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ABSTRACT

Microaerophilous stationary phase cultures of Babesia divergens 

were scaled up to amounts necessary for the production of immunogens.

Several immunisation trials were conducted in the laboratory host 

of 13. divergens, Meriones unguiculatus, the Mongolian gerbil. The 

following immunogens suspended in Freund's complete adjuvant, were 

inoculated subcutaneously into gerbils: culture supernatant, a parasite 

enriched erythrocyte lysis preparation, raerozoites and small numbers of 

parasites from cultures kept at A°C for 7 days.

Animals in groups inoculated with culture supernatant were only 

partially protected whereas all animals in the remaining groups survived 

homologous challenge. All animals in a control group died four days 

after challenge infection.

13. divergens parasites were partially attenuated after 18 months 

in continuous culture, when compared with the same strain which had been 

passaged through gerbils at 2-monthly intervals. The attenuated para

sites, when tested for their immunogenicity in gerbils, protected the 

animals against virulent homologous challenge.

Monoclonal antibodies were raised against j3. divergens merozoite 

antigens, using mice immunised with merozoites or with a preparation of 

protein coat antigens eluted from merozoites. Several of these anti

bodies inhibited merozoite entry into erythrocytes in culture. A mono

clonal antibody, which inhibited invasion by more than 80%, was exten

sively tested for specificity by enzyme-linked immunosorbent assays, by 

indirect immunofluorescence and by immunoblotting. This antibody, 7.8, 

which belongs to the IgGl subclass, was purified and used to obtain a 

merozoite antigen by affinity chromatography.
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SDS-PAGE analysis of the merozoite antigen revealed 2 protein 

bands; one was thought to be closely bound either to host or to parasite 

protein to give a combined molecular weight (M^) of 50 - 60 K and the 

other was thought to be the native antigen of Mr of 24 - 29 K. Peptide 

analysis, by treatment with V8 protease, revealed a peptide at 24 K. 

Immunoblotting of this peptide showed strong binding by the monoclonal 

antibody 7.8.

When the affinity purified merozoite antigen was used in immun

isation trials in gerbils it conferred partial protection against 

virulent homologous challenge. Sera from surviving gerbils, when tested 

by immunoblotting of SDS-PAGE protein profiles of merozoites, bound 

strongly to the 24 - 29 K protein.

Methods for improving the imraunogenicity of this antigen and 

possibilities for its use as a vaccine in cattle are discussed.
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GENERAL INTRODUCTION

Methods for vitro cultivation of Babesia spp., in particular 

the microaerophilous stationary phase (MASP) system devised for Babesia 

bovis by Levy and Ristic (1980), have facilitated the collection and 

preparation of antigens for use as immunogens. Before the development of 

the MASP system, several immunogens had been produced from live Babesia 

parasites and from products of killed parasites. The most widely used 

vaccines, at present, are those consisting of live parasites, attenuated 

by passage through splenectomised calves. These have been used in 

Australia for several years to protect cattle against infection with _B. 

bovis and 13. bigemina (Callow, 1977).

Studies of the attenuation process in B̂. bovis (Ristic, 1984) in 

infected animals and in iji vitro cultures showed an increase in the 

levels of parasitaemia without a corresponding increase in morbidity 

with each passage. It was found that the attenuation of parasites was 

reversible when avirulent organisms were passaged in intact animals 

(Callow, Mellors and McGregor, 1979).

Protection against _B. bovis can also be achieved by inoculation 

of irradiated parasites (Mahoney et al., 1973). However, the irradiation 

dose is important: strong protection was conferred when low doses of 

irradiation which inactivated the majority but not all of the parasites 

were used, but there was only partial protection when the inoculum was 

treated with high doses of irradiation. Similar results have been 

achieved with B. major and with B. divergens (Purnell et al., 1978,

Taylor et al., 1980).
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With the attenuated and irradiated organisms mild parasitaemia 

ensues, the animals become premune and are resistant to challenge. A 

disadvantage of the premunisation is that carrier animals may serve as 

sources of infection to non-vaccinated animals. Sterile immunity in 

cattle lasting for at least 6 months has been induced by inoculation of 

J3. bigemina or 15. bovis followed by chemosterilisation (Callow j2 it al. , 

1974). Even with this system there remains the disadvantage that some 

vaccinated animals might develop severe infections. This disadvantage 

would be overcome if effective non-living vaccines were available. 

