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Abstract

Joosten, P.H.M. 1997, Immunological aspects of oral vaccination in fish. PhD thesis,
Wageningen Agricuttural University, P.O. Box 338, 6700 AH Wageningen, The
Netherlands.

In this thesis immunological consequences of oral vaccination in fish have been
described. The efficacy of oral vaccination can be increased by protection of the
antigen against degradation in the foregut, in order to reach the hindgut in sufficient
guantities for uptake and subsequent activation of the mucosal and systemic immune
system. Using a specific monoclonal antibody, in addition to mucosal B cells, a
distinct mucosal T cell population was demonstrated, which may play an important
role in local immunity. Furthermore, two approaches to protect antigens against
digestive degradation are described: bioencapsulation and microencapsulation. For the
first approach antigen is encapsulated in living food, and subsequently fed to juvenile
carp and seabream. In carp, oral vaccination at 2 and 4 weeks old resulted in
immunological tolerance. However, in older carp {8 weeks old) and seabream (8 and
10 weeks old), immunological memory was induced. it can be concluded that oral
vaccination with bioencapsulated bhacterial antigens is effective for oral vaccination of
juvenile fish, when applied at the right age. For microencapsulation an alginate
microparticle system was studied, which may be more suitable for vaccination of older
fish, The supernatant appeared to be the most immunogenic fraction of a bacterin,
which is taken up in the hindgut and evokes best memory formation. This fraction was
encapsulated in alginate microparticles and fed to aduli carp and trout. Different
microparticle preparations, with respect to release time and antigen concentration,
were needed for immunological memory formation in each fish species. Therefore,
oral vaccination with bacterial antigens in alginate microparticles can be effective.
Oral tolerance against protein antigens was demonstrated in animals fed with ferritin
or recombinant VHS G protein. However, the immune response to ovalbumin
appeared to be carp strain dependent. A carp strain that produced specific antibodies
after injection with OVA was selected and repeated feeding of QWVA, prior to
injection, resulted in increased antibody titres in serum. Oral telerance induction in
fish therefore appeared to depend on the protein and possibly also on genetic factors.
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Stellingen

1. Orale toediening van bacteriéle vaccins, als deze beschermd worden tegen
afbraak in de darm, resulteert in immunologisch geheugen en is daarom
veelbelovend voor orale vaccinatie.

Dit proefschrift.

2. Er zijn voldoende aanwijzingen om aan te nemen dat vissen over een mucosaal
immuunsysteem beschikken,
Dit proefschrift,

3. Wanneer bescherming van vissen tegen een ziekteverwekker gebaseerd is op
mucosale afweerreacties, zal orale vaccinatie zinvoller zijn dan toediening via
injectie.

Dit proefschrift,

4.  Gezien de grote verschillen tussen vissoorten moet men bij het doen en
interpreteren van uitspraken over vissen in het algemeen, op basis van
gegevens van &én vissoort, de nodige voorzichtigheid in acht nemen.

5. Zoals in de eerste periode van bhet leven immunalogische tolerantie kan
ontstaan, zou ook de aanwezigheid van allochtonen in de leefomgeving op
jonge leeftijd kunnen leiden tot tolerantie door herkenning als eigen.

6. Met het oog op de steeds lagere financiéle waardering van jonge onderzoekers
door universiteiten, zal ook hier gelden: "Wie peanuts betaalt, krijgt apen in
dienst."

7. Uitbreiding van varkenspest kan beter voorkomen worden door vaccinatie van
de varkensstapel dan door te trachten het virus te elimineren.

8. Met steeds kortere studieduur en promotiefase heeft de toekomstige academicus
ook minder tijd voor de ontwikkeling van maatschappijkritisch denken,
waarmee het maken van de stellingen bij het proefschrift beter afgeschaft kan
worden,

9.  Drukfouten ontdekken is niet moeilijk, voor het ontdekken van denkfouten is
meer nodig.

10. haliaans ijs is eigenlijk geen italiaans ijs als het beste italiaanse ijs in Nederland
gemaakt wordt.

Stellingen behorende bij het proefschrift
"Immunological aspects of oral vaccination in fish"
van P.H.M. foosten, Wageningen, 22 mei 1997.
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Chapter 1

1 The immune system of fish.

Fish, like other vertebrates, possess an extensive defence system, which enables
the individual to survive and maintain its integrity in a hostile environment. The
protective mechanisms are directed against foreign material recognized as non-self,
including pathogens and malignant cells. Physical {e.g. mucosal surfaces) and
chemical barriers {e.g. lysozyme) prevent penetration of the pathogen into the host.
The immune system can be divided in innate {non-specific) and adaptive (specific)
immunity. The innate immune system includes phagocytosis, natural killer cell activity
by non-specific cytotoxic cells (NCC) and inflammatory reactions as well as soluble
substances, i.e. CRP {C-reactive protein), interferon, transferrin, lysozyme, lectins and
complement. These processes are more or less inducible upon infection and should
eliminate the pathogen immediately after penetration. Non-specific responses do not
result in immunological memory (Lamers, 1985; Manning, 1994). When the non-
specific defence does not prevent invasion by the pathogen the adaptive immune
system is activated. Adaptive immunity is based on two properties: specificity and
memory, and can be divided in humoral and cell mediated immunity.

