. Then the cdls were
harvested onto filter paper with a semi-automatic cdl harvester (Skatron, Lier,
Norway) and the radioactivity was measured in a liquid scintillation counter
(Pharmacia, Frelburg, Germany) after drying of the paper and resugpending in
scintillation fluid (Zinsser, Frankfurt, Germany). Padld cultures for the flow
cytometric andyss receved a 25yl medium eguivdent 18h prior to the
measurement.
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Flow cytometric analysis

Sugpensions of freshly isolated PBL from control and T. borréli-infected carp
as wdl as from not injected hedthy carp and isolated T. borreli were andysed by
flow cytometry (FACScan®, Becton Dickinson, Heiddberg, Germany)
immediately after separation. In vitro cultures of PBL or paradtes, prior to flow
cytometric measurements, were placed on ice and then agitated thoroughly to
resuspend atached cells Suspended cells or parastes were transferred to
polystyrene tubes. All samples to be andysed contained propidium iodide
(2mg/L, Cdbiochem, Bad Soden, Germany) to identify membrane-damaged
cdls, which were excluded from, further anadyss. FSC/SSC characterigics of
10,000 events were acquired in liner mode, fluorescence intendty a a
waveength of 530 nm and at awavelength of 650 nm was acquired at alog scae.

Cdl populations were identified according to their morphologica properties
(forward (FSC) and sdeward scatter (SSC) profiles;, FSC/SSC characteristics).
Mean forward scatter vaues (FSC™") were aso recorded for identification of cell
populations after in vitro cultivation and/or simulation. The quantification of
cultured cdls was peformed according to the gandard cdl dilution method
(Pechhold et al., 1994). Known numbers of standard cells (2 x 10°) were added to
eech tube with cultured cdls. Standard cels were formaldehyde-fixed bovine
mononuclear cells which were labdled prior to fixation with a murine monoclond
antibody specific for bovine MHC class | molecules (mAb Bol, Schuberth et al.,
1992) and FITC-conjugated goat anti mouse immunoglobulins (Dako, Glostrup,
Denmark). After acquistion of 10,000 events, numbers of cultured cedls present in
the samples were caculated according to the formula Eventgvita cultured celg
X Number[standard cellg] / eventq standard cellg].

All flow cytometric data were andysed with the software WinMDI (version
2.8; Trotter, 1997) after gating out propidium iodide-postive cdls and cdlular
debris with low FSC characteristics.
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Statistics

To determine whether there were dgnificant differences between treatment
groups, the data were compared by ANOVA and Duncan’'s multiple range test & a
probability range of p<0.05. Correlation's between data sets were tested by
multiple regresson andyss usng WInSTAT software (Kaima, Cambridge, MA,
USA).

Results

Flow cytometric characteristics of peripheral blood leukocytes

The flow cytometric andyss of peripherd blood leukocytes (PBL) isolated
from control cap yieded one man population with smal FSC/SSC profiles
(Fg. 1a region 1, R1). These cdls were characterised as lymphocytes by pardld
microscopica andyss. Cels separated from the blood of T. borreli-infected carp
displayed a more complex pattern (Fig. 1b).

- R2 g

R3

side scatter (SSC)

A
i i 5 .

forward scatter (FSC)

Figure 1. How cytometric characteridtics of freshly isolated cells from peripherd
blood of control (@) and T. borreli-infected carp (b). In ¢) FSC/SSC profiles of
freshly isolated T. borreli are shown. Note that PBL from control carp contain
only one cdl population (R1, smdl lymphocytes with low FSC), whereas cells
from a T. borreli-infected carp contain granulocytes (R2) and T. borrei (R3). In
addition, lymphocytesin R1 of the infected carp are increased in Sze.
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Three didinct populations could be differentiated: Lymphocytes in region 1
(Fg.1b, R1) had higher mean FSC vdues (table 1). A cdl population with
increased FSC/SSC  profiles in region 2 (R2, Fig. 1b), microscopicaly
characterised as granulocytes, and a third population with low FSC vaues and
dightly increesed SSC vaues could be identified in region 3 (Fg. 1b, R3). In
vitro cultivated pure T.borreli showed up in the same region 3 after flow
cytometric messurement (Fig. 1c) indicating that region 3 events in Fg. 1b
represented live trypanoplasms, which co-separated with the PBL of infected carp.

Table 1. Proportions and morphology of PBL populaionsand T. borreli infresh
isolates from blood of uninfected control fish and T. borreli infected carp

Regior % Cdlsin the gate FSC/SSC™™ in the gate

Uninfected T. borrdi Isolated Uninfected T. borrdi Isolated
control infected T. borrdi control infected T. borrdi

R1
96 53 n.a 874/44  2458/70 n.a
(lymphocytes)
R2
na 14 na na 770/678 na
(granulocytes)
R3 b b
_ na 15 99 na 228/219 “249/245
(T. borréli)

1) compare Fig. 1; n.a-not applicable. Note: *The marked increase in FSC (size)
of lymphocytes from the R1 region in infected cap and “the smilaity of
FSC/SSC-prafile of cdls from the R3 region in isolated T. borreli and infected
carp.

Analysis of leukocyte activation

To examine whether changes in FSC/SSC pattern of R1 events might reflect
an activation of blood lymphocytes, PBL from uninfected carp were cultivated in
the presence of mitogens Radiometric messurement  of  *H-thymidine

incorporation indicated a strong proliferative response of PBL to PWM and PHA
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a) 3H thymidine incorporation

[3H DPM x 105]

b) number of proliferating
1 lymphocytes

Cells/well x 105

o0~ 0o BFE B or v w s oo

1 c¢) number of total viable cells

Cellsiwell x 105

4
Incubation time [days]
-O-medium control —#PWM 1 pg/ml
- PHA 3 pg/mi

Figure 2. Comparison between 3H-thymidine incorporation and absolute numbers
of proliferating and totd viable lymphocytes of mitogenstimulated PBL cultures.
Error bars represent mean and standard deviation of triplicate assays from three
individud cap. Vitd proliferating lymphocytes and smdl lymphocytes were
detected and quantified flow cytometrically.

supplementation of the culture medium (Fig. 28). The cytometric profiles of PBL
from ungtimulated cultures were dmilar to those obsarved immediately after
separaion: One mgor cell populaion of lymphocytes with low FSC/SSC profiles
was observed (Fig. 3a, R1). Their FCS/SSC characteristics corresponded to those
seen for lymphocytes obtained from the blood of uninfected control carp (R1 in
FHg. 1a). In mitogen-simulated PBL cultures a second lymphocyte population
appeared, characterised by higher mean FSC vaues (Figs 3b-d, lower right
quadrant). Flow cytometric quarntification reveaed, that absolute numbers of these
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Figure 3. FSC/SSC profiles of cap PBL in mitogen-simulated cultures. a)
ungimulated control, b) PWM, 1ug/ml, ¢) PHA, 3ug/ml, d) Con A, 10ug/ml. The
FSC/SSC profiles were recorded after 4 days of incubation. Lymphocytes in the
lower right quadrant with increased size (FSC™®") were considered to be

proliferating lymphocytes.

large lymphocytes increased with time during the in vitro simulaion, reaching 2-
35x10° cells / wel a day 4 to 6 of the in vitro culture (Fig. 2b). In cultures
incubated for 4 or 5 days the number of large lymphocytes strongly correlated to
3H-thymidine incorporation of pardld cdl cultures (Fig. 4, p<0.001). Thus it
was concluded that |ymphocytes with incressed FSC characteristics were
proliferating lymphocytes. However, in cultures incubated for 24h or 7 days, the
corrdaion between numbers of proliferating lymphocytes with high mean FSC
vaues and ®H-thymidine incorporation was not significant (table 2; p > 0.05).
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Figure 4. Corrdation of radiometric and flow cytometric data. Carp PBL from 9
hedthy cap were cultured in triplicates with and without mitogen. From
corresponding PBL  cultures, 3H-thymidine incorporation and absolute numbers of
proliferating lymphocytes were recorded after for 4 or 5 days of incubation.

Table 2. Corrdation between radiometric and flow cytometric evauation of carp
lymphocyte proliferation measured at various times during the incubation period.

Days of incubation r p n
1 044 p>005 12
3 087 p<005 12
4 0.98 p<0.01 12
5 0.99 p<0.01 12
7 081 p>005 12

PBL of one cap were cultured in duplicates as ungimulated controls, with
addition of PWM (1ug/ml), or with PHA (3ug/ml) in pardld cultures. The vaues
of r given for each day denote the corrdation between numbers of vitd
proliferating lymphocytes (messured flow cytometricaly) and the 3H thymidine
upteke (measured radiometricaly). Note the high sgnificant corrdation at day 4
and day 5 of culture and the lack of correation between the two methods at day 1
and day 7 of the incubation period.
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a) proliferating lymphocytes b) vital small lymphocytes

Medium control Medium control

L1

| cm=@  _&o@ i
PWM 1pg/ml I PWM 1pg/ml
p<0.01 I
PHA 3ug/ml| _ Pp<001 PHA 3ug/ml
'_=
T

Number of cells x 104
O FRP NWPMOIUOODONOOO OFRPNWHMNOUGIIONO OFRPDNWPHMSMNOO N

i

4 6 4 6
Incubation time [days]

1 without T. borreli 135 x 104 T. borrelifwell
B 7 x 104T. borreliwell I 70 x 104 T. borreliwell

Figure 5. Proliferation (8) and viability (b) of cap blood lymphocytes cultured in
the presence or absence of T. borreli. Error bars represent mean and standard
deviation of triplicate assays from three individud carp. In mitogenstimulated
cultures with 700,000 T. borrdi, the number of proliferating lymphocytes was
ggnificantly reduced after 6 days of culture.
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I nfluence of Trypanoplasma borreli on lymphocyte activation

How cytometric andyss of FSC/SSC profiles of blood leukocytes showed
that the number of proliferating lymphocytes, determined in cultures of blood
leukocytes did not change dgnificantly when live T. borreli were added to the
cultures (Fig. 5a medium control). Thus, T. borrei itsdf did not seem to be
mitogenic for carp blood lymphocytes. To examine, whether T. borreli might have
a modulating effect on mitogenrinduced proliferation of blood lymphocytes, the
parasites were added in variable numbers to simulation cultures. After 6 days of
cultivation, mitogen-dtimulated PBL cultures together with 700,000 T. borreli
contained dgnificantly less proliferaing  lymphocytes compared to cultures
simulated with mitogens done (Fig. 58, PWM, PHA). In cultures with 70,000 or
350,000 T.borreli, the mitogenrinduced proliferation obvioudy remaned
unaffected (Fig. 5a).

The quantification of totd numbers of viable lymphocytes in ungimulaed
cultures reveded, that the viability of these cels was not negatively affected by
the presence of the paraste (Fig. 5b). This was dso observed in mitogen
simulated cultures containing 70.000, 350,000 or 700,000 T. borreli (Fig. 5b,
PWM, PHA). However, totd numbers of viadble lymphocytes in mitogen
dimulated cultures with high numbers of T. borreli present, dropped dightly
compared to cultures without the paraste (Fig. 5 a & b). Thus, T. borreli seems to
down regulate a mitogerntinduced cdlular response if the paradite is present in
high numbers.

Discussion

In susceptible carp and goldfish, infection with T. borreli results in a high
paradtaemia, which is associated with severe anaemia, leucocytoss, and an
increese in numbers of granulocytes and most likely granuloblasts (Lom, 1979;
Seinhagen et al., 1990; Jones et al., 1993). When anadysng peripheral blood
leukocyte populations by means of flow cytometry, we were able to confirm the
granulocytoss in the blood of cap with a dinicd T. borreli infection. We aso
observed an increase in Sze (elevated forward scatter values, FSC) of cels from
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the lymphocyte population. This was conddered to indicate that smdl
lymphocytes were activaied, snce in mammdian lymphocyte cultures, smilar
morphological changes were noted in response to mitogen simulation in vitro
(Shu et al.,, 1978, Begara et al., 1995). Direct evidence that cedls from the
lymphocyte population with increesed FSC characteridtics represent proliferating
cdls came from expeiments in which cdls were mitogen-simulated in vitro: A
diginct population of presumably activated lymphocytes was seen upon mitogen
dimulation and the frequency of these cdls dsrongly corrdated to DNA
replication rates messured by 3H-thymidine incorporation in corresponding
cultures. Thus, dso cap lymphocytes where shown to respond to mitogenic
activation with an increase in cdl sze (Fig. 3, LR, FSC™). This srongly
supports the assumption, that it is possble to monitor lymphocyte activation in
cap by means of flow cytometry in a comparable manner as it has been
established in mammadian sysems (Shu et al., 1978; Begara et al., 1995).

Conventiondlly  lymphocyte proliferation in fish was measured by the
detection of incorporated tritisted thymidine in lymphocyte cultures (Etlinger et
al., 1976; Liewes et al., 1982; Caspi & Avtdion, 1984; De Koning & Kaattari,
1991; Hamers, 1995) or with assays based on the andysis of the cdl cycle (DNA
quantification) (Hamers & Goerlich, 1996; Chilmonczyk & Monge, 1999). We
compared the uptake of tritiated thymidine after in vitro simulation with absolute
numbers of proliferating lymphocytes and found a strong corrdation between the
two groups, most sgnificant a& days 4 and 5, but inggnificant on days 1 and 7 of
the in vitro culture. Thus it might be concluded that, morphologica responses of
cap lymphocytes do not necessarily reflect the amount of DNA-replication. Early
DNA synthess seemed to be followed by increases in sze, while later in culture
DNA synthess declined and proliferating lymphocytes were il present (data not
shown). This discrepancy between presence of proliferating lymphocytes and 3H-
thymidine incorporation ratios was aready observed by Shu et al. (1978) in the
mammadian sysem.

However, usng the quantitative approach by determination of absolute
numbers of vita and proliferating cells we were able to show, that reduction in
DNA synthess is not based on an increased killing of potentidly responding cdls.
This underlines the advantage of the flow cytometry based quantitative andyss of
cdlular kinetics in vitro in the piscine system. When live paradites were added in
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vitro to PBL from hedthy cap, litle or no activation could be demonstrated.
Thus, T.borrei itsdf does not seem to be mitogenic for carp lymphocytes.
However, T. borreli was able to inhibit the mitogenrinduced proliferation of carp
lymphocytes. Both effects of T. borreli did not appear to be related to cytotoxic
effects for carp lymphocytes, snce absolute numbers of viable lymphocytes in
vitro were not sgnificantly reduced compared to the medium controls. These
findings confirm and extend those of Jones et al. (1995) who in vitro observed the
inhibition of a PHA-induced proliferation of cap PBL by live and lysed
T. borreli. Since Jones et al. (1995) obtaned their data usng the conventiona
radiometric assay, they could not diginguish between a down regulation of the
mitogenic response of cap PBL due to the paradte or enhanced cytotoxic effects.
This again validaes our gpproach to assess the lymphocyte proliferation reaction
in the teleost system with the described flow cytometry-based method.

The inhibition of the in vitro proliferation of carp lymphocytes by T. borreli
might indicate parasite—lymphocyte interactions in the piscine sysem smilar to
those described for Trypanosoma spp. infections in mammds (Szten &
Kirszenbaum, 1993). Trypanosoma cruz or T. brucei rhodesiense were found to
inhibit T-cel proliferation induced by mitogens or antigens probably due to down
regulation of cytokine or cytokine receptor production by lymphocytes exposed to
the parasites in vitro or in vivo (cf. Sztein & Kirszenbaum, 1993). Studies are
underway to andyse our hypothess that T. borreli causes immunodepression in

carp and to further characterise the observations reported here.
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Chapter 4

Trypanoplasma borreli induces the production of nitric oxide,
which modulates carp (Cyprinus carpio L.) leukocyte functions

Summary

In an atempt to characterise the role of nitric oxide (NO) in immune
responses of carp, we analysed carp leukocytes obtained during an acute T. borreli
infection, for their capacity to generate NO. In a second set of experiments the
impact NO on viability of the paraste and on the modulaion of functiona carp
leukocyte responses were tested in vitro. Both in carp head kidneys and in the
peripherd blood, the fractions of lymphoblasts among separated leukocytes were
increased. However, the relaive proportions of granulocytes among head kidney
leukocytes (HKL) ggnificantly decreased during infection, whereas granulocytes
appeared among periphera blood leukocytes (PBL). The cdlular dynamics of
HKL and PBL of infected carp were pardlded by an enhanced spontaneous NO
release in vitro. NO production was further increased after addition of viable
paradtes to these cultures. The hypothess that NO has a possble role in
granulocyte activation and lymphocyte proliferation in carp was supported by the
reduction of mitogerrinduced proliferative responses of PBL from hedthy cap in
the presence of NO donor substances. The negative effects of NO on lymphocyte
proliferation were contrasted by enhancing effects on granulocyte functions the
inhibition of NO generation in mitogen or T. borreli-gtimulated HKL cultures by
the L-aginin andogue L-NMMA reduced the viability of granulocytes and ther
phagocytic activity. Even massve amounts of nitric oxide produced by donor
substances (up to 600 umol/L NOy") caused no reduction in the numbers of vidble
T. borreli flagdlates in vitro. Thus in cap, T.borreli seems to induce high
amounts of NO in vivo which are apparently not harmful for the parasite but
which may interfere with coordinated interactions of activated cells aming a& the
defence of the parasite.
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I ntroduction

Nitric oxide (NO) is a dgndling molecule, which is regulatory active in many
areas such as the nervous, the cardiovascular, and the immune system. NO is
produced from L-arginin by the enzyme NO synthase (NOS), which occurs in
various tissues in Ca’*-dependent, congtitutive (cNOS) and Ca*-independent,
inducible (iNOS) isoforms (Nathan, 1992). In mammals, the INOS is responsble
for prolonged NO release and is induced by various dgnds, including pro-
inflammatory cytokines. In the context of the immune sysem NO contributes to
inflanmation (Eisengen et al., 1994), modulates lymphocyte proliferation
(Allione et al., 1999) and mediates non-specific anti-microbid activities (James,
1995). In addition to its immunomodulatory capabilities, NO has microbicidd
cgpabilities and the potentia to interact with oxygen, metas or other free radicas.
Following interaction with the super oxide radicd, for ingance, NO can form
radicas such as peroxynitrate (ONOQO'), which are highly microbicidd (Nathan
1992). Studies have demondrated that the destruction of intracdlular parasites
such as Leishmania (Liew et al., 1990), or Mycobacterium avium (Bermudez et
al., 1993) and the control of extra cdlular parasites such as Giardia lamblia
(Eckmann et al., 2000) can be mediated by NO. During an infection of man with
the blood parasite Trypanosoma brucel brucel, however, the secretion of NO by
activated macrophages was suggested to play a role in impared |lymphocyte
reponses (Sztein & Kierszenbaum, 1993). The addition of nitric oxide and
prostaglandin inhibitors to cells derived from the spleen and peritoned cavity of
T. b. rhodesiense-infected mice restored the trypanosome antigenspecific and
mitogen-triggered proliferation. Moreover, mice trested with a subsirate analogue
inhibitor of nitric oxide controlled parastemia better than untreated mice
(reviewed in Taylor, 1998).