Mahoney and Wright (1976) found that a crude antigen consisting of dis

rupted infected erythrocytes conferred a high level of protection 

against challenge with a heterologous strain of _B. bovis. Also, a 

soluble antigen extracted from B_. bovis infected erythrocytes protected 

cattle against homologous challenge (Mahoney e_t a_l., 1981) and some 

protection against _B. divergens was given by fractions of parasitised 

erythrocytes (particularly the acidic fraction) separated by isoelectric 

focusing (Taylor j2 t a_l. , 1984).

Studies of the antigens of merozoites harvested from MASP cul

tures of 15. bovis have indicated that the major determinants associated 

with protective immunity may be those of the surface coat (Montenegro- 

James al. , 1981; Ristic, Smith and Kakoma, 1981; James, Levy and 

Ristic, 1981). The protein coat is sloughed off during the process of 

entry of merozoites into erythrocytes and accumulates in the culture 

supernatant as a soluble exoantigen (James et al., 1981).

The immunogenic properties of some culture derived antigens have 

been studied in recent years. Smith and Ristic (1981) used non viable

merozoites, obtained from cultures of B. bovis and induced resistance in
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cattle to tick borne challenge 4 months after vaccination. Merozoite 

protein coat antigens obtained from the supernatant of MASP cultures 

have been used in vaccination trials in cattle with some success against 

homologous challenge (Smith et_ a_l., 1981; Kuttler e_t al. , 1981; Timms et 

al., 1983), and heterologous challenge (Montenegro-James et al., 1985).

The susceptibility of the Mongolian gerbil, Meriones unguiculatus 

to the cattle parasite _B. divergens was discovered during investigation 

of a case of human babesiosis (Entrican eĵ  , 1979 ; Lewis and 

Williams, 1979; Liddell jrt a_l. , 1980). In this study antigens from MASP 

cultures of _B. divergens as well as infected bovine erythrocytes from a 

strain which has become attenuated after 18 months in culture, have been 

used in immunisation trials in gerbils, which serve as convenient 

laboratory models for _B. divergens infections in cattle.

The advent of monoclonal antibody technology (Kohler and 

Milstein, 1975) has provided the means of isolating and characterising 

Babesia antigens. Wright e£ a_l., (1983, 1985) have used a monoclonal 

antibody-derived B.bovis antigen of M 29 K in immunisation trails in 

cattle and have obtained complete protection against clinical disease, 

when cattle were challenged with a virulent homologous strain.

In the present study the isolation of merozoite proteins using 

monoclonal antibodies is described, in particular, a monoclonal anti

body-derived _B. divergens merozoite protein which appears to play a role 

in the entry of merozoites into erythrocytes (Winger _et_ al. , 1987). The 

results of immunisation trials in gerbils using this protein as an 

immunogen is reported, as is the further characterisation of the

protein.
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1. REVIEW OF THE LITERATURE 

1.1 BOVINE BABESIOSIS

Babesiosis is a disease caused by protozoal parasites of the 

genus Babesia. The disease is characterised by anaemia, pyrexia, haemo- 

globinurea, and by the presence of parasites in the host’s erythrocytes. 

The acute stage of infection lasts for a few days and animals that 

recover from this stage often become carriers. The period of rapid 

growth and amplification of the parasite is termed babesiosis while the 

latent infections seen in animals that have recovered from the disease 

are known as babesiasis (Smith et al., 1979). Characterisitic signs of 

the disease on post mortem examination are splenomegaly, hepatomegaly, 

nephrosis and nephritis. Cerebral forms of the disease occur, due to 

blockage of brain capillaries by parasitised erythrocytes, cell debris 

and extracellular parasites, and are invariably fatal.

Bovine babesiosis has an enormous impact on livestock industries 

of developing countries. The most economically serious losses of rumi

nants in South Eastern Africa are caused by Babesia bigemina (Arnold 

and Asselbergs, 1981). Similar situations appear to exist in Europe, 

other regions of Africa, Asia, South America and Australia where 

babesiosis is endemic. The United States, Canada, New Zealand, South 

Australia and possibly areas of Northern Asia are the only cattle 

producing regions free of babesiosis.