1.1 Humoral immune response

The humoral immune response involves antigen presenting cells (APC), T and B
lymphocytes. T lymphocytes develop in the thymus. B lymphocytes originate from the
bursa of Fabricius in birds, bone marrow in mammals and in teleosts probably from
the kidney (Zapata, 1979; Kaattari, 1992). Exposure to an antigen results in the
stimulation of a small proportion of lymphocytes, which possess specific receptors for
this antigen. Micro-organisms have many different antigens on their surface and each
antigen can be recognized by a different clone of lymphocytes. Fish have a polyclonal
response against a particular antigen, but often recognize less epitopes than mammals,
resulting in a limited number of different antibodies (Wilson & Warr, 1992; Manning,
1994). T cells can bind to processed antigen which is bound to molecules of the
major histocompatibility complex (MHC) by APC. B lymphaocytes will become
activated after exposure to an antigen, with the help of cytokine producing T
lymphocytes. This results in proliferation and differentiation of the stimulated B
lymphocytes into plasma cells or into memory B cells. Plasma cells will start to
produce specific antibodies against the antigen. At the same time, T lymphocytes will
proliferate and produce effector and memory T cells. After a second activation by the
same antigen memory B cells differentiate in antibody producing cells, with the help
of increased numbers of memory T cells. This leads to a faster and enhanced response
at second contact, due to higher numbers of antibody producing cells (Miller & Clem,
1984; Arkoosh & Kaattari, 1991; Kaatiari, 1992; 1994). In fish, a 10 to 50 fold



General Introduction

improvement over the primary response has been described, in mammals a 100 fold
increase or more is possible (Lamers, 1985; Manning, 1994). in mammals, upon -
secondary activation B lymphocytes produce antibodies with a higher affinity, and in
general of a different immunoglobutin class. This affinity maturation is not observed in
fish (Arkoosh & Kaattari, 1991; Kaattari, 1992). A switch from IgM to a low molecular
weight antibody class (IgG in mammals), observed in higher vertebrates after a second
contact with the antigen, is also not found in fish (Kaattari, 1992). The
immunoglobulin of fish appears to be a tetrameric molecule with a molecular weight
similar to mammalian IgM, although low molecular weight Igs have also been found
{Lobb & Clem, 1981; Wilson & Warr, 1992; Manning, 1994; Warr, 1995). Structural
variants have been shown to occur in different fish species (Wilson & Warr, 1992) and
at different anatomical sites within a fish (skin mucus, gut mucus, bile). Although
teleosts lack the characteristic switch to low molecular weight antibody and affinity
maturation for memory in mammals, fish clearly give a significantly elevated and faster
antibody response upon secand or repeated challenge with a given antigen (Arkoosh
& Kaattari, 1991; Wilson & Warr, 1992; Kaattari, 1994).

1.2 Cell mediated immune response

The specific cell-mediated immune response involves T cells. These cells can act
as regulatory (helper) or cytotoxic T cells. Cytotoxic T cells lyse the recognized target
cell through direct cell contact, whereas helper T cells secrete soluble mediators
{cytokines) that influence cytotaxic T cells and B cells in their function, In fish this T
cell population has only functionally been described to react as mammalian T cells.
Functional T celis can be demonstrated by Mixed Lymphocyte Reaction (Caspi &
Avtalion, 1984; Kaattari & Holland, 1990), Delayed Type Hypersensitivity (Stevenson
& Raymond, 1990) or transplantation immunity {Rijkers & van Muiswinkel, 1977).
Furthermore, stimulation with PHA or Con A, mammalian T cell stimulators, resuits in
proliferation (Etlinger et al., 1976). Cooperation between T helper and B cells was
demonstrated by hapten carrier assays (Yocum et al., 1975; Ellis, 1982).

Fish T and B lymphocytes can not be distinguished by their morphology.
Markers for the T cell population in fish are scarce (Manning, 1994). However,
monoclonal antibodies {(mAbs) which are reactive with tgM, have been developed for
different fish species to distinguish IgM* lymphocytes (B cells and plasma cells) from
IgM’ lymphocytes (Deluca et al., 1983; Secombes et al., 1983, Sizemore et al., 1984).
Not all IgM tymphoid cells can be defined as T cells, because in fish thrombocytes,
monocytes and NCC can not be distinguished from lymphocytes. Subpopulations of T
cells, like mammalian CD4* and CD8* T lymphocytes, with distinct helper and
cytotoxic functions, have not yet been identified in fish. However, the presence of
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MHC class | and class Il genes/ molecules (Stet et al., 1996) strangly suggests the
existence of these T cell subpopulations. Some recent reports describe mAbs reactive
with T cell (sub)populations. In seabass a mAb {DLT15) is described reactive with the
majority of thymocytes and some cells in blood, head kidney and spleen (Scapigliati et
al, 1995). Also a mAb (WCL9) reactive with a subpopulation of carp thymocytes was
produced. It is suggested to be a marker for early thymocytes present in the cortical
region of the thymus (Rombout et al.,, in press). For channel catfish, a mAb against
IgM™ cells was described, and immunopositive cells showed a better responses to Con
A than to LPS. However, further characterization was nat performed (Ainsworth et al.,
1990). In catfish a mAb was produced reactive with a T cell antigen, which was
expressed on most thymocytes and a subpopulation of the lymphoid cells (T cells) in
blood and other tymphoid organs. The monoclonal was not reactive with erythrocytes,
thrombocytes, myeloid cells, B cells and macrophage cell lines (Passer et al., 1996).
Both the a and B chain of the T cel! receptor of rainbow trout have been isclated and
characterized recently (Partula et al, 1995; 1996). This may lead to a full
characterization of the T cell receptor molecute, which will give possibilities for the
recognition and isolation of T lymphocytes.