In fish, the production of nitric oxide by activated macrophages has been
demondtrated in response to microbid (Campos-Perez et al., 2000 ab) or
paraditica (Sedj et al., 2000) chdlenge in sdmonid (Laing et al., 1999; Barroso
et al.,, 2000) as wel as in cyprinid (Neumann et al., 1995; Lang et al., 1996;
Stafford et al.,, 2001) species. In carp, an INOS cDNA was cloned, and its
expresson was sudied in response to LPS and parasite chalenges (Segj et al.,
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2000). The biologicd dgnificance of the NO secretion was discussed in the
context of its possble paragticidd activity rather than its immunomodulatory
capabilities. Trypanoplasma borreli, an extracdluar blood flagdlate of cap was
found to induce NO release by head kidney derived leukocytes in vitro. In co-
cultures of head kidney cdls and viable T. borrdli, the matility of the parasite was
impaired, which was consdered to be NO-mediated (Saeij et al., 2000). Despite
this trypanocidd effect of nitric oxide, in some gtrains of infected carp the paradte
multiplied rgpidly and caused high mortdities while carp from paraste resstant
lines were able to control the parasitemia (Wiegertjes et al., 1995). NO secretion
and its trypanocidal effects, however, were observed in leukocyte cultures derived
from cap highly susceptible to the paraste. This indicates that the influence of
NO on the surviva of the parasite has not been completey ducidated.

In this dudy, we invesigaed the NO-generaing capacity of leukocyte
populations from infected carp and the modulatory role of NO for selected
leukocyte parameters and functions. In an atempt to confirm the hypothess, that
NO mediates the killing of T. borreli, the parasite was incubated in the presence

of nitric oxide donorsin vitro.

M aterials and M ethods

Carp

Paragte susceptible line Carp originating from a sngle crossng (E20 x RS,
Wageningen Agriculturd Universty, The Netherlands) were used throughout this
study. The fish were bred and raised at 20-23 °C in recirculated filtered tap water.
After initid feeding with Artemia salina nauplii for 4 wk, the food was switched
to pelleted dry food (Milkivit, Germany). Carp, 1-2 years old and weighing 100-
200g were used for blood collection and infection with T. borreli. Before infection
with T. borréeli, the cap were acclimatised to a recirculating sysem of separate
120 L tanksat 20 + 1 °C for 2 wk.

Paraste resstant line: Out bred carp were obtained from a loca hatchery a
an age of 1-2 year and a body weight of 100-200 g. Fish were kept in 300 L tanks
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a 20-23 °C in recirculated tap water and fed daly with pelleted dry food
(Milkivit, Germany) for at least 3 months prior to the experiments.

Culturemedia

Culture media for cdl separation and cultivation and phosphate buffered
sine (PBS) were diluted with 10% [v/iv] ditilled water to adjust their osmotic
pressure according to carp serum osmolarity. For blood collection RPMI 1640
(Rosswell & Park Memorid Inditute cdl culture medium No. 1640, Biochrom,
Berlin, Germany) with 50,000 IU/L sodium heparin (Sigma-Aldrich, Germany)
was used (heparinised medium). For washing procedures, RPMI  was
supplemented with 10,000 IU/L heparin (wash medium). For cap peripherd
blood leukocytes (PBL) cultures, RPMI, was supplemented with 1 % [v/v] carp
serum (PBL medium). For culture experiments with carp head kidney leukocytes
(HKL), RPMI was supplemented with 3% [v/v] carp serum (HKL medium). Carp
serum was a pool of sera from 15 individud fish. It was heat inactivated for 30
min a 56°C, 0.2 um filtered and stored at -22 °C until use. T. borreli were
cultured as described by Steinhagen et al. (2000) in a mixture of Hanks buffered
st solution (HBSS; 425% [viV]), Eal’s modified minimum essntid medium
(MEM; 21.25% [v/V]), Lebovitz 15 medium (L 15; 21.25% |[vN]), didtilled
water 10% [viv] and 5 % cap serum (HML medium). All culture media were
supplemented  with 100,000 IU/L penicillin, 100 mg/L dreptomycin - and
4 mmol/L L-glutamine (&l chemicas Biochrom, Berlin, Germany).

Exogenous nitric oxide donor substances

In cdl culture experiments with live T. borreli or mitogendimulated carp
PBL, the nitric oxide donors S-nitrosogluthation (GSNO) or spermine NONATE
(SPNO) were used. The oxidised form of gluthation (GSO) and the reduced form
(GSH) served as reference substances for GSNO. Spermine was used as reference
substance for SPNO (al chemicas: Sgma-Aldrich, Germany). Solutions of NO-
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donors and reference substances were prepared in the respective culture medium

immediately before addition to the cultures.

I nfection experiments

Cloned and previoudy characterized T. borreli were maintained by syringe
passage as described earlier (Steinhagen et al., 1989). For infection experiments,
susceptible carp (N=12) were i. m. injected with 1 x 10* T. borreli in 100ul PBS,
Control carp (n=12) were injected with PBS done. Infected and control carp were
kept under identical conditions. A day 7, day 15 and day 21 post injection (PI), 3
cap of each group were killed by immerson into 0.5 g/L tricane methane
ulphonate (Sigma-Aldrich, Germany). Blood was collected from the caudd vein
into syringes prefilled with heparinised medium, before dissection of the head
kidneys. For each fish the paradtemia of T. borreli was monitored by counting the
trypanoplasms present in the blood samples using a Neubauer counting chamber.

L eukocyteisolation

Media and cells were kept on ice and washing procedures were performed at
4°C. Blood was collected into syringes prefilled with heparinised medium by
cauda vein puncture. Peripherd blood leukocytes (PBL) were separated from
erythrocytes by centrifugation (30 min, 750xg) over Lymphoprep (Nycomed,
Odo, Norway) discontinuous density gradient as described by Miller & Mc
Kinney (1994). Cdl suspensons from head kidneys were prepared by forcing the
tissues through a 100 um nylon screen (Swiss Silk Bolting Cloth Mfg, Zrich,
Switzerland). Isolated PBL and HKL were washed three times with wash medium
(10 min550 x g) and resuspended in cdl culture medium. Numbers of viable cels
(exclusion of trypan blue) were enumerated in acdl counting chamber.
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L eukocyte cultivation

For cdl culture experiments, PBL and HKL were incubated in 96 wel fla-
bottom micro-titre plates (10° cdlswel in a find volume of 175pl of the
respective culture medium). All sat-ups were made at leest in triplicate. Mitogen
dimulation of cultured leukocytes was induced with PWM (pokeweed mitogen,
1mg/lL) or PHA (phythaemagglutinin, 3 mg/L). For co-culture experiments, live
T. borreli or mitogens adong with trypanoplasms were added to carp PBL or HKL.
The numbers of live T. borreli added are given in the respective graphs and tables.
Paradte lysates (see below) were added at a find (equivalent) concentration of 5 x
10° lysed T. borreli per well. The cultures were incubated for 4 days a 27 °C in a
water vapour saturated atmosphere with 3 % CO..

Propagation of Trypanoplasma borreli

T. borreli were isolated from the blood of infected carp, following the method
described by Bienek and Belosevic (1997). T. borreli were cultured as described
by Steinhagen et al., (2000; chapter 2). Suspensons of T. borreli were adjusted to
2 x 10° per ml with HML medium and cultured in 5 ml diquots & 15°C in 25 crm?
cdl culture vessels (Nunc, Denmark). When parasite number exceeded 10 x 10°
per ml, cultures were diluted 1:1 with HML medium and divided into two culture
vessals. For the preparation of paraste lysates, cultured T. borreli, were washed
twice with diluted PBS. The cell concentration was adjusted to 2 x 10° T. borreli
per ml with diluted PBS. Suspensions were sonicated for 30 seconds at 15 micron
in an Ultrasonic Desintegrator (MSE, Germany). T. borreli lysates were stored at -
80°C until use. Before usage in further experiments or preparation of paraste
lysates, T. borreli were propagated in vitro for at least 6 weeks. For co-culture
experiments of T. borreli with carp leukocytes, the flagdlates were washed twice
with medium for PBL or HKL cultivation. For culture experiments with NO
donor substances, T. borreli were washed twice with HML medium and seeded
out in triplicates in 96 well fla-bottom micro titre plates a a density of 8 x 10°
cells per well in afina volume of 175pl. Plates were incubated at 15°C.
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Measurement of nitric oxide production

After in vitro simulation of PBL and HKL for 4 days (see above), culture
supernatants were collected by aspiration. In a separate plate, 50ul of the
supernatant was mixed with 50 pl of the “Griess’ reagent (1% [wiw]
ulphanilamide, 0.1% [w/w] N-naphthyl-ethylenediamine, 2.5 % [v/v] phosphoric
acid; Sgma-Aldrich, Germany). The Griess resgent indicates the presence of
nitrite, a metabolite and indicator of the short-lived nitric oxide (Green et al.,
1982). After 10min of incubetion, opticd dendties were recorded
spectrophotometricaly a 570 nm. The molar concentration of nitrite present in
the culture supernatants was caculated from sandard curves generated using

known concentrations of sodium nitrite dissolved in culture medium.

Inhibition of NO generation

Nitric oxide production generated by the inducible nitric oxide synthetase
(INOS) was inhibited by addition of the L-arginin andogue N-mono-methyl-L-
agnin (L-NMMA) a a concentration of 500 pmol/L. N-mono-methyl-D-arginin
(D-NMMA 500 umol/L) served as a control substance for L-NMMA (both
chemicds Sigma-Aldrich, Germany).

Production of reactive oxygen species of head kidney leukocytes

Generation of reactive oxygen species (ROS) by head kidney leukocytes
(HKL) was measured by means of the nitro blue tetrazolium sdt (NBT, Sigma-
Aldrich, Germany) reduction assay after in vitro cultivation, as described above.
Following incubation, culture supernatants were removed from esch wdl and
replaced by 175 pul HKL medium, containing the respective reactive components.
Receptor-independent ROS production was induced by adding 0.15 mg/L phorbol
myridate acetate (PMA, Sigma-Aldrich, Germany). The indicator NBT was added
a 1gL. Wdls without PMA sarved to determine the spontaneous ROS
generation of cultured cels. After incubation for 2h a 22° C, the supernatants
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were removed and the cdls were fixed by adding 125 pl of 100 % methanol. Each
wel was washed two times with 125pl of 70 % [v/iv] methanol. Methanol was
removed and the fixed cells were air dried for 20 h. The reduced NBT (formazan)
was dissolved in 125l 2 mol/L KOH and 125yl DMSO per wel. The optica
densities were recorded with a spectrophotometer at 650 nm.

Phagocytosis activity

Phagocytosis activity of cultured HKL was teted as described by
Chilmonczyk & Monge (1999). HKL, cultured under various conditions (see
above) for 4 days in vitro were co-incubated with 2.5 x10° green fluorescent latex
paticles (1 um, Polyscience, USA) for additiond 18h. Harvested cdls were
andysed flow cytometricdly for the presence and fraction of green fluorescent

cdls (phagocytosis-pogtive).

Flow cytometric analysis

Suspensions of freshly isolated and of cultured PBL or HKL and of cultured
T. borreli were andysed flow cytometricdly (FACScan®, Becton Dickinson,
Heideberg, Germany, single excitation wavelength of 488 nm). Different cdlular
ub-sets were identified according to their characteristic forward and side scatter
values (FSC/SSC profiles, Verburg-Van Kemenade et al., 1994; Scharsack et al.,
2000, chapter 3). Totd cel numbers per wel were determined with the standard
cdl dilution assay (SCDA, Pechhold et al., 1994) in a modified form: plates with
cultured cells were placed on ice (15 min), briefly shaken and the whole content
of each well was tranferred to individua flow cytometer tubes, 2 x 10° standard
cdls and propidium iodide (2mg/L, Cabiochem, Bad Soden, Germany) were
added to each tube. Standard cells were paraformadehyde-fixed and FITC-
labelled bovine mononuclear cdls (Hendricks et al., 2000). FSC/SSC
characteristics of a least 10,000 events were acquired in liner mode
fluorescence intengties a waveengths of 530 nm and 650 nm were acquired at
log scde. All flow cytometric data were andysed with the software WinMDI,
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verson 2.8 (Trotter, 1998). Cdlular debris with low FSC characteristics was
excluded from further evauation. Standard cdls (propidium iodide-postive,
FITC-pogtive events) could be easly discriminated from viable, cultured cdls
(propidium iodide-negetive, FITC-negative). Absolute numbers of cultivated cdls
in individud wdls were cdculated according to: N[vitd cdlg = Events [vitd
cells] x Number [standard cellg] / events [standard cellg].

Statistics

To deemine the dgnificance of differences between groups, data were
compared by ANOVA and Duncan’'s multiple range tests. Correation between
data sets was tedted by multiple regresson anadyss usng WINSTAT software
(Kaima, Cambridge, MA, USA).

Results

Nitric oxide secretion of peripheral blood and head kidney leukocytes

from carp under Trypanoplasma borreli-infection

All experimentally infected carp, inoculated with T. borreli, developed a
paradtemia with increesng numbers of paradtes in the peripherd blood during
the observetion period, while PBS-injected control carp remained parasite-free
(table 1a). After flow cytometric anadyss of periphera blood, the course of the
infection was reflected by an increased proportion of neutrophilic granulocytes
and lymphoblasts among the blood leukocytes (Fig. 1, table 1a). In head kidneys,
the proportion of lymphoblasts expanded as well, whereas the proportions of
neutrophils and basophiles sgnificantly decreased (Fig. 1, table 1b). In PBS-
injected control carp, dgnificant changes in leukocyte subsets, both in the
peripheral blood and in head kidney suspensions, were not observed.

In supernatants of cultured PBL from PBS-injected control carp, or of PBL
gimulated with PWM, NO production was below the detection limit. This picture
dso did not change &fter addition of viable T.borreli to the cdl cultures
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(table 2d). In contrast, a days 15 and 21 P, cultured PBL from T. borreli-infected
carp secreted significant amounts of NO.

PBL HKL

PBS-injected
carp

day 7 PI

T. borreli-
day 15 Pl infected
carp

1023

day 21 P

Side scatter ———»

Forward scatter ——

Figure 1. Flow cytometric characteristics of peripherd blood leukocytes (PBL
and head kidney leukocytes (HKL) of T. borreli-infected carp. At three time
points after an experimental infection of carp, the PBL and HKL of one infected
cap were prepared and characterized flow cytometricaly. The cedls of one PBS-
injected carp served as control. Shown are forward versus Side scatter densty
plots in which circles identify the mgor subpopulations R1: smdl lymphocytes
R2: monocytes and lymphoblasts R3 neutrophilic granulocytes, R4  basophilic
granulocytes (Verburg-Van Kemenade et al., 1994).
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Although PBL cultures of carp a day 21 Pl dready contained considerable
numbers of T.borreli flagelaes (table 1), further addition of in vitro-cultured
flagellates (3x10° per well) to PBL cultures sgnificantly incressed the NO
secretion (table 2a). At day 21 Pl dso PWM simulated cells responded with
dgnificant NO production which was dightly enhanced after addition of vigble
T. borreli (table 2a).

Table 1. Proportions of periphera blood and head kidney leukocyte populations
in carp during the course of a Trypanoplasma borreli infection.

a) Peripheral blood

Dp| 1 Lymppocy[eﬁ Lymphoblasts ;;ng; T. borrdi (x 10°)
(%) (%) %) per pl blood
Controls®> 86 + 5 (9 9+ 3 (9) 3+ 1 (9 -
7 57+ 8 (3 31+ 8 (3 6+ 2 (3 0.8 + 0.6 (3)
15 52 +25 (3) 41 +23 (3 9+ 4 (3 26 + 1.7 (3)
21 29 +19 (3) 52 + 8 (3 14 £11 (3) 22.8 +16.0 (3)
b) Head kidney
Dp 1 Lymphocytes Lymphaoblasts ;;ng; Basophilic
(%) monocytes (%) %) granulocytes (%)
Controls® 39 + 5 (9 20 = 3 (9) 36 + 5 (9 4+ 1(9
7 27+ 53 29+ 2 (3 41 + 4 (3) 3+ 3(3
15 21 + 4 (3) 48 +10 (3) 29 + 9 (3 2+ 1 (3
21 31+ 1 (3 49+ 3 (3 19 + 4 (3 1+ 03 (3

Cdl populations among peripherd blood (PBL) and head kidney leukocytes
(HKL) were identified flow cytometricaly based on their specific forward and
Sde scatter characteristics (Verburg-Van Kemenade et al., 1994; Scharsack et al.,
2000; chapter 3). Vaues are means = SD. Numbers of fish tested are denoted in
brackets. Vaues from control carp were pooled. Consderable numbers of
T. borreli were not observed in HKL isolates. 1) DPI: days post infection. 2) PBS-
injected control fish.
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HKL of control fish only produced NO in the presence of mitogen (PWM) or
vidble T. borréeli. In HKL cultures of infected carp, elevated NO production could
be measured in supernatants of cells isolated at days 15 and 21 Pl (table 2b). The
addition of T.borreli to such cultures dramaticaly increased the NO generation.
HKL dso responded to PWM dimulation with NO generation. Highest
concentrations of NO,™ were found in cultures of cells separated at day 7 Pl. Later
during infection, PWM-induced NO, concentrations dropped to vaues seen in
ungtimulated control cultures (table 2 b). However, addition of viable T. borrdi to
PMW-gimulated HKL of infected carp at days 15 and 21 Pl resulted in the release
of high amounts of nitric oxide (table 2 b).

The amount of NO produced by PBL of infected carp in response to PWM,
vidble T.borreli or PWM + T. borreli dways dgnificantly corrdated with the
proportion of granulocytes among freshly isolated blood leukocytes. Correlation
coefficients ranged between 0.6 and 0.8 (p < 0.05; gppendix table 1).

Table 2. Nitric oxide production in cultures of periphera blood and head kidney
leukocytesisolated from Trypanoplasma borrdli infected carp.

Medium control PWM (1Img/L)
DPI ! - + T. borreli - +T. borreli
(3x10°Awell) (3x10°Awell)
Controls? <3 <3 <3 <3
7 <3 <3 <3 <3
a) PBL
4+4 5+2 6+3 4+1
21 7+3 57 + 56 31+ 18 56 + 48
Controls? <3 20+ 7 14+8 15+ 5
7 <3 27+9 55+ 24 20+ 9
b) HKL
15 5+5 99 + 37 31+7 127+ 79
21 18+ 12 119 + 56 14+ 7 284 + 148

Vaues are pmol/L NO,™ (mean + SD of triplicate cultures from 3 infected and 9
control carp).
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For HKL no such ggnificant relations between changes in cdlular subsets,
due to T. borrei infection, and the amount of NO relesse was observed. Thus,
during the course of an infection with T. borrdi, the appearance of granulocytes
among periphera blood leukocytes seemed to correlate with the capacity of PBL
to generate NO. In summary, during the course of an infection with T. borreli,
cap leukocytes produced high amounts of NO, especialy after contact with the
flagdllates or after mitogen simulation.

Trypanoplasma borreli isnot releasing NO

Since PBL of infected carp dways contained consderable numbers of viadle
T. borreli (table 1), it remained possble that the flagdlates itsedf produce NO.
However, T. borreli was not able to generate any detectable levels of nitric oxide
after 4 daysin vitro, irrespective of the culture conditions (table 3).

Table 3. Trypanoplasma borreli is not producing NO

T. borreli HKL
Medium control <3 <3
PWM <3 15+1
Lysed T. borreli <3 26+ 2

Head kidney leukocytes (HKL, 1x10°wel) from one cap and T.borreli
flagellates (1x 10°well) were cultured in 96 well fla bottom micro titre plates.
Pardle cultures contained PMM (1 mg/L) or lysed T. borreli (the equivaent of
5x 10° flagellateswdl). After 4 days of cultivation, NO,™ concentrations (umol/L,
means+ SD of triplicates) were determined in the culture supernatants.

Impact of NO on the viability of Trypanoplasma borreli

NO donor substances were used in vitro in an attempt to reved a possble
impact of nitric oxide on the survival of the trypanoplasms. The donor GSNO
(when used a 3 mmol/L) resulted in maxima NO,  concentrations of 200 pumol/L
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after 4 days in vitro, without having an effect on the numbers of viable T. borreli
(Fig. 2). A dight reduction of these numbers (from 66 x 10* to 51 x 10* T. borreli)
could be seen after addition of the NO donor SPNO after 4 daysin culture.