Bovine babesiosis was first described at the turn of the century 

by Babes (1869, 1888) and secured a place in the history of protozoology 

following the classical work of Smith and Kilbourne (1893) who demon

strated that Texas fever was caused by Babesia bigemina a blood parasite
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transmitted by ticks. These authors were the first to show that an 

arthropod could act as the vector of a protozoon. In 1911 M'Fadyean and 

Stockman described the occurrence of what appeared to be a new species of 

piroplasm (so named because of the pear-shaped intra-erythrocytic 

stages) in the blood of British cattle. They named this organism Piro- 

plasma divergens because of the divergent position which the parasites 

assumed at the edge of erythrocytes.

There are several species of Babesia which affect cattle. _B. 

bovis, which occurs in Africa, Asia, Australia, southern Europe and 

South Amercia, is a small piroplasm measuring approximately 2. A x 1.5 jnm 

wide (Riek , 1966). jj. bigemina is a large piroplasm, measuring approx

imately A - 5 x 2.3 pm and this species is found throughout tropical and 

subtropical areas including Australia, Africa, South America and parts 

of Europe (Koch, 1906). J3. divergens, which occurs in western and 

central Europe, is a small pyriform or club-shaped piroplasm measuring 

approximately 1.5 x 0.A pm (Joyner, Davies and Kendall, 1962). _B. major 

occurs in western and southern Europe and in North West Africa. The 

pyriform bodies are 2.6 x 1.5 pm and lie in the centre of the erythro

cyte (Morzaria, Bland and Brocklesby, 1976).

1.1.1 Life cycle and morphology

15. bigemina and 15. bovis are both transmitted by Boophilus spp. 

of ticks (Rosenbusch, 1927; Riek, 1966). E>. divergens is transmitted by 

Ixodes ricinus (Joyner, Davies and Kendall, 1963) and 15. major by 

Haemaphysalis punctata (Morzaria, Bland and Brocklesby, 1976). Most 

species of Babesia are transmitted transovarially from infected female 

ticks to their progeny. A tick feeding on an infected animal will
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acquire a primary alimentary infection. In Babesia spp that are trans

mitted transovarially, only adult female ticks can acquire this 

infection. The parasites then undergo a complicated cycle of develop

ment within the ticks to develop into infectious sporozoites in the 

salivary glands of tick progeny. Sometimes transmission is effected by 

all stages, larvae, nymphs and adults and even by males of the 

generation, eg. 15. divergens and J5. major. With 15. bigemina the larvae 

are not infective and transmission is by nymphs and adults. With _B. 

bovis the larvae only are infective. (Friedhoff and Smith, 1981).

Early events in the development of Babesia in the gut lumen are 

not yet clearly understood. Most parasites die within the gut but some 

leave the erythrocytes and differentiate from ovoid or spherical stages 

into ray bodies. These ray bodies are thought to be the gametes and 2 

to 4 days after the tick has engorged, these fuse to form a spherical 

zygote (Rudzinska, 1983; Mehlhorn and Schein, 1984). The zygote then 

undergoes transformation to form a uninucleate, elongated motile kinete 

of 7 - 8 pm. The ookinete invades the gut epithelium to initiate 

asexual division. The resulting kinetes are released from the gut and 

enter the haemolymph, where they invade haemocytes, Malpighian tubule 

cells, muscle fibres, ovarian cells and oocytes. There, they undergo 

further asexual division. Division cycles in the replete female tick 

continue asynchronously during preoviposition and oviposition until 

death.

The parasites appear to remain dormant after infection of the 

oocytes while the larval tissue is developing. In the progeny of the 

tick mature kinetes invade the salivary glands to undergo a final period 

of asexual division to produce infective sporozoites (Dalgleish and
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Stewart, 1978). Transmission occurs via the saliva to the vertebrate 

host.

Sporozoites enter the erythrocytes of the mammalian host directly 

following transmission. The mechanism of sporozoite entry is not known 

but invasion of erythrocytes by merozoites has been well studied 

(Melhorn and Schein, 1984; Rudzinska, 1981). Penetration involves con

tact between the merozoite and erythrocyte followed by orientation of 

the merozoite apical pole to the erythrocytic surface. The contents of 

the rhoptries may be discharged to bring about invagination of the ery

throcyte membrane and entry of the merozoite into the cell.