2 Vaccination of fish

With intensification of aguaculture, disease problems in fish are growing, causing
considerable economic losses (Leong & Fryer, 1993). Due to crowding, monoculiure
conditions, handling and transport, fish in aquaculture are more susceptible to
diseases (Newman, 1993). Once a disease outbreak occurs it will spread fast, because
of the easy transmittance in an aqueous environment. Therefore control of fish
diseases is of great concern in aquaculture (Dunn et al., 1990) and can be achieved
by different methods, including exclusion, chemotherapy, genetic selection of stress
and disease resistant strains and vaccination (Newman, 1993). Exclusion of the
causative agent from certain areas can be achieved by a legislative policy (Ellis, 1988).
Antibiotics can be used to eliminate bacteria before or during disease outbreak.
However, when administered on a regular basis, bacteria can become resistant to
antibiotics. In addition, antibiotics can accumulate in fish and can have a very long
half life (Bernoth, 1991). Chemicals have to be administered with great care, because
the difference between a therapeutic and toxic dose is usually small (Ward, 1982).
Moreover, a growing concern about the possible effects of the use of large quantities
of antibacterial drugs in aquaculture on the environment, public health and target
animals is observed {(Michel & Alderman, 1992) and reduction of the use of chemicals
and drugs is desired. Selection of strains that are genetically more resistant to disease
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can be an alternative (Wiegertjes, 1995). Prevention of disease by vaccination will
reduce the need for antibacterial drugs and is much more desirable than intervention

to stop and reverse disease processes once they have started (Newman, 1993).

2.1 Principle of vaccination

Experiments on vaccination as prevention against disease were first described in
the 19th century by Fdward Jenner. It was known that animals developed resistance to
a disease once they had survived an infection. The resistance seemed to be specific
for a pathagen and persisted for a long period. At that time, the phenomenon was not
understood but vaccination was successful {Martin, 1994). Nowadays, it is known that
the principle of vaccination is based on memory formation by the immune system.
Vaccines are preparations of antigens derived from pathogenic organisms, rendered
non-pathogenic by various means, which will stimulate the immune system in such a
way that the animal becomes more resistant to a specific disease from subsequent
infection by the pathogen (Ellis, 1988). Using modermn molecular technology, only the
immunogenic part of a pathogen (epitope) can be produced and recombinant vaccines
are being developed (Leong & Fryer, 1993). This may increase the efficacy and safety
of a vaccine. These recombinant proteins or synthetic peptides can be produced in
large quantities by recombinant DNA technology (Dunn et al, 1990Q), After a first
contact the animal will respond more adequate to an infectious agent because the
immune system recognizes it immediately and mount a higher and faster response.
Although vaccination is widely used in human and livestock, the first attempt to
vaccinate fish was reported relative recently (Duff, 1942). From that time knowledge
on the immune system of fish has improved considerably (van Muiswinkel, 1995),
which is important for a better approach of fish vaccine development. Furthermore,
different methods for mass vaccination of fish have been under development (Ellis,
1988).

2.2 Factors affecting the development of protective immunity

The development of a protective immune response upon vaccination can be
influenced by different factors. Temperature is known to have an effect on induction
of immunity. Immune responses in ectothermic animals should function over a wide
range of environmental temperatures in order to protect adequately against infectious
diseases. Higher environmental temperatures, within the physiological range, usually
enhance immune responses, i.e. the production of antibody is faster and of a higher
magnitude than at lower temperatures (Rijkers et al., 19804a; Ellis, 1982; Bly & Clem,
1992). In general, low environmental temperatures tend to inhibit immune responses
(Avtalion, 1981; Bly & Clem, 1992) and/or development of protective immunity is
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slowed down (Horne & Ellis, 1988). Especially helper T cells functions are influenced
by low temperatures (Whiskovsky & Avtalion, 1982; Bly & Clem, 1992). It has been
reported that responses to T independent antigens were not inhibited at lower
temperatures (Azzolina, 1978; Bly & Clem, 1992). It seems that mature T cell
functions are not suppressed, but the generalion/activation of virgin T helper cells may
be inhibited rather specifically (Bly & Clem, 1992). It is still not clear, whether it is
paossible to vaccinate fish at low temperatures, even when a much fonger time is taken
in account to build up a significant level of immunity (Horne & Ellis, 1988; Lillehaug
et al., 1993) or that immunosuppression is induced during vaccination at lower
temperatures, resulting in higher susceptibility to a disease (Wishkovsky & Avtalion,
1982; 1987). However, the onset of infectious diseases has often been related to
changes in environmental temperature. A cause and effect relationship between low
temperature and in vivo immune competence is frequently inferred, but not proven
{Bly & Clem, 1992).

The route of antigen administration is important for the magnitude of the primary
and secondary response. The route of exposure has a direct influence on the fevel and
type (i.e. sites) of protective immunity that develops. Best immune responses seem to
develop when the vaccination and booster are given by the same route (Lamers,
1985). Oral and immersion vaccination may result in local immune responses, which
will only be protective when the second contact occurs via the same route as the first
(Ellis, 1988; Estevez et al., 1994). The amount of antigen finally reaching the systemic
immune system by the different routes, may have an effect on the development of
circulating antibodies (Pyle & Dawe, 1985).

The dose of antigen seems to influence the development of memory. Primary
agglutination titres increased exponentially with an increasing dose of intramuscularly
injected bacteria (Lamers, 1985; Pyle & Dawe, 1985). However, high doses which are
optimal for primary responses, might be suboptimal for induction of immunological
memory, which seems to be induced better at lower doses (Rijkers et al., 1980b); best
memory formation was achieved with equal priming and booster doses (Lamers,
1985).