NO donor NO, (umol/L) viable T. borreli
(mmollL) o 50 100 150 200 250  (x 10°/well)
Medium - <3 67.1+46
03 [k 732+28
7 4] GSNO{ 1.0 |- 720+ 1.4
> 3.0 — 72.7+ 2.1
S, GSO 30 |<3 67.7 + 4.1
2 GSH 30 <3 715+5.8
S Medium - |<3 66.3+2.2
3 0.3 F 785+ 3.4
3 4| GSNO4{ 10 | 77.2+6.4
= 3.0 | 77.3+3.4
GSO 30 |<3 95+37
GSH 30 |<3 71.8+1.9
0 200 400 600 800
Medium - |<3 67.1+ 46
0.3 70.5 + 3.0
@ 11 SPNO {10 [ 75.5 + 4.1
3 3.0 » 718+ 46
> SP 30 |<3 55.2 + 4.1
£
P
S Medium - |<3 66.3+22
§ 0.3 ! 847+73
S 41 SPNO { 1.0 [IINENEG—G—N 53.4+57
= 3.0 I 51.4+17
SP 30 |<3 0.1 +0.04

Figure 2. Effect of nitric oxide on the viability of T. borreli in vitro. T. borreli
were seeded out in 96 well flat bottom micro titre plates a a density of 8x 10°
cdls in a find voume of 175y HML medium per wdl. Cultures were
supplemented with the NO-donor substances GSNO (S-nitroso-gluthation) and
SPNO (Spermine NONATE). As controls for donor substances, oxidised form of
gluthation (GSO), reduced form of gluthation (GSH) and spermine (SP) were
used. All set-ups were made in triplicate.

Compared with GSNO, this donor resulted in much higher NOy
concentrations (about 650 pmol/L) when used a 3 mmol/L. However, the control
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substance for SPNO, spermine (SP, Fig. 2), which generated no detectable NO,
had a much more prominent effect on the viability of cultured T. borreli after 4

days in culture. These data indicate that nitric oxide has no sgnificant effect on
theviability of T. borreli in vitro.

a) NO release

250 Medium control PWM PHA
3w - = i
(@)

5 60
'~ 40
2 =] ] ]
3 b) proliferating lymphocytes (blasts)
Medium control PWM PHA
2
1
: Ll Ande = | L
'S 8 c) viable small lymphocytes
= Medium control PWM PHA
g & il
4
0

0 0.0101 1.0 0 0.0101 1.0 0 0.0101 1.0

GSNO (mmol/L)

Figure 3. Impact of NO on the viability and the mitogen-induced proliferation of
cap PBL. PBL from hedthy carp were cultured in the presence of a NO donor
(GSNO, S-nitrosogluthation). Wells without GSNO served as controls. Pardld
set-ups contained mitogens (PWM, 1 mg/L or PHA, 3 mg/L). After 4 days NO
was determined in the culture supernatants (a) and total numbers of proliferating
lymphocytes (b) and viable smdl lymphocytes (c) were determined flow
cytometricaly (means and standard errors of triplicate cultures from three carp).
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Impact of NO on functional leukocyte responsesin carp

Simulation of cap PBL with PWVM or PHA resulted in the generation of
proliferating cells (Fig. 3b). Addition of the NO donor GSNO up to 0.1 mmol/L
had no sgnificant effect on the proliferative response. In cultures supplemented
with 1 mmol/L GSNO (reflected by 200 pmol/L NO., Fig 3a), the mitogen
induced proliferation of PBL was significantly reduced (Fig. 3b).

Reduction of proliferation was not due to a generd toxic effect of GSNO (or
the generated NO) for carp PBL since the numbers of viable smdl lymphocytes
present in these cultures remained unchanged (Fig 3c). In pardld cultures with
PBL from T.borreli resgtant carp, equivdent results were obtained (appendix
Fig. 1). Head kidney leukocytes from hedthy carp, stimulated with PWM or co-
cultivated with the equivdent of 5x10° lysed T. borrei for 4 days, produced
sgnificant amounts of NO (Fig. 4a), showed an enhanced phagocytoss activity
(Fig. 4d) and an enhanced ROS generation in response to PMA simulation (Fig.
4f). NO production by HKL was inhibited by the L-arginin andogue L-NMMA
(Fig. 4 @), whereas the control substance D-NMMA showed no effect on ether
parameter (data not shown).

The inhibition of NO geneation dgnificantly increesed the number of
monocyteslymphoblasts among PWM-gtimulated HKL (Fig. 4b). Conversdy,
numbers of viable granulocytes were reduced in HKL cultures simulated with
PWM or lysed T. borrdi (Fig. 4c). The PWM-gimulated phagocytoss activity of
HKL was dso reduced after iNOS inhibition (Fig, 4d); however, spontaneous
ROS generation was devated (Fig. 4e). Interestingly, the receptor-independent
gimulation of ROS generation with PMA was unaffected by L-NMMA (Fig. 4f).

Taken together, the generation of NO by activated HKL seems to enhance the
viability of HKL granulocytes and their cgpacity to phagocytose. The iNOS
inhibition experiments aso suggest that HKL generated NO lowers the
proliferative capacity of lymphoid cdls Responses of HKL from T. borreli-
ressant carp in pardld culture set-ups were affected in a comparable manner by
INOS inhibition (appendix Fig. 2). Thus, the demonsrated influence of nitric
oxide on carp head kidney and blood leukocyte responses might reflect generd
mechanisms of immunomodulation in carp.
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Figure 4. Impact of NO on head kidney leukocytes in stimulated cultures. Head
kidney leukocytes (HKL), isolated from hedthy carp, were cultured in medium
(med), in the presence of PWM (1 mg/L) or in the presence of T. borreli lysates
(equivdent to 5 x 10° T.borrdifwel). The iNOS inhibitor L-NMMA was
supplemented a 500 pmol/L. After 4 days, NO was determined in culture
supernatants (d). Numbers of granulocytes (b) and monocytes/lymphoblasts (€)
were determined flow cytometricaly. In pardle set-ups, the capacity of the cells
to phagocytose latex particles was determined (d), as well as the capacity to
generate spontaneoudy reactive oxygen species (ROS) (e) or to generate ROS
after PMA dimulation (f) (means and standard errors of triplicate cultures from
three carp).
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Discussion

In severd fish species, a secretion of NO by head kidney derived leukocytes
was observed in response to microbid (Schoor & Plumb, 1994; Neumann et al.,
1995; Yin et al., 1997; Barroso et al., 2000), or parastic antigens (Saeij et al.,
2000), and the involvement of NO in defence mechanisms of fishes agangt
pathogens was discussed. In the present study, we could demonsrate that
T. borrdi infection increased the capacity for NO secretion in periphera blood
leukocytes and in head kidney leukocytes ex vivo as wdl (table 2). Maxima NO
vaues were found a day 21 Pl when the level of paradtemia had increased
dramaticadly (table 1; 2). This coincided with a marked granulocytoss in the
blood of infected carp, while in HKL isolates the amount of granulocytes was
diminished (Fig. 1., table 1ab). This opened the question about the NO-producing
subpopulation. At leest we could show that the flagdlates itsdf were not the
source of NO, snce under various conditions in vitro they were not able to
generate this reactive mediator (table 3). Although the NO production of
periphera blood leukocytes correlated very wel with the fraction of granulocytes
among the PBL, it is &ill not clear whether granulocytes and/or ectivated
monocytes'macrophages are the source of the generated NO. In mogt mammals,
high amounts of NO are produced by macrophages, especialy when these cdls
receive synergisic sgnds (eg. IFN-g produced by activated Tcells, James, 1995)
together with a microbid or parastic simulus. Goldfish kidney macrophages
secreted NO after incubation with supernatants from leukocytes stimulated with
Con A and phorbol ester indicating the presence of a macrophage-activating
factor in these supernatants (Neumann et al., 1995). In our experiments, PWM
induced NO secretion of phagocytes most likely was mediated by sgnas from
activated lymphocytes present in the HKL cultures. During infection, composition
andlor date of activation of lymphocyte sub-sets providing NO indudng dgnds
might have changed. The pattern of PWM induced signds might have developed
from a nonsynergistic petern in the initid phase of the infection (day 7 P),
towards a pattern favouring synergisic effects of lymphocyte signds and parasite
chdlengein later stages of infection (table 2b, day 15and 21 F1).

However, PBL from control carp did not secrete any detectable amounts of
NO, nether after mitogen <imulation (PWM) nor after addition of viadle
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T. borrdi (table 2a). This might indicate that granulocytes, if not the only source
of NO, at least contribute to the NO generation by monocytesmacrophages. This
may dso account for the high, stimulus-induced NO production by HKL form
infected carp a day 21 P, athough the reative fraction of granulocytes decreased
with ongoing infection. The role of NO generated by the host's immune cdls for
T. borreli was less apparent. Even high amounts of donor substance generated NO
in vitro only dightly affected the numbers of viable T. borreli during a 4 day in
vitro culture period. Interestingly, control substances (GSO, SP, Fig. 2), which
generated no nitric oxide, most efficiently killed the flagdlates in vitro (Fig. 2).
Thus, the trypanocidd activity of NO reaulting in a depressed motility of the
trypanoplasms (as proposed by Saeij et al., 2000) might be not sufficient to induce
mortality in paraste cultures. The minor trypanocidd effects of NO in vivo isdso
indirectly supported by the increase in parasite numbers up to day 21 PI (table 1),
athough PBL and HKL obtaned from T. borreli-infected susceptible carp,
exhibited high capacities for NO secretion (table 2).

On the other hand, T. borrei-induced NO might intefere immune cdl
functions in cap. The presence of NO ggnificantly inhibited the proliferative
response of mitogen-dimulated cap HKL and PBL lymphocytes (see Fig. 3a b
and Fig. 4b). This is in agreement with observations in mammas, where NO
rdleased from macrophages had a maked modulatory effect on  T-cdl
proliferative responses (Schlefer & Mandfidd, 1993; Sztein & Kierzenbaum,
1993; Allione et al., 1999). Conversdy, the addition of nitric oxide inhibitor to
cdls derived from the spleen and the peritoned cavity of T. b. rhodesiense—
infected mice restored the trypanosome antigengpecific and mitogen-triggered
proliferation (Sternberg & McGuigan, 1992, reviewed in Taylor, 1998).

However, the observed in vitro effects of NO on carp lymphocytes were not
completely supported by the in vivo Studion. In spite of a putative, proliferation
depressing NO generation during infection (table 2b) we found increased
proportions of lymphoblasts in PBL and HKL preparations of T. borreli-infected
carp (Fig. 1, table 1ab). Thus, the nhibition of lymphocyte proliferation by NO in
vivo might be dose-depended and may only occur in the presence of high NO
amounts, as indicated in vitro, when mitogen-induced PBL proliferation only was
diminished with high NO concentration (Fig. 3ab). When cap PBL were

dimulated in vitro with mitogens in the presence of NO donors, the numbers of
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viable cdls did not decrease (Fig. 3c). This indicates, that NO does not result in an
enhanced cdlular death of carp lymphocytes. This is in contrast to findings in the
human sysem, where numbers of viaddle T-cdls decreased due to apoptosis
induction, when proliferation was inhibited by NO (Allione et al., 1999). Whether
the NO-regulated expresson of apoptoss-rdlated molecules in  piscine
lymphocytes is comparable to that seen in mammdian cdls (Williams et al.,
1998) awaits further studies. In opposte to the negative effects on lymphocytes,
NO manly pogtivdy affected cap granulocytes. Concluded from inhibition
experiments, nitric oxide seemed to both, enhance the viahility (or longevity) and
the phagocytic activity of activated granulocytes (Fig. 4c,d), whereas the phorbol
ester-induced ROS generation of granulocytes was less affected (Fig. 4a, f). Thus,
NO production might be conddered as a dimulatory sgnd for granulocyte
activation in carp.

In concluson, this chapter demongrates that the blood parasite T. borréli is
able to induce the release of high NO levels by carp phegocytes. Nitric oxide itsdlf
had only little trypanocidd effect, but modulated various cap immune cel
functions. The dgnificance of the latter effects are not yet apparent since the
sengtivities of PBL and HKL from parasite susceptible and resistant carp strains
to modulatory influences of NO on functiond cdlular responses in vitro were
quite dmilar (gppendix Fig. 1; 2). Thus the results might reflect generd
mechanisms of NO-depended immunomodulations in carp. However, T. borreli-
induced NO may dso intefere with coordinated interactions of immune cdls
aming a the generdtion of parasite-gpecific antibodies, which have been shown to
be citicdly involved in the control of a T. borreli parasitemia in carp (Jones et
al., 1993; Wiegertjes et al., 1995). The importance of NO for the course of an
infection was adso demondrated in Trypanosoma bruce-infected mice, were
treetment with an inhibitor of nitric oxide synthase resulted in a better control of
the parasitemia (Sternberg et al., 1994). Thus, T. borreli-induced NO in carp dso
may be conddered as a defence mechanism of the parasite, which dters or

modulates the host’ s immune response towards the trypanoplasms.
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Chapter 5

Head kidney neutrophilsof carp (CyprinuscarpiolL.) are

functionally modulated by the hemoflagellate
Trypanoplasma borreli

SUmmary

In this section we studied responses of carp head kidney-derived neutrophils
to T. borreli, and the consequences of these responses for paradte survivd and
other host response mechanisms. In co-cultures of head kidney leukocytes (HKL)
with live and lysed T.borreli a prominent shgpe change of neutrophilic
granulocytes towards increesed sSze and complexity was observed. In addition,
aurvivd of in vitro cultured neutrophils was prolonged in the presence of
T.borreli  antigens.  In  these cultures, neutrophils  exhibited an  increased
phagocytoss activity. An up regulation of the production of nitric oxide (NO) and
reactive oxygen species (ROS) was observed in T. borreli- and mitogen
dimulated HKL cultures. However addition of live, fluorescence-labdled
T. borrei to previoudy simulated HKL cultures, reveded nether killing nor
phagocytoss of the parasite by activated neutrophils. Moreover, vigble T. borréli,
when added to HKL cultures of infected carp, reduced their phagocytoss activity
and NO production. Supernatants of co-cultures between T. borreli and HKL aso
contained mediators, which suppressed a mitogenrinduced lymphoproliferative
response of peripheral blood leukocytes (PBL) in vitro. Thus, while T. borreli
itsedf appeared not to be sendtive to responses of activated neutrophils, the
flagdlates interfere with the production of immunomodulatory Sgnds of these
cdls, probably resulting in a patid immunosupression, which may favour the

parasite development in vivo.

Introduction

Fiscine inflammatory granulocytes and activated mononuclear phagocytes are
known to exhibit bactericidd activities (for reference see Secombes & Fetcher,
1992; Secombes, 1996) and participate in the defence against several parastic
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infections (Secombes & Chappdl, 1996). These cdls, however, do not only act as
non-specific  effector cdls agang invading pathogens but adso are potent
modulators of gpecific immune responses.

In the serum of dinicdly hedthy cap, T. borrei-specific antibodies were
found and the pesk antibody response in these carp coincided with a decline and
eventual absence of paradtemia (Jones et al., 1993). Trander of immunity by
passve immunisation of susceptible carp with immune serum was only partid and
resulted in a dightly longer survival time when compared to animas injected with
norimmune serum (Wiegertjes et al., 1995a). Jones & Woo (1987) were not able
to protect rainbow trout (Oncorhynchus mykiss) from a lethd infection with
Cryptobia salmositica, a paraste closely related to T. borreli, by injection of
immune plasma By passve trander of both leukocytes and immune plasma,
however, the rainbow trout could be protected from an infection with the parasite.
Jones & Woo (1987) suggested that sendtisation of granulocytes might be
important in the defence of rainbow trout to C. salmositica.

In summary, the immune mechaniams induced &fter infection of common
cap with T. borrdi are 4ill not fully understood. The am of the present section
was to study responses of carp head kidney-derived neutrophils to this blood
flagdlate, and the consequences of the responses for parasite survivd and other

host response mechanisms.

Materials and M ethods

Carp

Cap of a dngle crossng (E20xR8, Wageningen Agriculturd Universty, The
Netherlands) were used throughout this study. The fish were bred and raised at
20-23°C in recirculated filtered tagp water. After initid feeding with Artemia
salina nauplii for 4 wk, the food was switched to pelleted dry food (Milkivit,
Germany). Carp, 1-2 years old and weighing 100-200g were used for blood
collection and infection with Trypanoplasma borreli. Before infection with
T. borrdli, the carp were acclimatised to a recirculating system of separate 120 L
tanksat 20 £ 1 °Cfor at least 2 wk.
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Culture media

Throughout the dudy culture media for cdl separation and cultivation and
phosphate buffered sdline (PBS) were diluted with 10 % [v/v] didtilled water to
adjust their osmotic pressure according to carp serum osmolarity. Diluted RPMI
1640 (Rosswell Park Memorid Inditute cdl culture medium No. 1640, Biochrom,
Berlin, Germany) with 50,000 IU/L sodium heparin  (Sgma-Aldrich, Germany)
was used for blood collection (heparinised medium). For washing procedures
diluted RPMI with 10,000 IU/L sodium heparin (wash medium) was applied. As
medium for cultivation of cap peripherd blood leukocytes (PBL), diluted RPMI
was supplemented with 1% [v/iv] carp serum. For culture experiments with carp
head kidney leukocytes (HKL) diluted RPMI was supplemented with 3% [v/v]
cap serum. The serum from 15 individua fish was pooled, heat inactivated for 30
min a 56 °C, 0.2 um filtered and stored at -22 °C until use.

T. borreli were cultivated in a mixture of Hank's buffered sdt solution
(HBSS;, 425% [vN]), Eal's modified minimum essentid medium (MEM;
21.25 % [vN]), Leibovitz 15 medium (L 15; 21.25% [v/v]), digtilled water 10 %
[Viv] and 5 % cap serum (Steinhagen et al., 2000). All culture media were
supplemented  with 100,000 IU/L penicilliny, 100 mg/L dreptomycin  and
4 mmoal/L L-glutamine (al chemicads Biochrom, Berlin, Germany).

I nfection experiments

Trypanoplasma borreli was cloned and characterised previoudy (Steinhagen
et al., 1989) and maintained by syringe passage as described earlier (Steinhagen et
al., 1989). For infection experiments, susceptible carp (n= 15) were i. m. injected
with 1x10* T. borrei in 100ul PBS. Control carp were injected with PBS adone
(n=15). Infected and control carp were kept under identical conditions. At days 7,
14, 15 and 21 post injection (P1), 3 carp of each group were killed by immersion
into 0.5g/L tricane methane sulphonate (Sigma-Aldrich, Germany). Blood was
collected from the caudd vein into tubes with heparinised medium, before
dissection of the head kidneys. For each fish the parastemia of T. borreli was
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monitored by counting the trypanoplasms present in the blood samples usng a
Neubauer counting chamber.

L eukocyteisolation

Media and cells were kept on ice and washing procedures were performed at
4°C. Blood was collected into syringes prefilled with heparinised medium by
caudal vein puncture. Peripherd blood leukocytes (PBL) were separated from
erythrocytes by centrifugation (30 min, 750xg) over Lymphoprep (Nycomed,
Odo, Norway) as described by Miller & Mc Kinney (1994). Cdl suspensions of
head kidney leukocytes (HKL) were prepared by forcing the tissues through a
100 pm nylon screen (Swiss Slk Bolting Cloth Mfg, Zurich, Switzerland).
Isolated PBL and HKL were washed three times with wash medium (10 min
550 x g) and resuspended in the respective cdl culture medium. Viable cels were
recognized by means of trypan blue excluson. Numbers of viable cels were
enumerated in acell counting chamber.