The merozoite which initially lies in a parasitophorous vacuole 

comes to lie in direct contact with erythrocyte cytoplasm, then under

goes differentiation and loses its apical complex to become a tropho

zoite. The trophozoite undergoes merogony in erythrocytes, usually by 

binary fision to produce two merozoites. These intraerythrocytic mero

zoites have an apical and a posterior polar ring, subpellicular micro

tubules, raicronemes and rhoptries and are covered by a pellicle con

sisting of three membranes (Melhorn and Schein, 1984).

Merozoites then leave the host cell to invade more erythrocytes 

and this asexual division continues until the host dies or eliminates 

the parasite (Boch and Supperer, 1983).

1.2 IMMUNOLOGY OF BABESIOSIS

The course of a Babesia infection depends not only on the 

parasite species involved but also on the host. In some hosts the 

infection is rapidly fatal, with no apparent immune response being 

mobilised, whereas in others the infection is rapidly controlled and the 

parasite is eliminated.
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The pathology seen in infected animals includes anaemia due to 

destruction of erythrocytes by the exit of parasites (Callow and Pepper, 

1974) and, in some cases due to an auto-immune response against 

uninfected red cells (Schroeder and Ristic, 1968). The increase in 

osmotic fragility of uninfected cells in 15. bovis infections may also 

contribute to red cell loss (Mahoney, 1977).

The pathogenesis of the disease appears to be exacerbated by the 

presence of circulating soluble antigen and antigen-antibody complexes 

which may adhere to noninfected red cells which are subsequently removed 

(Sibinovic ^t al. , 1969). Glomerulonephritis has been observed in 

rodent babesiosis due to blockage of the kidneys by these circulating 

complexes (Annable and Ward, 1974). In 15. bovis infections, parasites 

are sequestered in the small capillaries of the brain and other organs. 

Peripheral blood parasitaemia may be as low as 1%, while parasitaeraia in 

the brain capillaries may exceed 90%. Changes in host erythrocyte mem

branes cause adhesion to the endothelium of capillaries impairing 

circulation to the brain and other vital organs (Aikawa et al., 1983).

Immunity to Babesia infections depends on certain innate 

characteristics of the host such as host parasite specificity (Mahoney, 

1972), genetic susceptibility (Daly and Hall, 1955) and age (Smith and 

Kilbourne, 1893). Immunity to Babesia may be acquired by exposure of 

the host to living or inactivated parasites or to parasitic products. 

In some babesial infections, animals that survive the acute phase of the 

disease may carry a subpatent infection for a considerable time. The 

ability of the parasite to survive in the semi-immune host may demon

strate its ability to evade the immune response perhaps by undergoing 

antigenic variation (Phillips, 1971). In _B. bovis, gene rearrangement
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at a locus, which produced RNA species with different sequences (Cowman 

et al. , 1984) has provided evidence for antigenic variation. In other 

infections, animals that have recovered from the acute phase of the 

infection are strongly immune and this sterile immunity may last for 

several years (Mahoney, Wright and Mirre, 1973).

The specific immune response to Babesia spp. involves both 

humoral and cell-mediated factors. Phagocytosis of free parasites and 

parasitised erythrocytes is probably initiated after damage by pro

tective antibodies. When cell free merozoites are pre-incubated with 

sera from recovered or immunised animals they fail to invade erythro

cytes in vitro (Levy and Ristic, 1980). The protein coat of merozoites 

is known to stimulate the production of antibodies that prevent erythro

cyte invasion by parasites and facilitates immune destruction by macr

ophages. Macrophage activation in Babesia microti infections has been 

recorded by Allison et. al. (1979), Hussein (1979) and Wood and Clark 

(1984). Although the role of antibody-mediated responses to Babesia is 

well established, the mechanism is largely unknown. James (1984) pro

posed that Babesia bovis parasites possess a wide variety of surface 

coat antigens which elicit both thymus dependent and thymus independent 

antibody responses. Antigens which induce thymus independent antibody 

antibody responses stimulate B cells to produce IgM which functions as 

an opsonin and a potent agglutinating antibody. Antigens inducing 

thymus dependent antibody responses induce IgG production with the aid 

of helper T cells. These IgG antibodies are opsonic, cytophilic and 

neutralising. He also proposed that both T and B memory cells are pro

duced and are responsible for lasting immunity to Babesia infections. 

The role of macrophages is that of antigen processing and co-operation 

with T and B cells in an antibody response to the parasite.
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Immunosuppression has been observed in Babesia bovis infections. 