Moreover, not all antigens are effective immunogens in fish. The form of the
antigen can have an effect on the outcome of immunisation. Pyle & Dawe (1985)
compared immune responses in channel catfish against a soluble antigen derived from
Tetrahymena pyriformis, with a particulate bacterial antigen (formalin killed bacterin,
Brucella). Higher immune responses were induced with the particulate antigen,
independent of the route of administration. Rombout et al. (1989¢) describes different
primary and secondary serum immune responses against particulate (V. anguillarum)
and soluble antigen (ferritin}. Higher serum antibody levels were found for ferritin.
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However, secondary responses were observed with bacteria, and not with soluble
antigen. It is discussed that immunosuppression may be due to the dose of ferritin or
to differences between particulate and soluble antigen. Mughal et al. {1986) found that
in young carp (4 weeks old) immunosuppression was induced after injection of
soluble as well as particulate HGG (human gamma globulin). However, an immune
response was detected after immunisation with Aeramonas salmonicida.

The use of adjuvantsfimmunostimulants can also influence the outcome of
vaccination. Immunostimulants can elevate the non-specific defense mechanisms or
the specific immune responses. They can, for example, act as reservoirs and depots for
the antigen or induce inflammation at the site of antigen entry. However, although
most mechanisms remain speculative, immunostimulants may allow a lower dose of
vaccine (Anderson, 1992),

Some antibacterial drugs have been shown to modulate the immunological
defence mechanisms (Anderson et al.,, 1984; Grondel et al, 1985; Siwicki et al.,
1994; Van der Heijden, 1995; 1996), resulting in immunostimulation or
immunosuppression.

Furthermore, the state of immune maturation of the fish at the time of
vaccination may be important. It is difficult to define when maturation of the fish
immune system has been achieved, The earliest age that fish can be vaccinated seems
to depend on the fish species and the vaccine used, When very young fish are
exposed to antigen, immune tolerance can be induced (van Muiswinkel, 1985;
Mughal et al., 1986; Ellis, 1988). The development of protective immunity has been
correlated with the existence of a critical number of lymphocytes. Although
lymphocytes are present early in development their functional maturation takes more
time before they are capable of executing an immune response. The ability to produce
antibodies to thymus-independent antigens develops earlier than to thymus-dependent
antigens (Mughal et al., 1986). It seems that B cells and cytotoxic T cells are
functionally mature at an earlier age than T helper and memory cells (Ellis, 1988}).

In addition, stressors appears to suppress immune functions. it is often reported
that a disease outbreak occurs after stressful events, such as transport, vaccination,
handling or crowding (Barton & lwama, 1990). The increased secretion of cortisol
caused by stressful events is thought to inhibit the immune response in fish
(Wendelaar Bonga, 1997). The mechanism of action for stress-induced reduction in
disease resistance in fish appears to be a suppressive effect on both numbers and
function of leucocytes (Barton & twama, 1990; Ottaviani & Franceschi, 1996).

10
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2.3 Vaccination methods in fish
In principle, three different methods for vaccination of fish are used in
aquaculture: injection, immersion and oral delivery.

2.3.1 Injection vaccination

Injection has proven the most effective method for vaccination of fish. Often,
good protection is developed after injection of a vaccine. Furthermore, it allows the
use of adjuvants which can enhance the development of protective immunity.
However, for injection fish have to be handled and anaesthetized. Injection of fish is
therefore very labour intensive and it can be stressful to fish (Espelid et al., 1996),
which may result in decreased resistance and in lesions decreasing the economic
value of the fish, especially when an adjuvant is used. However, since the
introduction of injecting machines injection vaccination has become less labour
intensive and less dangerous for the injector (Newman, 1993} and therefore better
applicable for mass vaccination. In addition, fish need to have a certain size for
injection {>15g), while the stock needs to be protected as voung as possible (Ellis,
1995},

2.3.2 Immersion vaccination

Immersion is an effective and more practical method for vaccination. Handling is
minimized and this method can be applied to fish at a smalter size than injection.
Immersion vaccination includes dip vaccination and bath vaccination. In dip
vaccination the fish are caught in a net and dipped in a diluted vaccine in large
quantities (450 g fish.I" of diluted vaccine). The handling procedure, crowding and
netting, required by dip vaccination are potentially stressful and may cause scale loss
and a temporary decrease of fitness. Netting or handling are limited with bathing
methods in which vaccine is added directly to the holding tank (bath vaccination).
However, much more vaccine is needed for this method {Horne & Ellis, 1988). The
amount of antigen taken up is linearly correlated to the immersion time (Ototake et
al.,, 1996). The route of entry in fish is still obscure. Possibilities are skin, gills (Smith,
1982; Zapata et al., 1987; Al-Harbi & Austin, 1992), lateral line (Amend & Fender,
1976) and intestine {Robohm & Koch, 1995). Uptake of BSA {(bovine serum albumin)
was reported predominantly in the skin and gills after immersion. Phagocytes and
epithelial cells are involved in this process, mainly in the skin (Ototake, 1996). It was
also reported that particulate antigens are better taken up than soluble antigens {Smith,
1982). Antibodies are not always detectable in the serum after immersion vaccination
and a detectable antibody level is not always correlated with protection (Thuvander et
al., 1987; Lobb, 1987; Magarifos et al., 1994). However, antibodies are often

11
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detected in skin mucus and bile. Possibly the cell-mediated and the mucosal {local}
immune systemn play an important role in protection after immersion vaccination.