L eukocyte cultivation

For cdl culture experiments, peripheral blood leukocytes (PBL) and heed
kidney leukocytes (HKL) were incubated in 96wdl flat bottom micro titre plates
(10° cellswel in a find volume of 175l cel culture medium). All sat-ups were
made a least in triplicate. PBL and HKL were simulated in vitro with Pokeweed
mitogen (PWM, 1mg/L), vidde T. borreli (5x 10° /well) or lysed T. borreli
(equivalent to 5x 10° /well). PBL cultures were incubated at 27 °C, HKL at 20°C
for 4 daysin awater vapour saturated atmosphere with 3 % CO..

Cultivation of Trypanoplasma borreli

T. borreli were isolated from the blood of infected carp and cultivated as
described previoudy (Bienek & Bedosevic, 1997, Steinhagen et al., 2000,
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chapter 2). For cultivation, suspensions of T. borreli were adjusted to 2 x 0° per
ml with HML medium and incubated in 5ml diquots a 15°C in 25 cn? cdl
culture vessds (Nunc, Denmark). When paraste numbers exceeded
10 x 10° flagellates per ml, the cultures were diluted 1:1 with HML medium and
separated into two culture vessels. Before use in further experiments or for
preparation of paraste lysates, T. borreli were kept in culture for at least 6 weeks.
For co-culture experiments T. borreli were washed twice with HKL cdl culture
medium. Numbers of viadle T.borreli (exduding immobile flagdlates) were
enumerated in acdl counting chamber.

Fluorescence labelling of liveT. borreli

For flow cytomeric discrimination of viable T. borreli after co-cultivation
with activated HKL, paradtes were labdled with carboxyfluorescein succinimidyl
eder (CFSE, Molecular Probes, Netherlands). CFSE is penetrating viable cells
and is tranderred to a green fluorochrome by non-specific esterase (Lyons &
Parish, 1994). T. borreli from the culture were washed two times with PBS
(10 min 550 x g) and resuspended in a solution of CFSE 1mg/L PBS. Cdls were
incubated 10 min & 15°C in dark and smoothly shaken. T. borreli were washed
twice (10 min 550 x g), counted as above and resuspended in HKL medium in the
concentration desired.

Preparation of Trypanoplasma borreli lysates

T. borreli were cultured as above and washed twice with diluted PBS.
Flagellates were adjusted to 2 x 10° /ml head kidney leukocyte culture medium,
Suspensons were sonicated for 30 seconds a 15 micron in an Ultrasonic
Disntegrator (MSE, Germany). T. borreli lysates were stored at -80°C until use.
In culture experiments, T. borrei lysates were diluted with HKL culture medium
to achieve fina concentrations of 5 x 10° lysed cells per well.
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Phagocytosis activity

Phagocytoss activity of cultured HKL was tested flow cytometricdly as
described by Chilmonczyk & Monge (1999). HKL were cultured for 4 days in
medium aone, and dimulated with PWM, lysed or vigble T. borrdi as described
above. Theredfter, green fluorescent latex particles (1pum, Polyscience, USA)
were added at 2.5x10° particles per wel. Following another 18 h of cultivation,
the whole content of each wel was tranderred to flow cytometer tubes and was

andysed for the presence of green fluorescence postive cells.

Production of reactive oxygen species of head kidney leukocytes

Production of reective oxygen species (ROS) was assessed from freshly
isolated head kidney leukocytes (1x 10°well) and from HKL after 4 days of
cultivation in the presence of PWM, viable or lysed T. borreli. ROS production
was determined by the nitro blue tetrazolium sdt (NBT, Sgma-Aldrich,
Germany) reduction assay. Spontaneous ROS production was assessed by adding
1g/L NBT /wdl. In padld set-ups phorbol myristate acetate (PMA, 0.15 mg/L,
Sgma-Aldrich, Germany) and NBT (1 g/L) was added to determine the receptor-
independent stimulation of ROS generation. After incubation for 2 h (22° C), the
upernatants were removed and the cdls were fixed by adding 125l of 100 %
[Viv] methanol. Each well was washed two times with 125pul of 70% [viV]
methanol. Methanol was removed and the fixed cells were ar dried for 20 h. The
reduced NBT (formazan) was dissolved in 125y 2mol/L KOH and 125 pl
DMSO per well. Optical dendties (OD) were recorded spectrophotometrically at
650 nm.

Fluorescence labelling of reactive oxygen species producing cells

In an attempt to identify ROS producing cdl populations, we andysed PMA
dimulated HKL by means of flow cytometry and used the intracellular oxidation
of fluorescent di-hydrorhodamin (DHR 123) as an indicator for ROS production.
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HKL (5x 10%mi) were incubated for 15 min in HKL medium with DHR (1 mg/L)
and PMA (0.15mg/L) and without PMA in flow cytometer tubes in the dark.
Morphology and fluorescence characteristics were recorded immediately after
incubation, by means of flow cytometry.

M easurement of nitric oxide production

For the measurement of nitric oxide (NO) rdesse by HKL, culture
supernatants of stimulated and non-stimulated cells were collected after 4 days of
cultivation anadysed for the presence of nitrite as a surrogate of NO (Green et al.,
1982). In a separate 96 well flat bottom micro titre plate, 50ul supernatant was
mixed with 50 pl of freshly prepared “Griess’ reagent (1 % [wiw] sulphanilamide,
0.1% [w/w] N-nagphthyl-ethylenediaming, 25 % [v/iv] phosphoric acid; Sigma-
Aldrich, Germany). After 10min of incubatiion, the opticd dendties were
recorded spectrophotometrically a 570 nm. The molar concentration of nitrite
present in the culture supernatants was calculated from standard curves generated

with known concentrations of sodium nitrite dissolved in culture medium.

Flow cytometric analysis

Sugpensions of PBL and HKL from carp were analysed with a flow cytometer
(FACscan®, Becton Dickinson, Heddberg, Germany, dngle excitaion
wavedength of 488 nm) immediady &fter separation and after 4 or 5 days of
cultivation. Forward (FSC) and sde scatter (SSC) characteristics of 10 000 events
were acquired in linear mode, fluorescence intendties a wavelengths of 530 nm,
585 nm and 650 nm were acquired at log scale. Cell populations were identified
according to their characteristic FSC/SSC profiles (Verburg van Kemenade et al.,
1994). Totd cdl numbers per well were determined with the standard cdl dilution
assay (Pechhold et al., 1994) in a modified form: Plaies with cultured &ls were
incubated on ice (15 min), briefly shaken and the whole content of each well was
transferred to individua flow cytometer tubes. Theresfter, standard cdls (2 x 10°)
and propidium iodide (2 mg/L, Cabiochem, Bad Soden, Germany) were added to
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each tube. Standard cdls, paraformadehyde-fixed and FITC-labeled bovine
mononuclear cdls (Schuberth et al., 1992; Hendricks et al., 2000) were used for
quantification of non-labdled test cdls (proliferating PBL, viability of HKL). P&
(Phycoerythrin) labelled standard cdls were gpplied in experiments with green
fluorescent test cdls (phagocytoss test, CFSE labdled T. borreli). After
acquistion of at least 10 000 events, the data were andysed with the software
WinMDI, verson 2.8 (Trotter, 1998). Cdlular debris with low FSC characterigtics
and propidium iodide-pogtive, dead cdls were excluded from further evauation.
Standard cells  (propidium iodide-postive, FITC-podtive) could be easly
discriminated from viable, cultured cdls (propidium iodide-negeative, FITC-
negative). Absolute numbers of cultivated cdls in individud wels were
cdculated according to: Nfvital cdls] = Events [vitd cdls] x Number [standard
cdlg] / events[standard cellg).

Statistics

To deemine the dgnificance of differences between groups, data were
compared by ANOVA and Duncan’'s multiple range test at a probability of error
P<0.05.

Results

In vitro responses of carp head kidney leukocytesto T. borreli

After 4 days, the neutrophil population among HKL cultured in medium
without additives displayed low forward and dde scater characteristics
(Fg. 1, R1). In contrast, HKL neutrophils cultured in the presence of mitogen
(PWM), lysed or viable T.borreli showed a prominent and dgnificant shape
change towards higher FSC and higher SSC vaues (Fig. 1, Fig. 2 AB), which
probably indicates a dimulus-associated activation of these cdls In cdl cultures
supplemented with T. borreli, the shape changes were paraleled with an enhanced
viability of the granulocytes medium-cultured HKL or PWM-simulaed HKL
contained about 20x10* neutrophils after 4 days in vitro, whereas 30 x 10*
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neutrophils could be recovered from cultures containing viable or lysed T. borrdi
(Fg. 2C).

medium control PWM lysed T. borreli  viable T. borreli

e . Lah e M R A

side scatter (SSC)

forward scatter (FSC)

Figure 1. Shape change of head kidney granulocytes after in vitro cultivation.
Head kidney leukocytes (HKL, 1 x 10%well) were cultivated in vitro in the
presence of PWM (1mglL), lyssd T.borreli (equivdent to 5 x 10°
flagellatesiwell) or visble T.borrei (5 x 10°/wdl). Set-ups with no additives
saved as controls (medium). After 4 days, HKL were andysed flow
cytometricdly. Shown ae forward versus Sde scater densty plots. The
granulocyte populations are identified with an dlipse (R1, region 1).

Functional responses of head kidney leukocytes

The homogeneous shape changes of HKL neutrophils in response to the used
dimuli were not adways reflected in amilar modulations of functiond capacities
of the neutrophils. Phagocytoss of undimulated HKL was very low (Fg. 2D,
about 5% phagocytic active HKL). Upon simulation with viable and especidly
with lysed T. borreli this fraction ggnificantly increesed up to 35%. Fow
cytometric analyses proved tha mainly neutrophils incorporated the fluorescent
latex particles (appendix Fig. 4). Only very few cels with FSC'9"/ssc'ow
characteristics, which were consdered to represent macrophages (Verburg van
Kemenade et al., 1994) were found to be phagocytosis-postive. The enhancement
of phagocytoss was pardleed by the induction of nitric oxide in HKL cultures
Agan, ungimulated HKL produced nearly undetecteble levels of NO
(< 3umoal/L NOy"), whereas lysed T. borreli stimulated the production of about 40
umol/L NO2'. PWM and viable T. borreli were less effective inducers of NO
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(Fg. 2E). Whether neutrophils were cultured in medium aone or in the presence
of various stimuli had no effect on the spontaneous ROS generation of HKL
(Fg. 2F, black bars).
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Figure 2. Head kidney leukocytes were cultured in the presence of the indicated
supplements. After 4 days in vitro, the mean forward scatter (FSC, A) and side
scatter (SSC, B) vaues of neutrophils were determined flow cytometricaly. Tota
numbers of viable granulocytes (C) and the fraction of phagocytic active HKL
neutrophils (D) were dso determined by flow cytometry. Nitrite (NO.", E) was
determined in culture supernatants as a surrogete marker for generated NO.
Spontaneous and PMA-induced ROS generdtion (F) was determined with the
NBT reduction assay. Data are presented as means and standard deviation of
triplicate cultures from 9 cap. OD: opticd dendty, PMA - phorbol myridate
acetate.

However, after receptor-independent stimulation of ROS with PMA, HKL
cultured in the presence of PWM, lysed or viable T. borreli showed a sgnificantly
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enhanced ROS generation compared to the medium controls (Fig. 2F, grey bars).
Taken together, the contact between HKL neutrophils and T. borreli products not
only resulted in shgpe changes of the neutrophils but aso enhanced various
cellular functions of these cdllsin vitro.

Susceptibility of T. borreli to activated head kidney leukocytes

To sudy whether the observed activation of head kidney derived leukocytes
by T.borrei results in a killing of the paraste, HKL were prestimulated with
PWM or T.borrdi lysates for 3 days in vitro. Theresfter, viable, fluorochrome-
labelled, T. borreli were added to these cultures and incubated for 2 further days.
Quantitative flow cytometric andyses reveded that neither culture set-up resulted
in a dggnificant reduction of the numbers of viable T.borreli compared to
unstimulated HKL cultures (table 1).

Table 1. Viaility of T. borreli after co-cultivation with stimulated head kidney
leukocytes

Culture set-up ViableT. borrdi (x
10°)

HKL + Medium 15+03

HKL + PWM 14+0.1

HKL + lysed T. borreli 16+0.1

Medium without HKL 12+01

Head kidney leukocytes (HKL, 5 x 10°well) from three carp were cultured in 96
well flaa bottom micro titre plaes in triplicates Padld s#t-ups were
supplemented with PWM (1 mg/L) or lysed T. borreli (equivdent to 25 x 10°
flagellates'well). One set-up contained only medium without HKL. On day 3 of
culture, viable, CFSE-labdled T. borreli (2x10° were added to each well.
Absolute numbers of T. borreli flagellaes were caculated flow cytometricdly

after further 2 days of incubation (means+ SEM).
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In addition, no fluorescence-postive HKL could be observed after flow
cytometric andydss, indicating an absent phagocytoss of the fluorochrome-
labdlled paradtes (data not shown). This suggests, that the T. borreli-induced
activation of HKL from non-infected carp in vitro does not result in an enhanced

killing or phagocytoss of these parasites.
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* significant difference (P<0.001)

Figure 3. Production of reactive oxygen species of head kidney leukocytes,
isolated from T. borreli-infected carp. Head kidney leukocytes (HKL) from PBS-
injected and T. borreli-infected carp collected at days 7, 15 and 21 PI, were tested
immediately &fter isolaion in the NBT reduction assay. A) Spontaneous ROS
generation; B) ROS production after stimulation with phorbol myristate acetate
(PMA 0.15mg/L). Data are presented as mean and standard deviation of triplicate
cultures from 3 carp.

In vitro responses of head kidney leukocytesfrom T. borreli-infected carp

With HKL from T. borreli-infected carp we examined whether neutrophil
activation can be observed ex vivo, which might be rdevant to the paradte
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infection. Compared to PBS-injected control carp, freshly isolated HKL from
T. borrei-infected cap showed a dggnificantly increesed spontaneous ROS
production a day 7, 15 and 21 P (Fig. 3A). Upon gimulation with the phorbol
eser PMA, HKL from infected carp showed only a dightly higher NBT reduction
than cdls from control carp (Fig. 3B). When HKL of infected carp, taken a day
14 PI, were cultivated in vitro for 4 days they were functiondly more active
compared to HKL from control carp. This included phagocytic activity (Fig. 4A),
NO production (Fig. 4B) and spontaneous ROS generation (Fig. 4C). Addition of
lysed T. borreli even enhanced phagocytosis and NO production.

Supplementation Dy
A B e
viable T borreli {— . .
- I L]
*%* *
. F— —
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[ I B
um — — |
medium *k :li* *%
r I .
0 10 20 30 40 0 20 40 60 80 00 02 04 2
phagocytic NO, (umoliL) oD

active HKL (%)

mmmm PBS injected === T. borreli-infected

**Pp<0.001: *P<0.05

Figure 4. Response of head kidney leukocytes from infected and control carp in
vitro. Head kidney leukocytes (HKL) from PBS- and T. borréli-injected carp,
isolated at day 14 P, were cultured in vitro (1 x 10° /wdl). Pardld cultures
contained viable T.borrei (5x10°wdl) or lysed T.borrei (equivdent to
5x 10°/well). After 4 days phagocytoss activity of HKL was assessed flow
cytometrically (A). Nitrite (NO,) was determined in culture supernatants as a
surrogate marker for generated NO (B). Spontaneous reactive oxygen generation
was determined with the NBT reduction assay (C). Data are presented as mean
and standard deviation of triplicate cultures from 3 carp.

However, the supplementation of HKL from T. borreli-infected carp with
vidble T. borreli flagellates resulted in a marked reduction of their spontaneous
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phagocytosis, NO and ROS production (Fig. 4A, B, C; grey bars). These data
indicate that T. borreli induces neutrophil activation in vivo as wel, but high
numbers of flagellates are dso able to down regulate granulocyte responses, a
least in vitro.

Modulation of lymphocyte proliferation by T. borreli-conditioned
supernatants from head kidney cells

Since T. borreli was not impaired by activated neutrophils in vitro (table 1),
we invedigated whether the T. borreli-induced granulocyte activation has an
impact on other host leukocyte subsets. When PBL were stimulated with PWM,
about 1.8 x 10° lymphoblasts were generated after 4 days in vitro. Addition of
upernatants from in vitro cultivated T. borrdi or from ungtimulated HKL cultures
had no apparent effect on this PWM-induced lymphoproliferative response
(table 2).

Table 2. Influence of supernatants from T. borreli-conditioned head kidney
leukocyte cultures on proliferation of peripheral blood leukocytes

Proliferating cdls (x 10°)

Additives Medium PWM
Medium 01+01 1.8+0.7
SN of T. borreli culture 03+0.2 1.9+06
SN of HKL culture 02+01 22+07
SN of HKL + T. borreli 02+0.1 1.1+£05*
co-culture

Peripherd blood leukocytes (PBL, 1 x 10° in 100p medium/well) were cultured
in 96 wdl flat bottom micro titre plates in vitro (triplicates). Pardle set-ups were
dimulated with PWM (1 mg/L). Undimulated and PWM-dtimulated cultures were
further supplemented with ether culture supernatant (SN) of T. borreli, SN of
cultured HKL or supernatant of co-cultures between HKL and T. borreli. After 4
days totd numbers of proliferating cdls were determined flow cytometricaly.
Vaues are means + SEM of triplicate cultures from three carp. HKL: head kidney
leukocytes, * ggnificantly different from other treatment groups (P < 0.05).
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However, supernatants obtained from co-cultures of HKL and T. borréli
ggnificantly reduced the numbers of PWM-induced lymphoblasts to about 60 %
of the controls (table 2). This indicates that viadble T. borreli are able to induce
anti-proliferative mediators in HKL leukocytes.

Discussion

In cultures of head kidney leukocytes isolated from not infected carp,
neutrophilic granulocytes exhibited a prominent shift towards increased sze and
complexity (FSC/SSC characterisics, Fig. 1, Fig. 2A, B) in the presence of
T. borreli antigens, indicaing a dimulus-associated activation of these cdls. To
clarify this assumption, functiond cdl parameter were anaysed. In HKL cultures
supplemented with T. borreli, neutrophils retained their viability (Fig. 2C). The
neutrophilic granulocytes were highly phagocytic (appendix Fig. 4) and showed
increased capacity to produced reactive oxygen species (ROS) upon co-cultivetion
with live and lysed T. borrei (Fig. 2D, F). In an atempt to identify ROS
producing cell populaions, we andysed PMA simulated HKL by means of flow
cytometry and used the intracdlular oxidation of fluorescent di-hydrorhodamin
(DHR 123) as an indicator for ROS production. These assays indicated, that
neutrophilic granulocytes manly were the responding cels (gppendix Hg. 3).
Additiondly the reesse of nitric oxide (NO) was increesed in HKL cultures
dimulated with T. borreli (Fig. 2E).

From these experimenta data we concluded that T. borreli flagdlates induce
an ativaion of head kidney derived neutrophils in  cap. Although
upplementation  with live T. borreli resulted in the highest morphologica
regponse and high granulocyte viability, highest phagocytosis and NO production
were found in HKL cultures with lysed T. borrdi. Indicating that live and lysed
T. borreli respectively, are triggering different pathways of granulocyte activation.
We suggested that the prominent shape change of neutrophils induced by live
T. borrei, coinciding with a low functiond activity, might indicate an incressed
production of mediator substances. In nontgimulated cultures, the viability of
granulocytes decreased after 4 days of incubation, as reported previoudy for
Atlantic sdmon neutrophils (Lamas & Ellis, 1994). In mammas, the life span of
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neutrophils is redricted to a few hours unless they recave dgnds for survivd,
thought to be presnt in the inflanmatory milieu (Faning et al., 1999).
Neutrophil gpoptoss was found to be modulated by inflammatory mediators,
granulocyte colony dimulating factor, or bacterid lipopolysaccharides (Fanning
et al., 1999). In our expeiments, the extenson of neutrophil viability was most
prominent in cultures supplemented with T. borreli, which might suggest that
paraste antigens interfere with the generation of sgnds, preventing neutrophil
apoptosis.