Parasites may activate nonspecific T cells, macrophages may secrete 

soluble suppressor factors and parasite induced mitogens may stimulate 

nonspecific polyclonal responses (James, 1984),

There is little direct evidence for cell mediated immune 

mechanisms in Babesia infection. T cell dependent recovery from _B. 

microti infections has been demonstrated by Ruebush and Hanson (1980). 

Timms ĵ t al. (1983) have found that the lymphocyte response to live 

vaccine is short-lived but a longer lived response is given if the 

animals are vaccinated with culture-derived soluble antigens. Protection 

against B̂ . microti infections has been established by the adoptive 

transfer of spleen cells from immune animals (Allison ejt al., 1979; 

Meeusen, Lloyd and Soulsby, 1984). This evidence may demonstrate a role 

for primed B cells in mediating protection. There also appears to be a 

role for natural killer (NK) cells in cell-mediated immune reponses: 

susceptibility- to _B. microti in different mouse strains may be corre

lated with NK activity (Eugui and Allison, 1980). NK cells may also be 

important mediators of splenic function during Babesia infections in 

mice (Irvin ĵ t al. , 1981), although Wood and Clark (1982) have shown 

that the increase in NK activity is not associated with a protective 

host response.

There is evidence that the spleen plays an important role in the 

development of acquired immunity, following a primary infection with 

Babesia, and also in suppression of infection in chronically infected 

animals (Mahoney, 1972; Phillips, 1969). The susceptibility to Babesia 

following splenectomy is greatly increased both in natural and unnatural 

hosts; for example, cases of babesiosis in man due to bovine Babesia
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spp. have been seen only in splenectomised individuals (eg. Skrabalo and 

Deanovic, 1957). Early responses in the spleen provide the basis of 

protective immunity against 15. microti infections (Hussein, 1979). The 

spleen enlarges rapidly as parasitaemia increases and this increase in 

size appears to be a result of cell migration into the spleen and cell 

division within it (Allison et al., 1979; Inchley, Grieve and Preston, 

1986). The spleen may play a role in the removal of parasites which 

have emerged from red cells as described for malaria infections, thereby 

reducing the initial parasitaemia before initiation of an immune 

response (Schnitzer et al., 1972). Splenic macrophages are also believed 

to play an important role in intraerythrocytic killing of parasites in 

B̂. microti infections (Clark et al. , 1977). The parasite has an adverse 

effect on lymphocytes in the spleen, despite the onset of a protective 

response. Antibody responses to heterologous erythrocytes injected at 

or shortly after the time of peak parasitaemia have been shown to be 

depressed (Gray and Phillips, 1983). Reduction in responsiveness could 

reflect the activity of factors produced by suppressor cells, which are 

widely believed to be stimulated during protozoon infections (Jayawar- 

dena, 1981; Wood and Clark, 1984).

Inchley (1987), however, has shown that B cell proliferation 

makes a major contribution to increased cellularity of the spleen seen 

in B̂. microti infections. This proliferation appears to be largely 

parasite induced polyclonal B cell activation and may contribute to the 

reduction in responsiveness. Proliferation of T cell subsets does not 

appear to be significant and there is a tendency to an increase in the 

helper to suppressor ratio rather than the converse.
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1.3 ADAPTATION OF BOVINE BABESIOSIS TO DIFFERENT HOSTS

Babesiosis due to bovine babesias has been reported in man but 

only in individuals who had been splenectomised or were severely immuno

compromised. _B. divergens appears to be less host specific than most of 

the bovine babesias and several fatal infections with this parasite have 

been reported in humans (Skrabalo and Deanovic, 1957; Fitzpatrick _̂t 

al., 1969; Gorenflot et̂  al_., 1976; Entrican e_t a_l., 1979; Cox, 1982). 

Infections in splenectomised chimpanzees and rhesus monkeys were 

initiated by Garnham and Bray (1959) and it was found that goats and 

deer could also be rendered susceptible to this species by splenectomy 

(Enigk and Friedhoff , 1962). Canning e_t _al. ( 1976) made several 

unsuccessful attempts to infect common laboratory animals, rats, mice 

and hamsters, with this parasite but Lewis and Williams (1979) found 

that Mongolian gerbils were susceptible. Liddell et^ al. (1980, 1982) 

described infection of gerbils with a strain of _B. divergens isolated 

from man. Phillips (1984) has maintained _B. divergens in splenctomised 

rats by repeated passage of the parasite and has been able to maintain 

high parasitaemias.