2.3.3 Oral vaccination

Potentially the best method to vaccinate fish is oral vaccination. The animals
need not to be handled, the treatment does not require extra labour, large masses of
fish can be vaccinated simultaneously, and the vaccine can easily be applied to young
fish. However, until now oral vaccination was less effective than immersion or
injection vaccination. Usually multiple doses of vaccine and more vaccine is needed,
probably because the antigen is introduced in the digestive environment of the
alimentary canal. It has been shown in fish that anal administration of a vaccine
resulted in better responses or protection than oral administration (Johnson & Amend,
1983; Rombout et al., 1986). These data indicate that antigen given orally, can be
degraded during transport through the anterior part of the digestive tract and hence is
not able to reach the immune system in sufficient quantities. In carp, the posterior part
of the gut showed a higher capacity for uptake of macromolecules (Rombout et al.,
1986). Antigens taken up in this part are transported to intestinal macrophages and
probably activate the immune system (see § 3.1). Thus protection of the antigen
against degradation might increase the efficacy of a vaccine. Another important aspect
of oral vaccination is the induction of a mucosal immune response. Indications for a
mucosal immune system in fish will therefore be summarized.

3 Mucosal immunity in fish

Especially for fish living in a pathogen-rich aquatic environment, the existence of
a mucosal immune system may be very important. In contrast to higher vertebrates
their skin forms an extra mucosal barrier. The mucosal surfaces of gut, skin and gills
are protected by both humoral and cellular mechanisms. Non-specific protective
agents, e.g. lysozyme and complement are found in mucus.

3.1 Gut associated lymphoid tissue (GALT)

Although fish lack clear lymphoid accumulations in their mucosae, many
lymphoid cells and macrophages can be found in their intestine (Davina et al., 1980;
Temkin & McMillan, 1986; Rombout et al., 1993a; Doggett & Harris, 1991) and skin
{St. Louis-Cormier et al., 1984; Lobb, 1987). Up to this moment, most attention has
been paid to the intestine of carp. Therefore, data from this species will be described
and when necessary important differences observed in other species will be
mentioned. In carp, many IgM* cells {B cells and plasma cells) can be found in the

12
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lamina propria throughout the intestine, while most IgM cells and large lg-binding
macrophages were observed in the intestinal epithelium (Rombout et al., 1993a). This
situation is comparable with higher vertebrates, although Peyer's patches(PP)-like
structures are absent, which is not surprising because fish lack lymph nodes or
getminal centre-like structures (Van Muiswinkel et al., 1991). Fish seem to have a
more diffuse intestinal immune system. To our knowledge, all fish have a so called
second segment in their hindgut (20-25 % of the gut length), which contains epithelial
cells with a much higher endocytotic capacity and with more and larger intracellular
vacuoles compared to the first gut segment (50-75% of the gut length, depending on
the species; Rombout et al.,, 1985). The second gut segment appears to be more
adapted for absorption of digested molecules. Enterocytes in this segment can
transport antigens from the lumen to the lymphoid cells and macrophages in the
mucosal tissue (carp: Rombout et al., 19835, 1989a; trout: Georgopoulou et al., 1986a;
tilapia: Doggett & Harris, 1991). Specialized cells for uptake of particulate antigens, M
cells, as described in mammals, cannot be found in fish. In carp, much more and
larger intraepithelial macrophages are present in this part of the gut compared to the
first segment (Rombout et al., 1989b). After oral or anal administration of antigens
intestinal epithelial cells appear to take up macromolecules by endocytosis and
transport them to these large macrophages (Georgopoulou et al.,, 1986b; Rombout et
al., 1989b), which at least in carp appeared to have an Ig-binding capacity (Koumans-
van Diepen et al, 1994) and an antigen presenting function (Rombout et af., 1986;
198%9a). The combination of an antigen transporting epithelium and the presence of
antigen processing macrophages, next to abundant Ig* (B) and Ig (1) ceils make the
second segment an important candidate for the induction of a mucosal immune
response. Although not much is known about antigen processing in gills and skin,
indications are available for antigen uptake by these epithelia and for the presence of
leucacytes at these locations (Lobb, 1987; Rombout et al., 1293a; Iger et al., 1994).

3.2 Mucosal immune responses

An important criterion for the existence of a mucosal immune system is the
secretion of antigen-specific antibodies at mucasal surfaces. Antigen-specific antibodies
could be detected in skin mucus, bile or intestine after oral administration of a variety
of antigens to several fish species (plaice: Fletcher & White, 1973; ayu: Kawai et al,,
1981; carp: Rombout et al., 1986, 1989¢), while small amounts of antigen-specific
antibodies were found in serum. Similar results were obtained after bath vaccination
(channel catfish; Lobb et al., 1987) suggesting that mucosal responses can also be
induced through skin and/or gills. On the other hand, intraperitoneal or intramuscular
immunisations only revealed high titres of antibodies in serum and not at the mucosal

13
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surfaces. However, these results are difficult to explain when fish only have one Igi-
like molecule, which is stated by most fish immunologists. However, mAb could be
produced against skin mucus IgM, which reacted with mucus IgM and not with serum
IgM {Rombaut et al., 1993b). These mAb reacted specifically with a subpopulation of
B cells and with skin epithelium and hile capillaries, the sites were mucosal IgM can
be expected. Indications for another type of mucus IgM (including a secretory
component) are also available for sheepshead (Lobb et al., 1981). These data clearly
suggest that fish have an IgA-homologue, although, at least in carp, it has to bhe
considered as an IgM subtype. For a complete prove, more attention has to be payed
to the molecular differences between both 1gM molecules and to mechanisms behind
the homing of mucus IgM producing B cells and plasma cells.