In cultures with HKL from T. borreli infected carp, increased spontaneous
NO and ROS production and phagocytosis activity of neutrophils was observed,
indicating that the paradte in vivo triggers granulocyte ectivation as well
(Fg. 3; 4). This was further incressed by supplementation with lysed paradtes. A
reduction of spontaneous phagocytosis activity and NO production was found,
when HKL from infected carp were co-cultured with live T. borreli (5 x 10°/wl).
On the contrary an increase of NO production of HKL from infected carp was
observed when co-cultured with 3x10° T.borrei per well (chapter 4). Thus
T. borreli activetes neutrophils, but in high concentretions it might induce the
rlease of suppressve mediators, which down regulate neutrophil activities in
infected carp.

In inflanmatory processes in mammals activated neutrophils were shown to
contribte to tissue injuries when reesdng reactive intermediates and lytic
products (Ddlegri & Ottondlo, 1997). In mice infected with the blood parasite
Trypanosoma cruzi neutrophils were detected in tissue Stes with varying degrees
of damage (Mdlina & Kierszenbaum, 1988). In the initid phase of T. borreli
infection tissue injuries induced by activated neutrophils, would favour the
paragtes disssmination in the host. A limitation of neutrophil activation and the
corresponding tissue damages in presence of high T. borreli concentrations during
late dtages of infection, might eongate the chronicaly phase of infection, thus
favouring the digtribution of the parasite to other hosts.

T. borreli itself appeared not to be severdy harmed by activated granulocytes.
When live, fluorescence labdled T. borreli were co-cultured with HKL,
previoudy activated by incubation with PWM or lysed T. borrei, cytotoxic
effects to the parasite were not detected (table 1). In these cultures phagocytoss of
fluorescence labelled T borreli by activated phagocytes was not observed.
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Previous work by Kurata et al. (1995) showed that carp neutrophils possessed an
oxygen dependent spontaneous cytotoxic activity towards mammalian tumour
cdls. Oxygen free radicd mediated killing mechanisms, which were regarded
important events in bactericidd pathways of piscine phagocytes (Secombes,
1996), appear not to be effective againg the protozoan paradte T. borreli. In
cultures with rainbow trout leukocytes an enhanced phagocytoss of Cryptobia
salmositica was observed, when anti serum from immunised fish was added to the
cultures, but in addition to this antibody depended cytotoxicity, there was aso
evidence of an antibody independent cel mediated cytotoxicity in immunised
ranbow trout (Li & Woo, 1995). As in our cultures with HKL from naive carp,
gpecific antibodies to T. borreli have to be considered to be absent; an antibody
dependent killing of the paraste was not tested. However T. borreli in our
cultures did not appear to be sendtive to non-specific activity of neutrophils and
macrophages. This might endble the paradte to interfere granulocyte activation
for immunomodulatory purposes. Further evidence for a T. borreli induced release
of modulatory mediators was gained when supernatants from T. borreli primed
HKL cultures were supplemented to proliferation assays with carp periphera
blood leukocytes. A PWM induced proliferation of PBL was suppressed by
supernatants from T. borreli primed HKL cultures, but not by supernatants from
head kidney cdls or T. borreli cultures itsdf (table 2). Human monocytes are
producing an interleukin 1 (IL-1) inhibitor upon <imulation with granulocyte-
macrophage colony simulating factor (GM-CSF) (Shidds et al., 1990). Verburg
van Kemenade et al. (1995) detected an interleukin 1 like factor in supernatants
obtained from nonsimulaied cultures with head kidney neutrophilic granulocytes
and macrophages. In our cultures, activation of neutrophils, upon simulation with
T. borreli, might have resulted in the production of an IL-1 antagonist. But other
inhibitory factors, such as prostaglandin or tumour necrosis factor apha (TNF-a)
might play a role in T. borrei induced inhibition of lymphocyte proliferation. In
mice, infected with Trypanosoma cruz, synergidic effects of nitric oxide (NO)
prosaglandin and TNF-a on the suppresson of host lymphoproliferative
responses were observed (Finge-Flho et al., 1999). With our experiments, a clear
identification of mediators induced by T. borreli was not possible, but the parasite
appears to interfere the production of immunomodulatory substances of HKL,
resulting in a suppresson of lymphocyte proliferation.
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Lymphocyte proliferation has to be consdered a fundamental pat in the
generation of a humora response in carp (van Muiswinkel, 1995). Production of
T. borréi specific immunoglobulin (Ig) was suggested to be ggnificant for the
control of the infection (Jones et al., 1993; Wiegertjes et al., 1995 ab). Thus
T. borrei  would bendfit from an imparment of Iymphocyte proliferation,
resulting in suppression or deay of the secretion of specific 1g.
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Chapter 6

Trypanoplasma borreli modulates specific immune responsesin
carp (Cyprinus carpioL.) susceptible and resistant to infection
with the parasite

SUmmary

In serum obtained from T. borreli resstant pond carp, antibodies binding and
aggutingting the paradte were present. In addition these sera were highly
effective in a killing of the parasite, which was abrogated upon heat treatment,
indicating that the trypanocidal effect was related to hest labile factors, such as
complement. With serum obtained from a highly susceptible cap line after
T. borreli chdlenge, nather paraste specific antibodies nor killing activity was
detected. Indicating that the generation of T. borreli specific, complement-
activating antibodies is decisve for defence of the disease. In vitro peripherd
blood leukocytes (PBL) from susceptible and resistant carp responded to mitogen
dimulus or supplementation with T. borrdli-lysates with lymphocyte proliferation
in a smilar magnitude. PBL from resgant carp in addition showed a proliferative
regponse when supplemented with live T. borreli or supernatants (SN) from a
T. borreli culture. This dso was observed with SN from PBL T. borreli co-
cultures, but was diminished with SN from HKL T. borreli co-cultures, indicating
the secretion of inhibitory dgnds by T.borreli activated HKL. The PWM
(pokeweed mitogen) induced proliferation of PBL from resstant carp, was down
regulated by SN from T. borrei gimulated and ungimulated HKL cultures, while
PWM response of PBL from susceptible carp was diminished with SN from HKL
T. borréli co-cultures exclusvely. Indicating a different pattern of receptors
mediating inhibitory sgnds in the divergent carp lines Whether in addition the
T. borréi induced patern of dgnad molecules, modulating the generation of a
goecific immune response might play a role in the successful defence of the
parasite is discussed.
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I ntroduction

Kinetoplastid flagdlates are found as blood parasites extracdluar in the
vascular sysem of a wide variety of different fishes. In European cyprinids, the
trypanosomatid Trypanosoma carassii (formerly known as T. danilewskyi) and the
bodonid Tryanoplasma borreli are widdy digributed (Lom, 1979; Lom &
Dykova, 1992). They are tranamitted by leeches, which leads to an initid rise in
blood parastemia, followed by a decline of paraste numbers. Theresfter, low
numbers of flagdlates are present in the blood and internd organs of most of the
fishes for a prolonged period. These chronic infections may result in a high
prevalence of the flagdlates in a given population, but the intengty of infection is
generdly low (Lom, 1979; Steinhagen et al., 1989; Lom & Dykova, 1992; Jones
et al., 1993). T. carassi as well as T. borrdi infections do not show a fluctuating
parastemia, which is characteridic for infections with Sdivarian trypanosomes
(Steinhagen et al., 1989; Overath et al., 1999). Fishes that have controlled the
acute infection ae resdant agand infections with lines of T.carassi or
T. borreli, isolated from other carp in the chronic phase of infection (Overrath et
al., 1999; Steinhagen, unpublished observation).

In the serum of infected fishes, paradte specific antibodies were detected
(Lom & Dykova, 1992; Jones et al., 1993; Wiegertjes et al., 1995a/b; 1996).
When IgM or serum from fishes, that had controlled a T. carassii or T. borréli
infection, was transferred to naive carp, these animas were resstant to infection
(T.crassi, cf. Overath et al.,, 1999) or experienced a reduced parastemia
(T. borreli, cf. Wiegertjes et al., 1995a/b). Thus infections by these kinetoplastid
species were consdered to be controlled by antibodies (Lom & Dykova, 1992,
Wiegertjes et al., 1995alb; Overrath et al., 1999). Some strains of carp were found
to be highly susceptible to infections with T. borreli. Upon injection of the
paradte, blood parastemia rises quickly and results in 100 % mortaity of the
fishes 3-4 weeks later. Parasite specific antibodies were not detected in the serum
of fishes from this line, ad cap from this line did not produce an antibody
response to the parasite-unrdated antigen DNP-KLH, thus it was considered that
these cap might have a geneticdly predetermined low antibody response
(Wiegertjes et al., 1995a/b) which could be related to its high susceptibility to
T. borrei infections. In order to further characterise the role of a specific immune
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response for the defence of T. borreli, we andysed serum from susceptible and
resstant carp, collected after T. borreli chalenge, for the ability to kill T. borréli,
and the presence of T. borreli gpecific immunoglobulin.

In mammalian trypanosomiass, besdes an antibody response, the Sate of
macrophage activation was conddered to the critical for trypanotolerance (Tabe
et al.,, 2000; De Baetdier et al., 2001). In murine infections with divarian
trypanosomes, the paradsites were found to induce a secretion of inflammatory
molecules such as NO, TNF or IL-1 by activated macrophages, which inhibited T
cdl proliferative responses to paraste-related and -unrdaed antigens (Schieifer &
Mandfied, 1993; Sternberg, 1998). In addition, De Baetsdier and co-workers
(2001) while sudying the immune response of mice to T.brucel drans of
different pathogenicity found, that the T.brucel dran with low pathogenicity
induced an initid secretion of inflammatory cytokine profiles, which during a
chronic infection switched to an dternative pattern, dominated by IL-4, 1L-10 and
IL-13. This dternative cytokine pattern was consdered to favour B-cdl
maturation, while a prolonged expresson of inflammatory cytokines could be
detrimentd to the host (De Baetsdier et al., 2001).

T. borreli induces the secretion of inflammatory substances such as NO by
phagocytes obtained from the head kidney of cap highly susceptible to the
paraste (Saeij et al., 2000), which modulates mitogen induced |ymphocyte
responses (chapter 4). In order to sudy whether in the context of a T. borreli-
infection phagocyte derived molecules suppress lymphocyte activation and thus
might contribute to increased parasite susceptibility, we investigated the ability of
T. borreli simulated phagocytes from drains of different paraste susceptibility to
modulate lymphocyte activation in response to mitogens (pokeweed mitogen,
PWM and phythaemagglutinin, PHA).

Materialsand M ethods

Trypanoplasma borreli susceptible carp

Cap of a dngle crossng (E20xR8, Wageningen Agriculturd Universty, The
Netherlands), susceptible to T. borreli infection, were bred and raised at 20-23 °C
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in recirculated filtered tgp water. After initid feeding with Artemia salina nauplii
for 4 wk, the food was switched to pelleted dry food (Milkivit, Germany). Carp, 2
years old and weighing 200-300 g were used for blood collection and infection
with T. borreli. Before infection with T. borréli, the carp were acclimatised to a
recirculating system of separate 120 L tanksat 20+ 1 °C for at least 2 wk.

Trypanoplasma borreli resstant pond carp

Carp with an age of two years and a body weight of 200-300 g were obtained
from a hatchery in the vicnity of Hannover (Germany). Fish were maintained in
recirculated, filtered tap water in 300 | tanks, in groups of 20 fish and fed daly
with peleted dry food (Milkivit, Germany). Carp were adapted to conditions of
mantenace for a leex 8 week before infection or leukocyte sampling and
checked from a T. borreli infection microscopicaly a leest 4 times. In these
checks, the presence of T. borreli flagelates in the circulation blood was not

observed.

I nfection experiments

Trypanoplasma borreli was cloned and characterised previoudy (Steinhagen
et al., 1989) and mantained in the laboratory by syringe passage as described
earlier (Steinhagen et al., 1989). To check the pond carp for susceptibility to the
T. borreli clore, 6 carp were infected with 1 x 10* T. borreli in 100 pl PBS each.
This infection attempt was repeated with another 6 resstant carp. During a period
of 8 weeks post injection of the parasites dl carp were examined for the presence
of T.borreli flagdlates in the circulation, every 2 weeks. For this the fish were
anaesthetised in 0.15g/L tricaine methane sulphonate (Sigma-Aldrich, Germany).
Blood samples were collected from each cap by gill puncture with a glass
cpillary, tranderred to glass dides and microscopicdly monitored for the
presence of parasites.

For serum collection from infected carp, 3 resstant and 3 susceptible carp
were intra muscular injected with 1 x 10* T. borreli in 100 pl PBS. Control carp, 3
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cap form both groups were injected with PBS done. Infected and control carp
were kept under identica conditions. At day 14 post injection (P1), dl carp were
killed by immedon into 05¢g/lL tricane mehane sulphonate (Sigma-Aldrich,
Germany). Whole blood was collected from the caudal vein and transferred to
polystyrene tubes. For agglutination, serum was kept a 22 °C for 4h followed by
48h a 4°C. The blood was spun for 15min a 750x g, the supernatant serum
was collected, pooled among the groups and kept frozen a —80°C until use. For
eech fish the paadtemia of T.borreli was monitored by counting the
trypanoplasms present in the blood samples using a Neubauer counting chamber.

Blotting of carp serum

The biochemicd andyds of the serum immunoglobulin was performed by
SDS-PAGE and Western blotting as described by Wagner et al. (1995). The sera
were diluted 1:50 and 10l per lane were separated by SDS-PAGE under
reducing conditions. The proteins were labelled ether by Coomassie blue staining
according to standard protocols (Sambrook et al., 1989) or blotted on PVDF-
membranes (Millipore, Eschborn, Germany). Immunoblots were detected using
the murine monoclond antibody WCI 12, recognisng the carp IgM heavy chain
(Secombes et al., 1983), and an dkaine phosphatase conjugated goat a mouse
IgG (H+L) (Dianova, Hamburg, Germany). The substrate reaction was done based
on the method described by Blake et al. (1984).

Detection of T. borreli specificimmunoglobulin in the serum of carp

Serum from T. borreli resistant and susceptible carp was thawed and diluted
with PBS as indicated in Fig. 2. Then 2 x 10° live T. borreli, per well of a 96 well
round bottom micro titre plate were incubated in diluted serum in duplicates for
30min on ice After 2 washing seps with PBS a 4°C (10 min 550 x g),
resuspended T. borreli were incubated for 30 min on ice with a mouse monoclona
antibody specific for carp IgM (WCI 12, Secombes et al., 1983). The flagdlates
agan were washed 2 times with PBS as above and then incubated with FITC
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labelled rabbit anti mouse monoclond antibodies (mAb) (1:160, DAKO,
Gemany) for 30min on ice. After 3 washings with PBS, FSC/SSC- and
fluorescence-characteristics of viable T. borreli were determined by means of
flow cytometry.

Culturemedia

Culture media for cdl separation and cultivation as wel as phosphate
buffered sdine (PBS) were diluted with 10 % [v/v] digtilled water throughout the
sudy to adjust their osmotic pressure according to carp serum osmolarity. Diluted
RPMI 1640 (Rosswell & Pak Memorid Inditute 1640 medium, Biochrom,
Berlin, Germany) with 50,000 IU/L sodium heparin (Sigma-Aldrich, Germany)
was used for blood collection (heparinised medium). For washing procedures
diluted RPMI with 10,000 1U/L sodium heparin (wash medium) was applied. For
cultivation experiments, diluted RPMI was supplemented with 1% [v/iv] cap
serum (leukocyte culture medium). For this, the serum from 15 individud fish
was pooled, heat inactivated for 30 min at 56 °C, 0.2 um filtered and stored at
-22 °C until use. T. borreli were raised as described by (Steinhagen et al. 2000,
chepter 2) in a mixture of Hanks buffered sdt solution (425% [viv]), Earl's
modified minimum essentid medium  (21.25% [viV]), Lebovitz 15 medium
(21.25 % [v/v]), ditilled water 10% [v/v] and 5 % carp serum. All culture media
were supplemented with 100,000 IU/L penicillin, 100 mg/L dreptomycin and
4 mmol/L L-glutamine (al chemicas Biochrom, Berlin, Germany).

L eukocyteisolation

Media and cells were kept on ice and washing procedures were performed at
4°C. Blood was collected into syringes prefilled with heparinissd medium by
caudal vein puncture. Peripheral blood leukocytes (PBL) were separated from
erythrocytes by centrifugation (30 min, 750xg) over Lymphoprep (Nycomed,
Odo, Norway) as described by Miller & McKinney (1994). Cel suspensions of
head kidney leukocytes (HKL) were prepared by forcing the tissues through a
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100 um nylon screen (Swiss Silk Bolting Cloth Mfg, Zirich, Switzerland).
Isolated PBL and HKL were washed three times with wash medium (10 min,
550 x g) and resugpended in cdl culture medium. Numbers of viable cells were
determined by trypan blue excluson in acell counting chamber.

Preparation of Trypanoplasma borreli

T. borreli cultured for at least 6 weeks, were washed with leukocyte culture
medium, adjusted to the concentration required (see below) and supplemented to
PBL or HKL. For preparation of lysates, the T. borreli concentration was adjusted
to 2 x 10° flagdlates per ml in leukocyte culture medium. Then the suspensions
were sonicated for 30 seconds a 15 micron in an Ultrasonic Disntegrator (MSE,
Germany). T. borreli lysates were stored at -80°C until use.

L eukocyte cultivation

For proliferation experiments, peripherd blood leukocytes were incubated in
96 well flat bottom micro titre plates (10° cdlswdl in a find volume of 175l
leukocyte culture medium for 4 days a 27°C in a water vapour saturated
atmosphere with 3% CO». All s#t-ups were made at least in triplicate. PBL were
dimulated with pokeweed mitogen (PWM; 1mglL), phythaemagglutinin (PHA,
3mglL), liveor lysed T. borrdi (5 x 10°/wdl).

For the preparation of culture supernatants (SN) PBL and HKL (5 x 10%ml)
from susceptible and resstant carp were incubated in 24 well flat bottom plates in
a find volume of 1 mliwel, without and with 25 x 10° live T. borreli /ml. As a
control, 25 x 10° live T.borreli per ml were incubated with carp leukocyte
medium done. Form each type of culture supernatants were collected from
cultres with leukocytes obtained from three carp, pooled and then centrifuged
(15 min a& 750 x g) to remove cdls and suspended paticles. The clear
supernatants were collected and stored at —80°C until use.
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Flow cytometric analysis

Suspensons of cap lekocytes and T. borrei were andysed flow
cytometricaly (FACScan®, Becton Dickinson, Heideberg, Germany, sngle
excitetion wavelength of 488 nm). Cultivated PBL were andysed after an
incubation period of 4 days. Different cdlular subsets were identified according to
their characteriic forward and sde scatter vaues (FSC/SSC profiles, Verburg
van Kemenade et al., 1994; Scharsack et al., 2000; chapter 3).