1.4 CULTURE TECHNIQUES FOR BOVINE BABESIOSIS

Unsuccessful attempts were made to adapt the Trager and Jensen 

(1976) method, for continuous cultivation of Plasmodium falciparum, to 

the cultivation of ji. bovis (Erp e_t aul. , 1978). Suspension cultures 

were then developed by Erp _et al. (1978), which allowed short term 

culture of _B. bovis. Modifications of this technique provided a means 

for continuous in vitro cultivation of Babesia spp. (Erp, Smith, Ristic

and Osorno, 1980) but the large volumes and extensive manipulations
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required for medium change limited the use of this method. In 1980, Levy 

and Ristic developed the successful microaerophilous stationary phase 

(MASP) technique for maintaining II. bovis in continuous culture. this 

technique was adapted for JB. divergens by Vayrynen and Tuomi (1982), for 

_B. major by Donelly, Phipps and Konrad (1984), and for ji. bigemina by 

Vega, Buening, Green and Carson (1985).

MASP cultures are grown in a settled layer of erythrocytes, which 

are maintained at a low oxygen tension by using a depth of medium above 

the cells which does not permit full oxygen replenishment. There appears 

to be no limit to the volume of the culture, as long as the proper cul

ture depth is maintained. Cultures have been grown successfully using 

the candle jar method (Jensen and Trager, 1977; Vayrynen and Toumi, 

1982; Konrad, Phipps, Canning and Donelly, 1984) and also by the use of 

a mixture of 5% CC^ and 95% humidified air (Levy and Ristic, 1980; 

Canning and Winger, 1987).

Serum and erythrocytes used for culture are taken from adult 

cattle. Foetal calf serum or erythrocytes or serum from young bovines 

will not support parasite growth (Levy, Clabaugh and Ristic, 1982). 

Blood is defibrinated using glass beads, as anticoagulants inhibit 

replication of the parasites (Erp, Smith, Ristic and Osorno, 1980). 

Infected cultures may be stored for several weeks at 4°C. This 

technique has been used for _B. bovis both with suspension cultures (Erp 

et al. , 1980) and MASP cultures (Levy and Ristic, 1980) and MASP cul

tures of _B. divergens and B̂. major (Konrad, Canning, Phipps and Donelly, 

1985).

A technique for cloning 15. bovis has been evolved by Rodriguez et 

al. (1983), from a method they had previously used for establishing



1 4

cultures from blood with parasitaemias below 1%. Using this method, 

fast, intermediate and slow growing clones were isolated, which retained 

their characteristic growth patterns. The techniques for establishing 

cultures from blood with parasitaemias below 1% has also been used to 

determine the state of carrier animals recovering from babesiosis: 

infected IJ. bovis cultures have been initiated from animals which had 

been negative on examination of blood films (D.A.Palmer, G.M.Bueniing 

and C.A.Carson, personal communication).

Cultures have been initiated using viable merozoites, which have 

been isolated from infected erythrocytes by their deprivation of A 

critical level of CC^ is necessary for re-invasion of erythrocytes by 

mature raerozoites. Lowering the levels of CC^ by transferring cultures 

of _B. bovis and _B. bigemina to ambient air at 38°C for 4 - 6 h (Levy and 

Ristic, 1980; Palmer al. , 1982; Vega ejt al_. , 1985) or by placing 

cultures of J3. divergens in a desiccator over soda lime for 6 - 8 h 

(J.Konrad, personal communication) will cause merozoites to accumulate 

in the culture medium. Merozoites of _B. bovis have been isolated from 

culture supernatant by slow centrifugation to remove erythrocytes 

followed by centrifugation at 1,000 g to spin down the merozoites (Levy 

and Ristic, 1980). Cultures have been initiated by addition of isolated 

merozoites directly to uninfected cultures or after their cryopreser- 

vation in liquid N£» Cryopreservation of j}. bovis merozoites has been 

achieved (Palmer et_ al. , 1982) of J5. bigemina (Vega et_ al_. , 1985) and of 

B. divergens (Phipps, Rankin and Donelly, personal communication).

A merozoite neutralisation assay has been developed by Ristic and 

Levy (1981) to test the effects of antibodies on parasite growth. Using 

this test, effects of immune sera or monoclonal antibodies on culture-
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derived merozoites of 1̂. divergens have been observed, when sera or 

antibodies have been added directly to uninfected cultures along with 

viable merozoites and when the merozoites were pre-incubated with the 

sera or antibodies, then washed, before being added to the cultures 

(Winger, Canning and Culverhouse, 1987). Antibody activity is assessed 

by counting parasites after several hours in culture.