3.3 QOral tolerance

Another important aspect of a mucosal immune system is the induction of
tolerance. The phenomenaon by which oral administration of protein antigens results in
specific immunosuppression to the same antigen administered parenterally is termed
oral tolerance (MacDonald, 1994), Indications are available that a similar
phenomenon as found in mammals can be observed in fish. In carp (Rombout et al.,
1989c¢} and trout (Davidson et al., 1994) induction of oral tolerance has been
described when fish were fed repeatedly with protein antigens (in trout only after
simultaneous i.p. injection of the antigen). For mammals it has been suggested that T
cells migrating from the gut to other lymphoid organs may suppress the systemic
immune responses by producing inhibitory cytokines (Friedman et al,, 1994). Another
possibility is that peptides, taken up in the gut by enterocytes, enter the systemic
circulation and alter T cell responses locally or dendritic cells migrate from the gut to
present the tolerogenic peptide to T cells in other tissues (McDonald, 1994). Whether
an antigen induces a tolerogenic signal seems to depend on the dose, the type and
structure of the antigen and the route of entry (Mowat, 1994; Friedman et al., 1994;
Weiner et al, 1994). Inhibitory cytokines are thought to bhe produced by CD8"
lymphocytes, which are activated by CD4" T lymphocytes (Friedman et al., 1994;
Weiner et al.,, 1994). Intraepithelial T cells possess a number of membrane molecules
that are distinct from T cells present in other lymphoid tissues. This may result from
organ specific homing, resulting in functionally distinct T lymphocyte populations in
the organs (Friedman et al., 1994).

The antigen transporting capacity of the hindgut of fish, the abundant but diffuse
presence of immunacompetent cells in this part of the gut, the detection of specific
antibodies in skin mucus, bile or intestine only after intestinal or bath immunisation,
the presence of a distinct mucosal 1gM subtype strangly indicate that fish indeed have
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a mucosal immune system. Moreover, fish also seem to be tolerised by repeated
feeding of protein antigens, which can be considered as another aspect of the mucosal
immune system.

4 Strategies in oral vaccine development

4.1 Delivery methods

Moate effective oral vaccination may be achieved when antigens can be protected
against degradation in the stormach and anterior intestine. Various vaccine (and drug)
delivery forms to protect the vaccine from degradation in the anlerior intestine have
been studied in mammals. It has been shown thal entrapment of the antigen in
particulate carriers, such as biodegradable microspheres (Eldridge et al, 1991;
O’Hagan et al., 1993; Morris et al., 1994), liposomes (Michalek et al, 1994;
Chandrasekhar et af., 1994) and I1SCOMs (Immune Stimulatory Complexes; Mowat et
al., 1991) can prevent antigen degradation and enhance delivery to the M cells and
antigen presenting cells. Increased antibody production at mucosal surfaces (IgA)
and/or in the serum (igA and I1gG) were reported (O'Hagan et al., 1993; Michalek et
al., 1994). Besides a more effective delivery, these effects can also be due to adjuvant
properties of the particles or the result of sustained release by storage of microparticles
in the PP and lymph nodes (Eldridge et al., 1991; Morris et al., 1994; Michalek et af.,
1994).

Some studies have been dedicated to oral application of protected vaccines in
fish {Ellis, 1995). Lillehaug (1989) tried two different methods for protection of the
antigens: lyophilized V. anguillarum vaccine was incorporated in slow-release pellets
(matrix of saturated long chain fatty acids) or was coated with an acid-resistant film.
However, feeding of unprotected vaccine to rainbow trout resulted in better protection
after challenge than feeding with protected vaccine. Possibly the antigen was
protected in a way that it could not be absorbed by the intestine. Wong et al. (1992)
tested dextrose beads coated with V. anguillarum and Eudragit L-30D (acid-resistant
coating). These enteric coated antigen microspheres (ECAMs) were fed to coho salmon
for 30 days. Better protection and higher antibody titres were found in serum and
mucus compared to controls. ECAMs coated with TNP-LPS also induced increased
antibody titres after feeding compared to feeding with only ECAMSs, in contrast to
feeding of ECAMs coated with TNP-KLH (Piganelli et al., 1994). Poly(D,L-lactide-co-
glycolide) microparticles containing HGG were orally intubated and localization of
HGG in the body tissues and serum were studied in Atlantic salmon. Oral delivery of
HGG in microparticles resufted in HGG being detectable in serum from 15 min to
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two days with two peaks after six days and 5 weeks, while free HGG was detectable
from 13 min to three days. In the posterior intestinal epithelium HGG was detected
for up to 3 days and in the kidney for up to 5 weeks after administration of HGG in
microparticles, which was considerably longer (2 days and 7 weeks respectively) than
after administration of free HGG {O'Donnell et al., 1996). Furthermore, the refease of
BSA and V. anguilfarum from chitosan-alginate capsules was tested in vitro and
possible applications in vaccine delivery for aguaculture were discussed, although in
vivo studies were not done (Polk et al, 1994). LPS incorporated in liposomes was
orally intubated in rainbow trout and uptake and distribution in several organs were
studied. The oral route resulted in the lowest antigen uptake in all organs compared to
injection of liposomes (Nakhla et al., 1994). Unfortunately, uptake in the intestine was
not studied. For vaccination of juvenile ayu Kawai et al. (1989) tested encapsulation
of V. anguillarum in plankton (rotifer and water flea). Challenge with V. anguillarum
after feeding with this enriched plankton for 22 days resulted in survival of 92.4 %
versus 64.2 % in the control group (Kawai et al.,, 1989). A combination of liposomes
and delivery by live food (Artemia nauplii) was developed, which increased the
concentration of liposomes in the Artemia nauplii and thus would increase antigen
delivery to young fish. The preparation was, however, not tested in vive (Hontoria et
al., 1994).