The determination of absolute cel numbers was performed using the standard
cdl dilution assay (Pechhold et al., 1994) in modified form: Plates with cultured
cells were placed on ice (15 min), briefly shaken and the whole content of each
well was transferred to individua flow cytometer tubes; 2x 10° standard cells and
propidium iodide (2 mg/L, Cabiochem, Bad Soden, Germany) were added to
each tube. As dandard cells paraformadehyde-fixed and FITC-labdled bovine
mononuclear cdls were used (Hendricks et al., 2000). At least 10,000 events were
acquired flow cytometricaly and andysed on a persond computer with the
software WinMDI, verson 2.8 (Trotter, 1998). Cdlular debris with low FSC
characteristics was excluded from further evauation. Standard cels (propidium
iodide-pogtive, FITC-podtive) could be essly discriminated from  vidodle,
cultured cdls (propidium iodide-negative, FITC-negdive). Absolute numbers of
cultivated cdls in individud wdls were cdculated according to: N[vitd cdlg =
Events [vital cells] x Number [standard cellg] / events [standard cellg]. T. borréli,
after |abdling for carp IgM, were anadlysed without standard cells.

Statistics
To determine the ggnificance of differences between groups, data were

compared by ANOVA and Duncan’'s multiple range test at a probability of error
P<0.05.
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Results

I nfection experiments

The T. borrei susceptible carp (n = 12) exhibited 100 % mortdity due to
T. borreli infection 21 to 25 days post infection of the flagdlates. Pond carp
(n=12), injected with T. borreli did not show sgns of parastemia throughout the
observation period of 8 weeks.

Humoral responsesto T. borreli

In order to further characterise the role of carp immunoglobulin (Ig) for the

defence of T. borrei, serum was collected from resigant and susceptible carp
after 14 days Pl with PBS or live T. borreli.
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Figure 1. Blotting of the sera from susceptible and resstant carp. (8) Coomassie
blue labdling of reduced serum protein. (b) Immuno (Western) blot of carp Ig
heavy chain with WCI 12. 1 susceptible, PBS injected; 2 susceptible, T. borreli
injected; 3 redgtant, PBS injected; 2 resistant, T. borreli injected; H heavy chain;
L light chain; Alb dbumin. Serum was collected from T. borreli resstant and
susceptible carp after 14 days Pl with PBS or 1 x 10* T. borreli. From each donor
group serum from three carp was pooled.
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Blotting of the sera reveded the presence of carp Ig heavy (77 kDa) and light
chan (26 kDa) in sera of both, susceptible and resstant carp (Fig. 1). Upon
T. borrei infection, the tota amount of Ig did not increase in carp susceptible to
the parasite infection (Fig. 1).
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Figure 2. T. borreli specific cap immunoglobulin in serum from susceptible and
resstant carp. Serum was collected from T. borreli resstant and susceptible carp
after 14 days Pl with PBS or 1 x 10* T. borreli. From each donor group serum
from three cap was pooled and diluted with PBS as indicated. Following
incubation in diluted serum, carp immunoglobulin (Ig) bound to T. borreli surface
was labeled with the WCI 12, a mouse monoclonad antibody (mAb) and
visualized with FITC conjugated rabbit anti mouse Ig mAb. Note: In serum from
susceptible carp no T. borreli specific 1g was detected (g, b). Differences in serum
from resstant carp are indicating a higher concentration of T. borreli specific Ig in
serum from T. borreli infected, resistant carp.
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When andysng the sera for Ig binding to the cdl surface of T. borrdli, such
antibodies were not detected in the serum of noninfected carp as well as carp
under T. borrei infection from the paraste susceptible line (Fig. 2ab). Even with
sera from susceptible carp under T. borreli infection gpplied in a 1:1 dilution (deta

no shown).

Table 1. Survivd of T.borreli incubated with serum from susceptible and
resstant carp

LiveT. borreli per well x 10°

Medium cortrol 36+0.2
Source of serum supplement Intact Heat treated
Susceptible PBS 3.7+0.3 3.6+0.2
Susceptible T. borreli 3.8+03 3.7+01
Resgant PBS 0.8+ 0.04 3.7+01
Resdant T. borreli 0.05+ 0.02 3.8+02

Live T. borreli, 4 x 10° in 75 pl HML medium per well of a 96 well flat bottom
micro titre plate received 75 pl of carp serum and were incubated for 18 h. The
serum was collected from T. borreli resstant and susceptible carp after 14 days
post injection (P1) with PBS or 1 x 10" T. borreli. In each donor group, serum
from three carp was pooled and used following heat treatment (30 min; 56°C) and

intact (not heat treated). Vadues are mean + dSandard deviation of triplicate
cultures.

T. borreli incubated with serum from pond carp, were labeled postive for
cap Ig a aratio of 50 % at a dilution of 1:100 and dmost 100 % at a dilution of
1:10 (Fig. 2), indicaing a previous infection with the paradte in the carp
origingting from hatchery ponds. Upon a secondary injection of T. borréli, in
serum from pond carp, the proportion of labelled parasites was increased up to
80 % a a 1:100 dilution (Fig. 2a). In addition, fluorescence intengties were much
higher in T. borreli incubated with sera from chalenged carp when compared to
serum from PBS injected pond carp (Fig. 2b). These observations might indicate a
booster effect due to T. borreli chalenge in carp form hatchery ponds. Incubation
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of T.borrdi with serum from chdlenged as wel as non-chalenged pond carp
induced an aggregation of the flagelates and after 18 h, reveded a killing of
T. borrei (table 1). The trypanocidd activity of the sera was abolished by heat
inactivation (30 min, 56 °C). The killing was most prominent with serum from
resstant, T. borreli injected carp (table 1). Viability of T. borreli was not affected,
when incubated with intact serum from susceptible carp (table 1).

Morphology of head kidney leukocytes and peripheral blood leukocytes
from T. borreli resistant and susceptible carp

When andysng suspensons of freshly isolaled HKL and PBL from not
infected, susceptible and resstant carp by means of flow cytometry, in both carp
lines an dmog identica patterns of FSC/SSC characterigtics in the leukocyte
isolates were found. In HKL suspensions of both carp lines on average 39 % of
andl lymphocytess, 20% of lymphoblat and monocyte cdls 36% of
neutrophilic granulocytes and 4 % of basophilic granulocytes were distinguished
(compare Verbourg van Kemenade et al., 1994). In PBL suspensons from
hedthy, susceptible and resstant carp, besides blastoid lymphocytes (2-3%) and
granulocytes (2-3%), mainly smal lymphocytes were present (on average 95 %).
This indicates that leukocyte isolates obtained from the divergent carp lines were

comparablein their State of activation and presence of subpopulations.

In vitro responses of head kidney leukocytes and peripheral blood
leukocytes from resistant and susceptiblecarp to T. borreli

In order to characterise differences observed in the Ig-response of susceptible
and resgant cap on a cdlular leve, head kidney leukocytes (HKL) and
periphera blood leukocytes (PBL) from not infected cap in cdl culture were
dimulated with T. borreli and mitogens. In cdl cultures, HKL from T. borreli
resstant carp were responding to dimulaion with live and lysed T. borreli
(5x10°well) and PWM (1 mg/L), with incressed phagocytosis of latex particles
production of nitric oxide (NO) and production of reactive oxygen species (ROS).
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In padld experiments, HKL from susceptible (n=6) and resgtant (n=6) carp
did not show dgnificant differences in ther response to T. borrdi simulaion
(appendix Fig. 5). Peripherd blood leukocytes from the two different carp lines
reponded to mitogen simulus or supplementation with T. borreli-lysates with a
cdl proliferation in a smila magnitude (Fg. 3). In co-cultures with live
T. borreli, numbers of proliferating lymphocytes were dgnificantly higher with
PBL from resstant carp (Fig. 3).
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Figure 3. Proliferative response of peripheral blood leukocytes from susceptible
and resigtant carp to mitogenes and T. borrei. Peripherd blood leukocytes (PBL,
1 x 10°wel) from susceptible and resistant carp were cultured 4 days in 96 well
flat bottom micro titre plates with mitogenes (PWM 1 mg/L; PHA 3 mg/lL) vitd
and lysed T.borreli (5 x 10°/well). Error bars represent mesn and standard
deviation of triplicate cultures from 3 carp.

In a comparaive andyds of the accessory function of lymphocytes and
phagocytes from T. borreli susceptible as well as T. borreli resstant pond fishes,
we tested in vitro their ability to modulate the activation of PBL from uninfected
cap in the presence of the mitogens PWM and PHA. Lymphocyte activation was
monitored by measurement of the proliferative response (Fig. 4).
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Figure 4. Influence of T. borreli conditioned culture supernatants on proliferative
responses of periphera blood leukocytes. Periphera blood leukocytes (PBL, 1 X
10°%well) from 3 susceptible (a) and 3 resistant (b) carp were cultured 4 days in 96
well flat bottom micro titre plates with mitogenes (PWM 1 mg/L, PHA 3 mg/L) in
triplicates. Sets of cultures were incubated without and with supernatants from a
T. borrdi culture (TB), from cultures with peripherd blood leukocytes (PBL) and
head kidney leukocytes (HKL) from susceptible (SUS) and resistant (RES) carp
and with supernatants from co-cultures of T. borrdi (+TB) with PBL and HKL.
Each set of Supernatant was a pool from 3 carp. Numbers of proliferating PBL in
corresponding cultures without supernatant supplementation were subtracted from
the corresponding numbers  recorded  from  cultures  with  supernatant
supplementation.

The PWM and PHA induced proliferation of PBL from susceptible carp was
dightly devaied by culture supernaants of nongimulated and T. borréli
dimulated PBL obtaned from susceptible carp, while supernatants from
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T. borrdi-primed PBL from resgant cap induced a dight reduction of the
mitogen related proliferation (Fig. 4d). Supernatants from T. borreli primed HKL
greatly reduced the PWM, but not PHA, induced proliferation of PBL from
susceptible carp. In cultures of PBL obtained from non-chalenged pond carp a
clear proliferative response was seen upon supplementation with supernatants
obtained from a T. borreli culture or PBL-T. borreli co-cultures (Fig. 4b, medium
control).

In addition, the PWM and PHA induced proliferation was enhanced by
Upernatants originating from an in vitro culture of the paraste as wel as from
T. borréi primed PBL cultures (Fig. 4b), except for the PWM response of PBL
from resgant carp, which was diminished with supernatant of nonstimulated
PBL from susceptible carp. Supernatants from HKL cultures either source heavily
reduced the PWM-induced proliferation of pond carp PBL, and dightly affected
the PHA induced lymphocyte proliferation (Fig. 4b).

Discussion

The data from the present study confirm previous findings (Jones et al., 1993;
Wiegerties et al., 19959 that the generation of a specific immune response
appears to be decisve for an effective defence of T. borrei. In the serum of
paradte resstant carp, antibodies binding to paraste surface molecules were
present (Fig. 2). In addition these sera possessed trypanocidal capabilities, which
were abrogated upon heat treatment, which might indicate tha killing of
trypanoplasms was related to heat labile compounds, such as complement factors
(table 1). Sera obtained from carp highly susceptible to the parasite did neither
contain T. borreli-binding antibodies nor any trypanocidd activity (Fig. 2; tablel).
This confirmed observations by Wiegertjes and co-workers (1995a/b) that carp
from this line did not produce an antibody response to paraste related or —
unrelated antigens. It might be assumed that this low antibody response is related
to B-cdl anergy.

In  susceptible carp under T. borreli infection increesng numbers  of
lymphoblasts were found in blood, head kidney and spleen (Kiesecker-
Barckhauen, 1995; Scharsack et al., 2000; chapter 3; 4) indicating a polyclond
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activation of lymphocytes during a T. borrei infection. Activated cdls were
surface immunoglobulin pogdtive (dg+) as wdl as dg cdls which would seem
that B- and T-cell clones were responding (Kiesecker-Barckhauen, 1995).

In Trypanosoma cruz infection in man, abrogation or reduction of polyclona
lymphocyte activation was observed to lead to an increased resistance to the
infection  (cf. Minoprio, 2001). In infections of mammas with sdivarian
trypanosomes, such as T.brucei, the dae of macrophage activation was
consdered to be critica for trypanotolerance (Tabel et al., 2000) and macrophage
derived inflammatory mediators interfered with lymphocyte responses (Schiefer
& Mandfield, 1993; De Bagtsdier et al., 2001).

In mice, infected with T. cruz De Baetsdlier and co-workers (2001), observed
in the initid phase of infection, the secretion of pro-inflammatory molecules (NO,
TNF, IL 1, IL-6) by macrophages, which activated lymphocytes, mainly cytotoxic
(CD8") T-cdls During the chronic phase of infection, secretion of pro-
inflammatory molecules was switched to an dternative (type 1l) cytokine paitern
(IL-4, IL-10, IL-13) by helper (CD4") T-cdls, favouring B-cel maturation and
production of Ig, resulting in control of the disease. Prolonged secretion of pro-
inflammatory molecules during the chronic phase of infection resulted in tissue
damage contributing to immunopathology (cf. De Baetsdier et al. 2001).

In vitro as well as in infected carp, head kidney leukocytes (HKL) were
activated and secreted nitric oxide (NO) in response to T. borreli chdlenge (Sagi
et al., 2000). In cel culture experiments head kidney leukocytes, derived from
paradte resstant pond cap and highly susceptible carp, exhibited a comparable
increese in the production of NO, reactive oxygen species (ROS) and
phagocytoss activity when gimulated with live and lysed T. borreli, indicating a
T. borreli induced activation of granulocytes and macrophages (appendix Fig. 5).

In order to study the impact of mediators on lymphocyte responses in the
T. borreli infection, we added culture supernatants (SN) from parasite stimulated
HKL and PBL cultures to mitogen simulated blood leukocytes (Fig. 4). In
comparison, PBL from resstant pond carp gppeared to be more sendtive to the
modulatory influence of mediators present in SN from PBL and HKL cultures
obtaned from the divergent cap lines (Fig. 4ab). The mitogen induced
proliferation of PBL from ressant pond carp was diminished with al SN from
HKL cultures, while proliferative response of PBL from susceptible carp only
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showed reduction in PWM gimulated cultures with SN from HKL-T. borreli co-
cultures.

SN from cultures with PBL from susceptible cap enhanced the PWM
response of PBL from susceptible carp, but it suppressed the PWM response of
PBL from resigtant carp (Fig. 4ab). SN from cultures with PBL from resistant carp
induced an enhancement of the mitogene response in dl set-ups. Thus leukocytes
from susceptible and resigtant cap were different in the pattern of mediators
released to the medium. In addition blood lymphocytes from the divergent carp
lines seem to have a different repertoire for the recognition of simulating or
inhibiting mediators respectively. This might indicate that both, the pattern of
mediators released, as well as the pattern of receptors for modulatory molecules,
present on lymphocyte subsets, influences the generation of a humord response to
T. borrdi.

In T.cruzi infection pareste itsdf releases a B-cdl mitogenic proten
(Minoprio, 2001). When live T. borreli or supernatants from a T. borreli culture
were supplemented to periphera blood leukocytes from susceptible carp in vitro,
we did not observe a proliferative response, which might serve as indications for
possble mitogenic cgpabilities of this paradte. In contrast PBL from ressant
pond cap showed a proliferative response in cultures supplemented with live
T. borredi (Fig. 3) and supernatant from a T. borreli culture (Fig. 4b). This
obvioudy was due to substances secreted by the parasite, but might be a memory
effect resulting from previous pond infection.

The nature and dgnificance of the drong lymphocyte activation observed in
susceptible carp in vivo in the context of a T. borrdi infection Hill remains
unclear. They're faling in the generation of specific Ig againg T. borreli, could be
rooted in a grong polyclond activation, and prolonged by a lacking of
susceptibility to inhibitory sgnals.
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Chapter 7

General Discussion

With the present theds cdlular immune responses of cap (Cyprinus
carpioL.) to the extra cdlular blood dwdling flagdlate Trypanoplasma borreli
Laveran & Mesnil 1901, were investigated. The focd point of interest is afurther
characterization of interactions of T. borreli and carp leukocytes with respect to
immunomodulatory influences of the paradte on immune cdl functions. When
andysng the compostion of periphera blood leukocytes (PBL) and head kidney
leukocytes (HKL), isolated from T. borreli infected carp, we observed: (1)
increasing proportions of proliferating lymphocytes in both, HKL and PBL and
(2 a prominent shift of granulocytes from the head kidney to the blood.
Lymphocyte proliferation and granulocyte activation were suggested to represent
fundamenta parts of cdlular immune responses of carp to T. borreli infection. In
cdl culture experiments the potency of T.borreli to influence lymphocyte
proliferation and granulocyte activation in cap was invesigaied. The resulting
consequences for hogt- parasite relationships will be discussed.

In vitro cultivation of Trypanoplasma borreli

For in vitro invedtigations on cdlular interactions of carp leukocytes with
T. borreli, the avalability of infective dages of the paraste was an essentia
prerequidte. Isolation of T. borreli from the blood of cap under acute infection is
laborious and of course harmful for the donor carp. Therefore we wanted to
devdop a cdl culture sysem, enabling a continuous supply with bloodstream
forms of the parasite (chapter 2).

Severd reports on the cultivation of T. borreli were published previoudy (cf.
Peckova & Lom, 1990; Lom & Dykova, 1992). In the media used in previous
work, T. borreli propagated rapidly, but transformed to smal and short cdls and
log ther infectivity to carp. In our experiments, T.borreli did not undergo a
morphologicd transformation during the in vitro cultivation and retaned its

102



Chapter 7 Generd Discussion

infectivity to cap. A successful cultivation of the flagdlate was possble in a
mixture of HBSS, MEM and L15 (HML medium). This medium cdosdy
represents the TDL medium used by Wang & Belosavic (1994) for cultivation of
Trypanosoma carassi (formerly known as T. danilewskyi) from the blood of
goldfish Carassius auratus and by Li & Woo (1996) for the cultivation of
Trypanoplasma catostomi from the blood of the white sucker (Catostomus
commersoni). Hagdlaes cultivated in these media remained infective for their
piscine hosts (Wang & Belosevic, 1994; Li & Woo 1996; present study).

In the present study, the supplementation of the HML medium with carp
sarum proved to be necessary for the growth of T. borréi. In cultures
supplemented with fetd cdf serum (FCS) or cap plasma, multiplication of the
parasites was not observed. When 5 to 10% heat inactivated carp serum was
added to the culture medium, a subgantid multiplication of T. borreli was
recorded (chapter 2).

In fresh T.borreli isolates, prepared for cultivation experiments, few
contaminating blood cdls (<5%) ill were present. Contaminating carp cdls
might intefere immunologicad experiments with T. borreli and carp leukocytes,
by a secretion of immunomodulating products such as cytokines and/or by
dlograft reactions During cultivation, contaminating cels digntegrated within
the first weeks and after two weeks, morphologicdly intact, viable carp cdls were
not detectable in the T. borreli cultures. Neverthdess, T. borreli were propagated
in culture for a least 6 weeks and washed before use in co-culture experiments
with carp leukocytes or the preparation of paraste lysates. The T. borreli culture
system described here (chapter 2), easly dlows to propagate fish infective-gtrains
of T.borreli and to collect highly purified parasites in huge amounts br the use in
further experiments.

Céllular immuneresponsesof carp to T. borreli

Pathogens, penetrating a piscine host are confronted with a broad variety of
effective cdl medisted defence mechaniams. In a firs line of cdlular defence,
phagocytic cdls (neutrophilic/  basophilic granulocytes, macrophages), are killing
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invading pathogens by severd nongoecific immune mechaniams. This indudes
phegocytoss activity, secretion of Iytic enzymes and the production of resctive
oxygen species (ROS) and nitric oxide (NO) for intra and extra cdlular killing of
pathogens.

In addition to ther important nonspecific functions, monocytes and
mecrophages have accessory functions in the mediation of specific defence
mechaniams as a second line of cdlular immunity. Activated monocytes and
macrophages will present smal antigenic determinants to T-helper cdls, which
themsdves ae activaed to proliferate and to simulate the proliferation and
maturaion of B-lymphocytes, reaulting in the development of B-plasma cdls for
the secretion of gpecific immunoglobulin  (Ig). The cdlular cooperation is
modulated by cytokines (van Muiswinkd, 1995; summarized in chapter 1).