1.4.1 Antigens of Babesia

When merozoites enter fresh erythrocytes, the surface protein 

coat is sloughed off and remains as a soluble antigen in the culture 

supernatant. Immunochemical studies have been carried out on antigens 

obtained from _B. bovis culture supernatants and on lysates of parasit

ised erythrocytes. Analysis by crossed immunoelectrophoresis of super

natants from infected and uninfected cultures have shown that at least 3 

different soluble antigens are produced jji vitro (James, Levy and 

Ristic, 1981). The relative molecular weights (M ) for two of these 

antigens have been determined by SDS-PAGE as approximately 37 - 40 K. 

At least one protein, of 43 K, has been identified, by biosynthetic 

labelling, as being a dominant labelled antigen of an avirulent strain 

with potential protective capabilities (Kahl _et a_l. , 1982).

Montenegro-James et al. (1983) produced monospecific rabbit anti

sera to each of the three soluble _B. bovis antigens to establish their 

localisation in the infected erythrocyte by immunofluorescence. Two 

antigens were found on or near the erythrocyte membrane, while the third 

antigen was directly associated with the parasite itself. Goodger e_t al. 

(1983) have found that the membrane antigens are fibrinogen-associated 

and the parasite antigen is probably a constituent of the merozoite

protein coat.
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1.5 VACCINES

The oldest known method of vaccination against babesiosis is the 

procedure for induction of protective immunity by infection and treat

ment. This procedure confers protective immunity by the induction of 

both cellular and humoral immunity (Carson and Phillips, 1981).

In Australia, vaccines which have been used for over 20 years are 

based on attenuated strains of B̂. bovis. Transitory attenuation is 

achieved by subjecting the parasite to a series of rapid passages in 

splenectomised calves (Callow, 1979). Electron microscopy of attenuated 

and virulent strains revealed that erythrocytes infected with 'wild 

type' _B. bovis possess membrane knobs which are not seen on those 

infected with the attenuated form (Aikawa et_ al. , 1983). It was con

cluded that changes in the attenuated parasites rendered them incapable 

of escaping splenic filtration, thereby rendering the strain less 

virulent.

Sterile immunity has been achieved in cattle either by using 

non-living Babesia antigens or by chemotherapy following clinical 

infections (Mahoney and Wright, 1976; Callow e_t al. , 1974). Evidence 

that sterile immunity occurs in babesiosis has come from studies on the 

passive transfer of immunity to calves via serum and colostrum (Weisman 

et al., 1974; Mahoney, 1967; Mahoney and Goodger, 1972). Protection can 

also be achieved by inoculation of irradiated parasites. Thus Mahoney 

et al. (1973) obtained good protection against challenge with B. bovis. 

Strong protection was observed when low doses of irradiation were used, 

which inactivated the majority but not all of the parasites. In 

contrast, high doses of irradiation rendered the inoculum only partially

protective Similar results have been achieved with B. major (Purnell
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et al. , 1978) and with _B. divergens (Lewis j2jt al. , 1979: Taylor e_t al. , 

1980).

Mahoney and Wright (1976) found that a crude antigen, consisting 

of disrupted infected erythrocytes, conferred a high level of protection 

against challenge with a heterologous strain of _B. bovis. Also, a 

soluble antigen extracted from jJ. bovis-infected erythrocytes protected 

cattle against homologous challenge (Mahoney e_t a_l. , 1981). Good 

protection against jJ. divergens was given by fractions of parasitised 

erythrocytes separated by isoelectric focusing after both homologous 

syringe challenge and heterologous tick-borne challenge (Taylor _e_t_ _al., 

1984, 1986). Wright et̂  al• (1983) have successfully used an esterase, 

derived from a crude extract of _B. bovis, as a vaccine against homo

logous challenge but found it afforded no protection against hetero

logous challenge.

Goodger et al. (1983) have tested the immunogenicity of J3. bovis 

antigens obtained from a polymerised lysate of bovine erythrocytes. 