4.2 Oral adjuvants

Adjuvants are usually mixed and injected with antigen to enhance the immune
response to vaccination. The mechanisms by which they act are not weill understood.
The possible effects of a given adjuvant are complex, may overlap, and are likely to
be multiple {Anderson, 1992). Some of them have been demonstrated, in mammals, to
enhance antigen uptake from the intestinal tract, which might result in more effective
oral immunisation. Several adjuvants were tested in tilapia (Jenkins et al., 1991; 1992;
1994a; 1994b). HGG was administered by intraperitoneal injection, anal and oral
intubation with or without Quil-A in several formulations. The delivery of HGG with
Quil-A raised the levels of antigen absorbed across the intestine of Oreachromis
mossambicus after oral and anal delivery (Jenkins et al,, 1991) and also the levels of
HGG absorbed into the plasma were increased (Jenkins et al., 1992). The antibody
levels in the plasma, bile and cutaneous mucus were increased after both oral and
anal administration of HGG with Quil-A, compared to administration of HGG alone
(lenkins et al.,, 1994a). In further experiments, HGG was mixed with cholera toxin B
subunit (CTB), aluminium hydroxide, or ammonium chloride (Jenkins et al., 1994b}. In
the same experimental design as described above, CTB increased the levels of HGG
transcytosed into the plasma over levels observed after HGG delivery alone or with
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either A{OH), or NH,Cl. The enteric immunisation with HGG plus CTB or A{OH),
resulted in increased antibody titres, compared to HGG alone or with NH,CI.
Antibody titres after intraperitoneal immunisation were not increased with each of the
three adjuvants compared to HGG alone (Jenkins et al., 1994b),

4.3 Alginate microparticles

Alginate microparticles can be used for the protection of an oral vaccine. Sodium
alginates are polysaccharides extracted from brown seaweeds, which consist of chains
of B-D-mannuronic (M) and o-L-guluronic (G) acids. The two monomers are  linked
together to form a copolymer with G, M and GM blocks. The sodium alginate
molecules form a gel in contact with Ca®*, forming a Ca’* alginate matrix, in a madel
of an egg box (Figure 1). The M/G ratio is important for the stability of the matrix,
since the dimerisation is a linkage of calcium with the G acid segments. More M
makes the alginate network more saluble.

Air Sodium alginate

Atomization device

Cﬂ k23
Aggreguation
of dimers
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Figure 2. Schematic diagram of the
atomization technique for production of
alginate microparticles. Sodium alginates
are sprayed, under air inflow, to form
droplets, which are stabilized in a CaCl,
solution to form microparticles.

Figure 1. Mechanism of alginate
gelification. The sodium alginate molecules
form a gel in contact with Ca**, making a
Ca?* alginate matrix, in a model of an egg
box.

17



Ceneral Introduction

Production of alginate microparticles is a quick and easy method, without causing
denaturation of the antigen, which can be easily entrapped in the matrix during production of
microparticies. With the atomization technique sodium alginates are sprayed with air inflow,
to form droplets, that are stabilized in a calciumchloride (CaCl,) solution to form
microparticles (Figure 2). These microparticles are spherical (without aggregates) and have a
diameter dependent on air pressure, flow rate, concentration of CaCl, and concentration of
alginate. Characteristics of the particles are dependent on formation, M/G ratio and
concentration of alginate. With an air pressure of 2.5 bar and flow rate of 2.3 ml/minute,
microparticles can be produced with an average diameter of 4-5 ym, with a range from 0 to
20 pum. The concentration of alginate and CaCl, is important for the amount of antigen in the
microparticles and the release.

The alginate microparticles are protective in an acid environment, but erode and
swell in an alkaline environment, resulting in release of its content. The pH dependent
release, non-toxicity and biodegradability would make alginates good polymers for
protection of antigen in the anterior digestive tract and delivery in the hindgut of fish.
Important factors for vaccine delivery are swelling capacity, release capacity, pH
dependency and production procedure.

5 Aim and outline of this thesis

Oral application of vaccines is an attractive way of inducing protection against
diseases. Especially cral mass vaccination of fish would be of economic importance.
However, degradation of the antigen in the digestive tract seems to be the main
reason for a lower efficacy of oral vaccination. Protection of the antigen against
degradation is important to deliver the antigen in the hindgut, where it can be taken
up by intestinal cells and reach the immune system undegraded. Since fish live in an
aquatic pathogen-rich environment, it may be important to vaccinate them as early as
possible. Moreover, less vaccine would be needed at a smaller body weight. The aim
of this thesis was to study the induction of immunological reactions after oral
vaccination and the possibilities to enhance the efficacy of an oral vaccine by
protection of the antigen during transit in the digestive tract.

In chapter 2 a bioencapsulation method (i.e. encapsulation in Artemia nauplii)
for protection of a V. anguillarum bacterin is studied in juvenile carp and seabream.
Immune responses at different ages are studied to investigate the earliest age to
effectively vaccinate fish against a bacterial disease. In order to develop a vaccine for
oral vaccination it has to be clarified which fraction of a vaccine is most effective for
induction of immunological memory.

In chapter 3 experiments are described to investigate the most antigenic part of a
commercially available bacterin. This most effective fraction would be the best
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candidate to be used for oral vaccination, encapsulated in a microsphere to protect
the antigen from degradation.

In chapter 4 immune responses after oral vaccination with a V. anguillarum
antigen encapsulated in alginate microspheres were studied in carp and trout. Memory
formation was investigated by measurement of secondary serum antibody responses
and mucosal immune responses by measurement of mucosal plasma cells.