The ability of carp to produce Ig specific for T. borreli was observed to
correlate to disease resistance (Jones et al., 1993; Wiegertjes et al., 1995 alb:
1996; present study: chapter 6). With the present study, we were able to confirm
these observations and supplement them by the finding, that T. borreli specific Ig
IS activating hest labile factors, mogt likdy complement, which in vitro resulted in
an effective killing of the paragite (chapter 6, table 1).

Cap highly susceptible for a T. borreli infection (100 % mortdity) faled to
produce specific Ig to paraste chdlenge (Wiegerties et al., 1995 alb; present
study, chepter 6, Fig. 2). This was suggested to be related to a genetically based
deficiency in antibody production of fishes from this carp strain (Wiegertjes et al.,
1995 ab). But fishes from the T. borreli susceptible strain were able to control
infections of pathogenic bacteria (Aeromonas p.) and the blood parasite
Trypanosoma carassii (Saelj, persond communication), which apparently does
not support the hypothess of agenera immune deficiency in these carp.

It was suggested, that in susceptible carp, which failed in the generaion of a
gpecific humoral response to T. borreli chalenge, non-specific activities of
granulocytes and macrophages might be of magor importance in responses to the
paradte. In addition to a function as accessory cdls macrophages and/or
granulocytes might influence the co-ordination of cdlular sub-sets in an atempt
to generate specific immune responses.

We aked which immunomodulatory mechanisms might be induced by
T. borrei, and might result in an imparment of lymphocyte proliferation and thus
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might contribute to the faling of the generation of specific Ig in susceptible cap
(chapter 3; 4, 5). This was supplemented by observations obtained with
lymphocytes from pond carp, which were producing T. borreli specific Ig and
were highly resistant to the infection (chapter 6).

Strategies of T. borreli to disgurb the generetion of a humora immune
response in cap could directly am a the proliferation activity of effectory
lymphocytes, or indirectly affect accessory cdl functions, thus interfering with the
co-ordination of a specific immune response. Therefore we andysed influences of
T. borreli on lymphocyte proliferation and on functional responses of accessory
cdls.

Impact of carp granulocyte responses induced by Trypanoplasma borreli

During infection of carp with T. borreli, a marked granulocytoss in the blood
of infected carp was observed, while in head kidney leukocyte (HKL) isolates the
amount of granulocytes was diminished (chapter 4, Fig. 1., table 1ab). In both,
HKL and PBL from infected carp, high capacities for the production of nitric
oxide (NO) were detected, when cultures were supplemented with live T. borreli
paradtes (chapter 4, table 2). This raised the question of the NO-producing
subpopulation of lymphoid cdls. At leest we could demondrate that the
flagdllates were not the source of NO, since under various conditions in vitro they
were not able to generate this reactive mediator (chapter 4, table 3). Although the
NO production of peripherd blood leukocytes corrdated very well with cell
numbers from the fraction of granulocytes among the PBL (gppendix, table 1), it
is dill not cler whether granulocytes and/or activated monocytes/macrophages
are the source of the generated NO.

However, PBL from control carp did not secrete any detectable amounts of
NO, nether after mitogen simulation (PWM) nor after addition of viable
T. borréi (chapter 4, table 2a). This might indicate that granulocytes, if not the
only source of NO, a least contribute to the NO generation by
monocytesmacrophages. This may adso account for the high, simulus-induced
NO production by HKL from infected cap a day 21 F, dthough the reative
fraction of granulocytes decreased with  ongoing infection (chapter 4,
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table 1b, 2b). Nevertheless, it was assumed that T. borreli induces an activation of
head kidney derived granulocytes, followed by thelr release into the peripherd
blood to be involved with defence mechanisms againgt the paradte. In order to
functiondly characterise the role of granulocyte activation during a T. borrdli
infection, besdes NO production, their capability to produce reective oxygen
species (ROS) and phagocytic activity were investigated in vitro. Additiondly
viability and morphology of HKL granulocytes was andysed by means of flow
cytometry.

In cultures of HKL isolated from not infected carp, neutrophilic granulocytes
exhibited a prominent shift towards increesed dze and complexity (FSC/SSC
characterigtics, chapter 5, Fig. 1, Fig. 2AB) in the presence of T. borreli antigens,
indicating a dimulus-associated activation of these cdls. In HKL cultures
supplemented with T. borreli, neutrophils retained ther viability (chapter 5, Fg.
2C). The neutrophilic granulocytes were highly phagocytic (chapter 5, Fig. 2D;
appendix Fig. 4) and showed an increased capacity to produce ROS upon co-
cultivation with live or lysed T. borreli (chapter 5, Fig. 2DF). Additiondly the
rdease of nitric oxide (NO) was increased in HKL cultures simulated with
T. borreli (chapter 5, Fig. 2E).

In an attempt to identify ROS producing cell populations, we andysed PMA
dimulated HKL by means of flow cytometry and used the intracellular oxidation
of the fluorescent di-hydrorhodamine (DHR 123) as an indicator for ROS
production. These assays indicated, that neutrophilic granulocytes manly were
the responding cdls (gppendix Fig. 3). These experimenta data confirmed that
T. borreli flagdlates induce a strong activation of head kidney derived neutrophils
in carp. It might be conddered that the production of reactive intermediates by
activated neutrophils might have trypanocidd effects and thus may contribute in
the defence of T. borreli.

In co-cultures of T. borreli with LPS activated phagocytes from the head
kidney of carp, the matility of trypanoplasms was depressed. This was consdered
to be a result of the toxic action of NO, which was recorded in high amounts from
these cultures (Saeij et al., 2000). In our experiments, T. borreli survived 200
pumol/L NO generated by NO releasing substances in vitro for up to 4 days. Thus
the trypanocidd activity of NO itsdf might be not sufficient to induce mortdity in
paradite cultures (chapter 4, Fig. 2). The ability of NO to interact with other
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substances released by activated macrophages such as reactive oxygen species to
form highly reactive compounds like peroxynitrites (ONOO-) (Nathan, 1992)
might result in increased imparment of parastes as obsarved by Sadj et al.,
(2000).

In co-cultures of macrophages obtained from mice, triggered for NO and
ROS production, with the blood parasite Trypanosoma brucel brucel, a rapid
decrease of parasite viability was observed. This was conddered to be due to an
interaction of NO and ROS molecules reaulting in the formation of highly toxic
peroxinitrite (Gobert et al., 1998; 2000). In order to andyse synergistic effects of
reactive intermediates produced by activated granulocytes, live, fluorescence
labelled T. borreli were added to activated carp HKL and incubated for another
72 h. In these cultures, a killing of the paraste was not detected, indicating that
T. borreli was not severdy harmed by reective intermediates produced by
activated granulocytes (chepter 5, table 1). In addition phagocytoss of
fluorescence |abdlled paragites in stimulated cultures was not observed.

Although carp granulocytes were grongly activated by T. borreli chdlenge in
vivo and in vitro, resulting in increased NO and ROS production and phagocytoss
activity, the paradte itsdf appeared to be rdaively insenstive to these non
specific immune responses. This might endble the parasite, to trigger granulocyte
activation for its own advantage. One aspect could be the induction of
pathologicd changes medialed by activated granulocytes. In  inflammatory
processes in mammas activated neutrophils were shown to contribute to tissue
injuries when reeasng reactive intermediates and Iytic products (Ddlegri &
Ottondlo, 1997). In mice infected with the blood parasite Trypanosoma cruz
neutrophils were detected in tissue Stes with varying degrees of damage (Molina
& Kierszenbaum, 1988).

In cultures with HKL from T. borreli infected carp, increased spontaneous
NO and ROS production and phagocytoss activity of neutrophilic granulocytes
was observed. This was further increesed by a supplementation with lysed
parastes (chepter 4, Fig. 3; Fig. 4). A reduction of spontaneous phagocytoss
activity and NO production was found, when HKL from infected carp were co-
cultured with live T. borreli (5x 10°/well) (chapter 4, Fig. 4). On the contrary an
increase of NO production of HKL from infected cap was observed when co-
cultured with 3x10° T.borreli per well (chapter 4, table 2). Thus T. borreli
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activates neutrophils, but in high concentrations it might induce a release of
suppressve mediators, which then down regulate neutrophil activities in infected
cap. In the initid phase of T. borrei infection tissue injuries induced by activated
neutrophils, would favour the paradte's dissemingion in the host. A limitation of
neutrophil activation and the corresponding tissue damages in the presence of
high T. borreli concentrations during late stages of infection might extend the
chronic phase of infection, thus favouring the didribution of the paradte to other
hosts.

In concluson a T. borreli induced granulocyte and macrophage activation
gopeared to be of minor importance for killing and diminaion of the paraste by
non-specific activity, as T. borreli proved to be reativey insendtive to resctive
intermediates generated by these cdls and to phagocytoss in vitro. In pardld
experiments with HKL from not infected susceptible and resigtant carp smilar
results were obtained with respect to NO, ROS and phagocytosis response to
T. borreli chdlenge in vitro (chapter 4, appendix Fg. 5). This indicates that
neither of these phagocyte functions was directly correlated to disease resstance
in cap. The T.borrei induced activation of granulocytes and macrophages,
however, may contribute to tissue injuries and pathology of the disease. In the
next section, evidence is provided that T. borreli is affecting accessory functions
of granulocytes and macrophages, with the am to impede the generation of
specific immune responses to the parasite.

Modulation of carp lymphocyte proliferation by Trypanoplasma borreli

Control of a T. borrdi infection, mog likely relies on the secretion of specific
antibodies (Jones et al., 1993; Wiegertjies et al., 1995 alb; 1996). In the present
sudy, when T. borreli were incubated in serum obtained from T. borreli resstant
pond carp, antibodies binding to, and agglutinating the paraste were present. In
addition these sera were highly effective in killing of the paradte, which was
abrogated upon heet treatment, indicating that the trypanocidd effect was related
to heat labile factors, such as complement (chapter 6, table1l). With serum
obtained from the susceptible carp line after T. borreli chalenge, neither parasite
specific antibodies nor killing activity was detected. These findings indicate that
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the generation of T. borreli gpecific, complement-activating antibodies is decisve
for defence of the disease,

Proliferdtive activity of lymphocytes in reponse to T. borreli chdlenge has to
be consdered a fundamenta part in the cap's attempt to generate a specific
(humora) immune response to the parasite. It was assumed that T. borreli might
benefit from an imparment of lymphocyte proliferation, resulting in Suppresson
or delay of the secretion of specific Ig in carp. Jones et al., (1995) observed he
inhibition of a PHA-induced proliferation of cap PBL in vitro by live and lysed
T. borreli and suggested that this may contribute to immunosupresson caused by
the paradte. In the present sudy, when live T. borrei were supplemented to
peripherd blood leukocytes (PBL) from susceptible carp in high concentrations,
the paradte was able to inhibit a mitogeninduced proliferation of lymphocytes
(Chepter 3, Fig. 5). With intermediate or low concentrations of T. borreli present
in PBL cultures, lymphocyte proliferation was not dffected. Inhibition of
lymphocyte proliferation did not appear to be related to cytotoxic effects of
T. borrei to carp lymphocytes, since absolute numbers of viable lymphocytes in
vitro were not sgnificantly reduced compared to the medium controls (chapter 3,
Fg. 5). This might indicate an ability of T. borreli to directly interfere with the
activation and co-operation of lymphocyte sub-sets, resulting in a down regulaion
of the proliferation response.

A further mechanism induced by T.borrdi, impeding lymphocyte
proliferation, was discovered when investigating the role of nitric oxide (NO)
secretion by carp granulocytes and macrophages in response to paraditic chalenge
(chapter 4). In mammas NO released from macrophages was observed to have a
marked modulatory effect on T-cdl proliferative responses (Schlefer &
Mandfidd, 1993; Sztein & Kierzenbaum 1993; Allione et al., 1999). The addition
of nitric oxide inhibitors to cedls derived from the spleen and the peritoned cavity
of T.b.rhodesense —infected mice restored trypanosome antigenspecific and
mitogen-triggered  proliferation (Sternberg & McGuigan, 1992; reviewed in
Taylor, 1998).

In cultures with head kidney leukocytes (HKL) from carp, stimulated with
PWM and prevented from the generation of NO, an increase of cdl numbers in
the monocytelymphoblast population was found, indicating a modulatory impact
of NO, produced by phagocytes, on lymphocyte proliferation in carp (chapter 4,
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Fig. 4b). In experiments with cap PBL, lymphocytes faled to proliferate in
response to PWM or PHA gimulus in the presence of 1 mmol/L of the NO-
donating compound GSNO, which released 200 pmol/L NO (chapter 4, Fig. 3ab).
On the contrary, we found increased proportions of lymphoblast cells in ABL and
HKL isolates from T. borrdi infected carp, both of which showed increasing
capecities for the generation of NO (chapter 4, Fig. 1, table 1; 2). In HKL,
proportions of lymphoblast and monocyte cdls showed no further increase from
days 15 to 21 PI (chapter 4, table 1b). In pardle the capacity of HKL to produce
NO in response to T. borreli chdlenge in the culture was ill increesing until day
21 P (chapter 4, table 2b). Inhibition of lymphocyte proliferation by NO in vivo
might be dose depended and may only occur with high amounts of NO secretion,
as indicated in vitro, when mitogen induced PBL proliferation only was
diminished with high NO concentration (chapter 4, Fig. 3ab).

T. borreli was observed to induce high amounts of NO secreted by
granulocytes and/or macrophages during the infection (chapter 4, table 2ab). This
a leest may contribute to a suppresson of lymphocyte proliferation in vivo. Mice
infected with the extra cdlular blood paraste Trypanosoma brucel were able to
control the parastemia better, when trested with an inhibitor of nitric oxide
gynthase (Sternberg et al., 1994). Thus, a T. borreli-induced NO secretion by
phagocytes in infected animas adso might be conddered to act as a defence
mechanism of the paradte, which dters or modulates the hogt's immune response
againg the trypanoplasms.

Further evidence for the ability of T.borreli to induce a secretion of
inhibitory sgnas by granulocytes and macrophages was obtained with culture
supernatants collected from co-cultures of head kidney leukocytes (HKL) and
T. borreli. In cultures of HKL isolated from not infected carp, neutrophilic
granulocytes exhibited a prominent size shift (chapter 5, Fig. 1, Fig. 2AB) in the
presence of T.borrei antigens In these cultures neutrophils retained ther
viability, were highly phagocytic and showed increased cgpacity to produce ROS
and NO (chepter 5, Fig. 2). Although a supplementation with live T. borreli
resulted in the highex morphological response and high granulocyte viahility,
highest phagocytoss and NO production were found in HKL cultures with lysed
T. borreli. We suggested that the prominent shape change of neutrophils induced
by live T.borreli, coincdding with a low functiond activity, might indicate an
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increesed production of mediator substances. Therefore supernatants from
T. borreli primed HKL cultures were supplemented to proliferation assays with
cap periphera blood leukocytes (PBL). A PWM induced proliferation of PBL
was suppressed by supernatants from T. borreli primed HKL cultures, but not by
supernatants from head kidney cdls or T. borreli cultures itsdf (chapter 5,
table 2). In mice, infected with Trypanosoma cruz, synergistic effects of NO,
progaglandin and TNF-a on the suppresson of host lympho-proliferative
responses were observed (Pinge-Filho et al., 1999). With our experiments, a clear
identification of mediators induced by T. borreli was not possible, but the parasite
gppeared to interfere with the production of immunomodulatory substances of
HKL, resulting in asuppression of lymphocyte proliferation.

Nevertheless, in susceptible cap under T. borreli infection increasng
numbers of lymphoblasts were found in blood, head kidney (chapter 3; chapter 4)
and spleen (Kiesecker-Barckhausen, 1996). Activated cells were surface
immunoglobulin podtive (dgt) as wdl as dg cdls, which would seem that B-
and T-cdl cones were resgponding, indicating a polyclond activation of
lymphocytes during a T. borreli infection (Kiesecker-Barckhausen, 1996). In
T.cruzi infection in man, abrogation or reduction of polyclond lymphocyte
activation was obsarved to lead to an incressed resstance to the infection
(cf. Minoprio, 2001). In infections of mammas with trypanosomes, such as
T. brucei, the state of macrophage activation was consdered to be critica for
trypanotolerance (Tabe et al.,, 2000) and macrophage derived inflammatory
mediators interfered with lymphocyte responses (Schlefer & Mandfidd, 1993; De
Baetsdier et al., 2001).

It was suggested that the pattern of immunomodulatory signds provided from
T. borreli  activeted macrophages and granulocytes might be different in
susceptible and resstant carp. In cel culture experiments head kidney leukocytes,
derived from paraste resstant pond carp and highly susceptible carp, exhibited a
comparable increase in the production of NO, reactive oxygen species (ROS) and
phagocytods activity when simulated with live and lysed T. borreli, indicating an
equivdent T. borreli induced activation of granulocytes and macrophages
(appendix Fig. 5). In order to study the impact of mediators on resstance to
T. borreli infection, we added culture supernatants (SN) from parasite stimulated
HKL and PBL cultures to mitogen-dimulated blood leukocytes from susceptible
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and resstant carp. In comparison, PBL from resistant pond carp appeared to be
more sendtive to a modulatory influence of mediators present in SN from PBL
and HKL cultures obtained from the divergent carp lines. The mitogen induced
proliferation of PBL from resstant pond cap was diminished with al SN from
HKL cultures, while proliferative response of PBL from susceptible carp only
showed reduction in PWM dimulated cultures with SN from HKL-T. borreli co-
cultures (chapter 6, Fig. 4). SN from cultures with PBL from susceptible carp
enhanced the PWM response of PBL from susceptible carp, but it suppressed the
PWM response of PBL from resgstant carp. SN from cultures with PBL from
resstant carp induced an enhancement of the mitogen response in al set-ups. This
might indicate that leukocytes from susceptible and resstant carp were releasing
different patterns of mediators into the medium. In addition blood |lymphocytes
from the divergent cap lines seem to have a different repertoire for the
recognition of dimulaing or inhibiting mediators respectively. Both, the pattern
of mediators released, as wdl as the pattern of receptors for modulatory
molecules, present on lymphocyte subsets, might be decisve for the co-ordination
of ahumord responseto T. borrei.

In mice, infected with T. cruz De Baetsdlier and co-workers (2001) observed
a secretion of pro-inflammatory molecules (NO, TNF, IL 1, IL-6) by
macrophages, which activated lymphocytes, mainly cytotoxic (CD8") T-cdls.
During the chronic phase of infection, secretion of pro-inflanmatory molecules
was switched to an dternative (type Il) cytokine pattern (IL-4, IL-10, IL-13) by
hper (CD4") T-cdls, favouring B-cdl maturation and production of Ig, resulting
in control of the disease. Prolonged secretion of pro-inflammatory molecules
during the chronic phase of infection resulted in tissue damage contributing to
immunopathology (cf. De Baetsdier et al., 2001). T. borreli mog likdy induces
different patterns of mediators in resstant and susceptible carp. In addition,
differences in the patern of recognition were found in the divergent carp lines
Indicating that in susceptible carp both, pattern of mediators induced by T. borreli
and pattern of recognition might be responsble for ther inability to coordinate
lymphocyte responses to the parasite. The susceptible carp are endowed with sig+
lymphocytes (B-cdlls) (Kiesecker-Barckhausen, 1996) and were observed to have
serum g (chapter 6, Fig. 1). Accessory cells (granulocytes and macrophages) of
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susceptible and resgant carp in vitro showed amog identical  functiond
responsesto T. borreli chalenge (gppendix Fig. 5).

Assuming that susceptible carp are endowed with a suitable repertoire of B-
cdls and accessory cdls, their deficiency could be rooted in T-cdl functiors.
Sgnds (interleukins) provided by ectivated T-hdper cdls ae triggeing the
development of B-cdls into plasma cdls for the production of Ig or B-memory
cdls (van Muiswinkd, 1995). In susceptible carp, the sgndling between T-helper
cells and B-cdls might be respongble for their inability to favour the development
of B-plasmacdls.

In concluson, survivd of T.borrei in cap, is linked to the absence of
paraste specific 1g, immobilisng and opsonising the flagelate. T. borreli appears
to have evolved draegies to impede lymphocyte proliferation, as a fundamenta
pat in the generation of a specific Ig response. T. borreli is affecting accessory
cdl functions, reaulting in the secretion of inhibitory dgnds It induces the
secretion of huge amounts of NO by granulocytes and macrophages, which may
contribute to suppresson of lymphocyte proliferation. In pardld the paraste
dimulates granulocytes and macropheges for the secretion of immunomodulating
subgtances, which have inhibitory influence on lymphocyte activation. At last the
flagdlate is directly inhibiting lymphocyte proliferation when present in high

concentrations.

Conclusions and per spectivesfor futurework

We have addressed the complex interactions of carp leukocytes and the blood
paraste Trypanoplasma borreli. We succeeded in the further characterisation of
the hod-paradte reationship, thus complementing the dissase modd for future
research in carp immunology. The results obtained here suggest, that T. borréli is
a potent modulator of carp immune functions. In vivo and in vitro, T. borreli was
inducing strong functiond responses of carp phagocytes, such as production of
nitric oxide (NO), reactive oxygen species (ROS) and phagocytoss activity. In
vitro phagocytes from T. borreli susceptible and resstant carp were activated by
parastic chalenge in a comparable manner. This indicates that neither of the
functiond phagocyte responses is correlated to disease resstance. The parasite

113



Chapter 7 Generd Discussion

itsdf proved to be rdaivedy insendtive to functiond, nonspecific phagocyte
reponses tested here. It was nether killed by oxygendependent reective
intermediates nor phagocytosed. This would enable T. borrei to trigger
macrophage and granulocyte activation for its own advantage. Tissue injuries
induced by activated phagocytes could favour the dissemination of T. borreli in
the host. In addition, T.borreli could influence accessory cdl functions of
activated phagocytes, necessary for the coordination of an immune response to the
parasite.

The mog rdevant immune mechanism for a control of the T. borrdi infection
is obvioudy the production of paradte specific immunoglobulins (Ig), which in
combination with complement were found to be highly trypanocidd. As T. borreli
was observed to be insendtive to non-specific defence mechanisms, the ability of
the host to generate a specific (humord) response appears to be decisve for
severe ness of the disease. T. borreli seems to have evolved drategies, to impede
the generation of a humora response, aming a lymphocyte proliferation in the
framework of a gpecific immune reaction. The paadte directly inhibited
lymphocyte proliferation, when added to mitogen stimulated periphera blood
leukocyte (PBL) cultures. NO secreted by phagocytes n response to T. borréli,
was observed to down regulate lymphocyte proliferation. Supernatants obtained
from T. borreli primed head kidney leukocyte (HKL) cultures, were suppressing a
mitogen induced lymphocyte proliferation. Thus phagocyte activation and ther
accessory  functions can be modulated by T. borreli, causng delay and/or
suppression of the development of B-plasmacdlsfor the secretion of specific Ig.

Comparative studies on T. borreli resistant and susceptible carp, suggested
that paradte susceptibility might be rdaed to an overshooting polyclond
activation of lymphocytes by the paradte. Resstant carp responded much more
sendtive to  immunomodulatory  Sgnds, probably enabling a  coordinated
generdtion of a specific lymphocyte response. The present study underlines (1) the
importance of specific immune responses in the piscine sysem and (2) the
rdlevance of immune mediators for coordination and thus efficiency of immune
responses in fish. In susceptible carp, a faling in the generation of a specific Ig
response is suggested to be due to lacking sgnds from T-hdper cdls, favouring
the development of B-plasma cdls. Although the presence of T-cdls in bony fish
has been demondrated (Rust & Litman, 1994; Wilson et al., 1998), little is known
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about specific roles of T-cdl subsets (CD4/CD8) in immune responses of fish. In
ginbuna crudan carp, spedific killing of virus-infected cdls indicated the presence
of cytotoxic T-cdlsin fish (Somamoto et al., 2000).

The present study indicates that the role of Thelper cells can be decisive for
the effectiveness of a humora response. Mogt vaccination drategies are aming at
an induction of a humord response, resulting in the development of Bplasma and
B-memory cdls, enabling a prolonged protection by the presence of pathogen
specific 1g. As Fheper cdl functions have to be consdered as a fundamental part
of the generation of humora responses in fish, a more detaled knowledge of
mechanisms respongble for deveopment of B-plasma and B-memory cdls might
ggnificantly contribute to an improvement of vaccindion drategies Future
research in the T. borreli dissase modd could ducidate T-heper cdl functions,
regponsble for development and maturation of B-plasma cdls and B-memory
cels.

T. borreli seems to be perfectly adapted to its survivad in a cyprinid host. It is
insengtive to nonspecific phagocyte responses and has developed drategies to
disturb the hogt’s atempts to develop specific trypanocidd measures. The parasite
interferes with immune sgndling of the hogs, necessary for a coordination of the
immune response. Future research in the T. borreli disease model could focus on
dgnd trangduction in the piscine immune sysem, with the am to get a more
detalled indght in the complex network of cdlular cooperaion, enabling the

coordination of effective defence mechaniams.
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Table 1. Corrdation of the proportion of granulocytes present in the fresh PBL
isolates and the amount of NO production recorded after 4 days of incubation

Additiond T. borrdi

3 x 10°/wel
Medium PWM Medium PWM
control 1mglL control 1mglL
Cosfficient of
-0.32 0.77 0.58 0.68
corrlationr
Probability of
0.202 <0.001 <0.05 <0.01
error (P)
Number of fish
18 18 18 18
tested

Proportions of granulocytes in PBL isolates were determined by means of flow

cytometry, immediaidy after isolation. PBL were collected from each 3 carp a
days 7; 15 and 21 Pl with either with PBS or 1 x 10* T. borréli. Nitric oxide (NO)
production was recorded after 4 days of incubation of the PBL (compare chapter 4

table 1a; 2a).
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Figure 1. Impact of NO on the vigbility and the mitogen-induced proliferation of
PBL from T. borrdi resstant carp. PBL of hedthy carp were cultured in vitro in
the presence of a NO donor (GSNO, S-nitrosogluthation). Wells without GSNO
sarved as controls. Paralld set-ups contained mitogens (PWM, 1 mg/L or PHA,
3 mg/lL). After 4 days NO was determined in the culture supernatants (&) and tota
numbers of proliferating lymphocytes (b) and viable smal lymphocytes () were
determined flow cytometricaly (means and standard errors of triplicate cultures
from three carp).
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Figure 2. Impact of NO on head kidney leukocytes in stimulated cultures. Heed
kidney leukocytes (HKL), isolated from hedthy T. borreli resistant carp, were
cultured 4 days in vitro in medium (med), in the presence of PWM (1 mg/L) or in
the presence of T. borreli lysates (equivalent to 5 x 10° T. borreliwdl). The iINOS
inhibitor L-NMMA was supplemented at a concentration of 500 pmol/L. After 4
days, NO was determined in culture supernatants (a). Numbers of granulocytes (b)
and monocyteslymphoblasts (c) were determined flow cytometricaly. In pardld
set-ups, the capacity of the cdls to phagocytose latex particles was determined
(d), as well as the capacity to generate spontaneoudy reective oxygen Species
(ROS) (e) or to generate ROS after PMA gimulation (f) (means and standard
errors of triplicate cultures from three carp; * sgnificant difference P < 0.05).
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Figure 3. Production of reactive oxygen species by cap head kidney
granulocytes. In an attempt to identify reactive oxygen species (ROS) producing
cel populations, we andysed PMA stimulated HKL by means of flow cytometry
and used the intracdlular oxidation of fluorescent di-hydrorhodamin (DHR 123)
as an indicator for ROS production. HKL (5 x 10°%/ml) were incubated for 15 min
in HKL medium with DHR (Img/L) and PMA (0.15mg/L) in flow cytometer
tubes in the dark. (@ HKL granulocytes were identified by their characteristic
morphology (FSC/SSC pattern; R1). (b) DHR- (ROS-) postive cdls were gated
according to their increased fluorescence pattern (R4). (c) FSC/SSC pattern of
cdls gaed in R4 (ROS-postive) showed the characterisic granulocyte
morphology. This indicates, that mainly head kidney granulocytes are respongble
for the ROS production in stimulated cultures.
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Figure 4. Phagocytoss activity of carp head kidney granulocytes. Head kidney
leukocytes (HKL), isolated from hedthy carp, were cultured 4 days in vitro in
medium, in the presence of PWM (1 mg/L) or in the presence d lysed (equivaent
to 5x10° T.borrdi/wdl) and visble T. borreli (5x 10°/wdl). All sat-ups were
supplemented with green fluorescent latex particles and incubated for another
18 h. (@ Head kidney neutrophilic granulocytes were identified according to their
characteristic FSC/SSC patern in region 1 (R1). (b) In simulated cultures
increesed proportions of fluorescence podgtive cels were present, reflecting
increased phagocytoss of fluorescent latex particles. (¢) Phagocytoss positive
cdls manly recruited from the population of neutrophilic granulocytes, present in
HKL cultures.
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Figure 5. Functiona responses of head kidney leukocytes (HKL) from T. borreli
susceptible and resstant cap. HKL were cultured in the presence of PWM
(A1mglL), lysed (equivdlent to 5x10° T.borreliiwel) and visble T.borreli
(5x 10°/wel). After 4 days in vitro, the fraction of phagocytic active HKL
neutrophils (@) was determined by flow cytometry. Nitrite (NO,, b) was
determined in culture supernatants as a surrogate marker for generated NO.
Spontaneous and PMA-induced ROS generation (c) was determined with the NBT
reduction assay. Data are presented as means and standard deviation of triplicate
cultures from 6 susceptible and 6 resgant carp. Note Equivdent functiond
responses of HKL from the divergent carp lines to T. borreli chdlenge in vitro.
OD: optica dendgity, PMA - phorbol myristate acetate.
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Summary

In the research presented here, aspects of cdlular interactions of leukocytes
from cap (Cyprinus carpio L.) and the extra cdlular blood dwdling parasite
Trypanoplasma borreli Laveran & Mesnil 1901, were investigated. The focd
point of interest was a further characterization of interactions of T. borreli and
cap leukocytes with respect to a possble immunomodulatory influence of the
paraste on immune cdl functions.

As a prerequiste, a continuous cdl culture sysem for infective stages of
T. borreli was developed (chapter 2). When andysng the compostion of
peripherd blood leukocytes (PBL) and head kidney leukocytes (HKL), isolated
from T.borrei infected cap, (1) increesng proportions of proliferating
lymphocytes in both, HKL and PBL and (2) a prominent shift of granulocytes
from the head kidney to the blood were observed Chapter 3 & 4). In cdl culture
experiments the potency of T. borrei to influence lymphocyte proliferation and
granulocyte/phagocyte activation in carp was investigated.

In vivo and in vitro, T. borreli was inducing strong nornspecific responses of
cap phagocytes, such as the production of nitric oxide (NO) (chapter 4) and
reective oxygen species (ROS) and phagocytoss activity (chapter 5). In vitro,
phagocytes from carp of a T.borrei susceptible and resgant fish line were
activated by paradte chdlenge in a comparable manner (chapter 5), indicating
that neither of the functiond phagocyte responses measured was correlated to
disease resstance. The paraste itsdf proved to be reatively insendtive to the
functiond, non-specific phagocyte responses observed here, as it was not killed
by reactive intermediates (NO/ROS) nor phagocytosed by neutrophils or
macrophages (chapter 4 & 5).

An important mechanism for the defence of carp againgt T. borreli apparently
was the production of paadte gpecific immunoglobulins (Ig), which in
combination with complement were found to be highly trypanocidd (chapter 6).
For its surviva in the hod, T. borreli seems to have evolved dSrategies to impede
the generation of a humora response, by modulating lymphocyte proliferation in
the framework of a gpecific immune reaction. The paraste directly inhibited
lymphocyte proliferation, when added to mitogen <imulated PBL cultures
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(chapter 3). In addition, NO secreted by phagocytes in response to T. borreli
chalenge, was obsarved to down regulate lymphocyte proliferation (chapter 4).
Supernatants obtained from T. borreli primed HKL cultures, were suppressng
mitogen induced lymphocyte proliferation (chapter 5). This indicates that
phagocytes were activated by T. borreli in a way, which resulted in a delay and/or
suppresson of the development of B-plasma cdls responsble for the secretion of
specificlg.

Comparative studies with T. borreli resstant and susceptible carp, suggested
that susceptibility might be related to an overshooting polyclond activation of
lymphocytes induced by the paradte. Resstant cap responded much more
sendtive to immunomodulaiory dgnds, which most likdy enabled a coordinated
generation of specific lymphocyte responses (Chapter 6).

In susceptible carp, the falling of the generation of specific Ig responses is
suggested to be rdated to a lacking of signds from T-helper cdls favouring the
development of B-plasma cdls. The present study indicates that the role of T-
helper cells can be decisve for the development of a humord response in bony
fish. Future research in the T. borreli disease model could eucidate T-helper cell
functions, responsble for development and maturation of B-plasma cdls and B-
memory cdls.

T. borreli seems to be well adapted to its survival in a cyprinid hodt. It was
insengtive to the non-specific phagocyte responses tested here and has devel oped
drategies, to hinder the host’s attempt to develop specific, trypanocida activity.
The paadte intefees with immune dgndling of the hos, essentid for
coordination of immune responses. The present dudy underdines (1) the
importance of Specific immune responses in the piscine sysem ad (2) the
relevance of immune mediators for coordination and thus efficiency of immune

regponsesin fish.
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Zusammenfassung

Zusammenfassung

Mit der vorliegenden Studie wurden Aspekte zdluld&rer Interaktionen von
Leukozyten aus Kapfen (Cyprinus carpio L.) und dem extrazdlulden
Blutflagdlaten Trypanoplasma borreli (Laveran & Mesnil 1901) untersucht. Das
Hauptinteresse lag in der Bertickschtigung moglicher modulatorischer  Einflisse
des Paraditen auf immunol ogische Zdlfunktionen.

Um die kontinuierliche Veflgbarket infektibser Parastengadien zu
gewdhrlegen, wurde en Zdlkultursysem fir T. borreli entwickdt (Kapite 2).
Untersuchungen von Blutleukozyten und Kopfnierenleukozyten aus T. borreli
infizieten Karpfen zegten (1) ene Zunahme proliferierender Lymphozyten in
beden Prgpaaionen und (2) en Auswvandern von Granulozyten aus der
Kopfniere in das periphere Blut (Kapitel 3& 4). In  Zdlkulturexperimenten
wurde das Potentid von T. borreli untersucht, Lymphozytenproliferation und die
Aktivierbarkelt von Granulozyten/Phagozyten zu beainflussen.

In vivo und in vitro induziete T.borrei deutliche nicht spezifische
Resktionen von Phagozyten, wie eine erhthte Produktion von Stickoxid (NO)
(Kapitel4) und resktiven Sauerdoff Spezies (ROS), sowie erhohte
Phagozytoseektivitét  (Kapitel 5). In  Zdlkulturen zeigten Phagozyten aus
T. borreli empfanglichen und resgenten Karpfen vergleichbare Resktionen auf
den Paradten, s0 da? en direkter Zusammenhang zwischen Krankhetsresstenz
und funktiondlen Phagozytenantworten nicht zu bestehen scheint. Darlber hinaus
ewies dch T.borrdi ds unempfindich gegentber nicht  spezifischen
Phagozytenresktionen. Der Parast wurde weder durch Sauersioffradikale
(NO/ROS) abgetotet, noch von aktivierten Granulozyten oder Makrophagen
phegozitiert (Kapitel 4 & 5).

Ein wichtiger Mechanismus bei der Abwehr der T. borreli Infektion, war die
Produktion parastenspezifischer Antikorper. T. borreli infiziete, empféangliche
Karpfen produzierten keine parasitenspezifischen Antikorper, wahrend im Serum
ressenter Karpfen paradtenspezifische Antikorper detektiert wurden, die durch
Komplementaktivierung eine dark trypanozide Wirkung induzierten (Kapitel 6).
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Um sEn Ubeleben im Wit zu emoglichen, scheint T.borreli Strategien
entwickdt zu haben, die den Aufbau ener spezifischen Immunantwort behindern,
indem die Prdifeation von Lymphozyten im Ramen ene spezifischen
Immunantwort  beantréchtigt wird. Vitde T. borreli die mit mitogengimulierten
Blutleukozyten  kokultiviet ~ wurden, inhibieten  die  Proliferation  von
Lymphozyten (Kapitel 3). Stickoxid (NO), das von T. borreli dimulierten
Phagozyten sezerniert wurde, hatte hemmenden Einfluss auf die Proliferation von
Lymphozyten (Kapitel 4). Kulturlbergande  von Kokulturen mit
Kopfnierenleukozyten und  T. borreli  unterdriickten  die  mitogeninduzierte
Lymphozytenproliferation  in Kulturen mit  Blutleukozyten aus Karpfen
(Kapitel 5). Dies konnte darauf hinweisen, dal3 die T.borrei induziertte
Aktivierung von Phagozyten zur Freisstzung von Mediaoren fuhrt, weche die
Vermehrung und Entwicklung von B-Plasma Zdlen fir die Produktion von
Antikdrpern behindert oder unterdriickt.

Verglechende Untersuchungen mit T. borreli empfanglichen und resgenten
Kapfen, liefen daauf <chlieRen, dad die Empfanglichket mit  ener
Uberschiel}enden, polyklonden Aktivierung von Lymphozyten in Zusammenhang
deht, die nicht zur Produktion parasitenspezifischer  Antikdrper  fihrt.
Lymphozyten aus redgenten Kapfen reagieten wesentlich sendgtiver auf
immunmodulatorische  Signde, was fir die Koordination der spezifischen
Immunantwort mal3geblich sain konnte (Kapitel 6). In empféanglichen Karpfen,
die durchaus Antikdrper im Serum aufwiesen, konnte das Ausbleiben ener
spezifischen Antikorperantwort gegentiber T. borreli im Fehlen von Signden von
T-Helfer Zelen begrindet liegen, welche die Entwicklung von B-Plasma Zelen
fordern wirden.

Die vorliegende Studie unterdreicht die Bedeutung der geregdten
Kooperation von B- und T-Lymphozyten, be der Entwicklung einer spezifischen
Immunantwort  in Knochenfischen.  Aufbauende  Studien  im  T. borreli
Infektionsmode konnten dazu beitragen, die Rolle von T-Hdfer Zdlen be der
Refung und Entwicklung von B-Plasma und B-Memory Zdlen be Fischen besser
zu verstehen.

T. borreli scheint sich sehr gut an das Uberleben in sdinen Wirten angepasst
zu haben. De Paast ig unempfindlich gegentber nicht spezfischen
Immunantworten von Phagozyten und verflgt Uber Strategien, die den Wirt in der
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Entwicklung ener gspezifischen, trypanoziden Immunantwort behindern. Dabel
scheint T. borreli die Signdsekretion von Immunzedlen zu beanflussen, so dal3
ene Koordination der Immunantwort erschwert wird. Die vorliegende Studie
untersreicht die Bedeutung spezifischer Abwehrmechanismen und die Reevanz
von Mediatoren fur die Koordination der Immunantworten bei Knochenfischen.
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