Oral application of proteins in mammals is known to induce oral tolerance
instead of immunity. This causes problems in development of an effective oral vaccine
against viral diseases, where the antigenic determinant is often a protein. In chapter 5
experiments are described to investigate the possibility of oral lolerance induction in
fish.

In chapter 6 a distinct mucosal Ig lymphocyte population in carp is described
using a monoclonal antibody, reactive with Ig lymphocytes {T ceils} in intestinal
epithelium and gills. Their role in the mucosal immune system is discussed.

In the final chapter, chapter 7, the observations described in this thesis and their
possible implications for the design of vaccines are discussed.
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Oral vaccination of juvenile fish

Abstract

In this study Artemia nauplii were used as an antigen delivery system for oral
vaccination of young fish with a Vibrio anguillarum bacterin. Juvenile carp of 15-, 29-
and 58- days old (stomachless fish) and gilthead seabream of 57- and 69- days old
{stomach-containing fish) were fed with this bioencapsulated bacterin. Antigen
transport in the hindgut was studied using immunohistochemical techniques. In carp
of 29 and 58 days old antigenic determinants of V. anguillarum were transported from
lumen to supranuclear vacuoles in carp and finally to intraepithelial macrophages. In
carp of 15 days old a similar transport was observed, only macrophages could not be
found. In gilthead seabream a different (more diffuse) transport was observed and no
macrophages were found. Ten weeks after oral vaccination fish of both species
received an intramuscular booster. Three weeks later, serum was collected and
measured for specific antibodies by ELISA. Carp orally vaccinated at 15- or 29-days
old showed a significantly lower response after the booster, compared with non-
vaccinated controls. However, carp orally vaccinated at 58 days old tended to have a
higher antibody response compared with the control. Seabream orally vaccinated at
57 or 69 days showed significantly higher secondary responses compared with the
control. It is concluded that oral vaccination with bioencapsulated vaccines is very
promising when applied at the right age. Application at too young an age seems to
induce immunosuppression, instead of immunisation.

Introduction

Control of fish diseases is of great concern in aquacuhure, because of the large
populations of fish and the high risk of disease transmission in an aqueous
environment (Dunn et al., 1990). Prevention of diseases can be established through
vaccination. Potentially the most useful method for fish will be oral vaccination, as it
is non-stressful, requires no extra labour and can be applied on a large scale, even to
young fish, However, till now oral immunisation of fish has not been very successful
(Ellis, 1988). Compared with injection or immersion methods lower protection and/or
lower antibody levels in serum were observed {Amend & Johnson, 1981; Johnson &
Amend, 1983; Rombout et al, 1986; Dec er al., 1990} and larger quantities of
bacterin are required to be effective {Ward, 1982; Ellis, 1988). On the other hand,
Johnson & Amend (1983) showed that anal vaccination against vibriosis and
yersiniosis resulted in good protection, while oral vaccination only gave a limited
protection. It was suggested that most of the antigen was degraded before it reached
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the hindgut, which was recently proved to be the most important antigen-transporting
area in the digestive tract of fish (Rombout et al., 1989 a,b,c; 1993). Consequently for
more effective oral vaccination, it might be necessary to protect antigens against acid
(in a stomach-containing fish) and proteolytic degradation in the foregut in such a way
that it reaches the hindgut in sufficient quantities to provoke a protective immune
response. In carp, antigens appear to be taken up by pinocytosis and are finally
transported to intraepithelial macrophages {Rombout et al, 1985, 1986, 1989a). This
feature together with the occurrence of many mucosal lymphoid cells (Rombout et al.,
1989%b, 1993) may explain the induction of a mucosal immune response after
intestinal immunisation (Rombout et al.,, 1986, 1989). In addition, orally or anally
administered antigens can also induce a systemic immune response (Rombout et al.,
1986, 19289c). Consequently, when antigens can be delivered to the hindgut in
sufficient guantities, both systemic and mucosal immune responses can be achieved
by oral immunisation.

In this paper we report an oral administration procedure of a Vibrio anguillarum
bacterin using brine shrimp {Artemia) nauplii as a biological antigen carrier. Brine
shrimps are generally used as food for juvenile fish and are able to incorporate
particulate antigens by filterfeeding (Campbell et af., 1993). This method of
biocencapsulation would give possibilities for oral vaccination of juvenile fish, at an
age when the immune system of young fish is well developed. In this study, the
effectiveness of this delivery method was investigated. The uptake of antigen and the
formation of systemic immunological memory in juvenile carp (stomachless fish) and
gilthead seabream (stomach-containing fish) after orat vaccination were studied.

Materials and methods.

Animals

Carp, Cyprinus carpio L., and gilthead seabream, Sparus aurata L., were used.
Carp were reared in our laboratory in Wageningen and kept at 23 + 1°C in
recirculating, filtered and UV treated water. Gilthead seabream were obtained from
Sepia International {Gravelines, France), kept at 21 + 1°C in recirculating, filtered and
UV treated artificial seawater (36 ppt). At the start of the experiment carp were 15-,
29- and 38- days old and seabream were 57- and 69 days old. Until vaccination fish
were fed ad lib. with brine shrimp (Artemia franciscana nauplii, Sanders Brine Shrimp
Company, Ogden UT-USA). After vaccination, feeding with pelleted dry food
commenced (Trouvit 00; Trouw and Co, Putten, The Netherlands for carp and Trofic
M-8; Trofic SA, Spain for gilthead seabream) amounting to 5 % of their body weight
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