Partial protection was observed against homologous challenge. Successful 

vaccination against homologous challenge with _B. bovis was obtained when 

using a fraction of haemagglutinating antigen from lysed infected ery

throcytes (Goodger et al., 1985). Wright et̂  al. (1983, 1985) have used 

a monoclonal antibody-derived IJ. bovis antigen of M 29 K and obtained 

protection against challenge with a virulent homologous strain.

Tick stages of Babesia spp. have also been studied as immunogens 

(Mahoney and Mirre, 1974; Ronald and Cruz, 1981). Tick-derived vermi- 

cules of Babesia bovis have been used as immunogens against challenge 

with infected bovine blood or sporozoites from infected larvae (Ristic, 

1984). In neither case did the vermicules provide immunity. The authors
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attributed this to a lack of antibody reactive with blood- or tick-stage 

parasites as demonstrated by IFAT.

The development of methods for maintaining Babesia parasites in 

long term culture constituted a major breakthrough in babesiosis vaccine 

research. Studies on the antigens of B̂. bovis have revealed that the 

major antigenic determinants, associated with the induction of pro

tective immunity to the parasite, are localised in the surface coat of 

the merozoite (Ristic, Smith and Kakoma, 1981; James, Levy and Ristic, 

1981; Ristic and Levy,1981). These determinants appear to interact with 

specific receptor sites on the surfaces of erythrocytes since saline 

elution of the protein coat from merozoites appears to prevent raero- 

zoites from attaching to and penetrating erythrocytes (Ristic, 1984). 

Smith and Ristic (1981) immunised cattle with non-viable merozoites, 

obtained from cultures of J3. bovis, and induced resistance in cattle to 

tick borne challenge 4 months after vaccination.

Merozoite protein coat antigens obtained from culture supernat

ants of B. bovis have been isolated and found to have a M of 30 - 40 K —  -----  r
and an isoelectric point at pH 5.0 - 5.5 (James, Levy and Ristic, 1981).

Culture supernatants have been tested as vaccines against _B. 

bovis in cattle and have given moderate protection to homologous chal

lenge (Smith et al. , 1981; Kuttler et al. , 1982; Timms et al. , 1983). 

Laboratory and field trials on lyophilised culture supernatants from 

MASP cultures of J3. canis have proved them to be safe and potent immuno

gens (Moreau and Laurent, 1984). A certain degree of cross-protection 

has been achieved between some field strains of _B. bovis but not all, 

using soluble culture-derived antigens (Timms eĵ  â L. , 1983). Montenegro- 

James and Ristic (1983) achieved good cross protection when animals were
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immunised with a Venezuelian strain of _B. bovis and challenged with 

virulent j3. bovis organisms from Argentinian, Colombian, Ecuadorian, 

Mexican and Venezualian strains.

Safety of non-living vaccines is partly dependent on their 

freedom from contaminating host erythrocyte stroma. The presence of 

host products in a vaccine may induce the production of auto-antibodies 

to erythrocyte antigens. The advent of monoclonal antibody technology 

(Kohler and Milstein, 1975) has provided the means for isolating and 

characterising pure babesial antigens. Wright et al. (1983, 1985) have 

raised monoclonal antibodies against 13. bovis by immunising mice with a 

partially purified lysate of infected erythrocytes. They purified an 

antigen of Mf 29 K, using one of these monoclonal antibodies and found 

it to be protective to cattle against homologous challenge. Winger et̂  

al. ( 1987) have isolated a IJ. divergens merozoite antigen, which 

inhibits merozoite invasion iji vitro. This antigen has been shown to be 

protective against homologous challenge in immunisation trials in 

Mongolian gerbils.

The isolation and purification of protective antigens from MASP 

cultures of Babesia may provide the immunogens needed for the develop

ment of an effective, safe vaccine against bovine babesiosis. Once 

these antigens have been both physically and immunochemically character

ised, the production of commercially viable amounts could be achieved be 

recombinant DNA technology, or by biochemical synthesis.
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2. MATERIALS AND METHODS

2.1 CULTURE TECHNIQUE

The Weybridge strain of Babesia divergens which had been obtained 

from a splenectomised calf at the Central Veterinary Laboratories, Wey

bridge was adapted to microaerophilous stationary phase (MASP) culture 

(Konrad, et̂  al̂ . , 1984; Canning and Winger, 1987) and was maintained

through 150 passages. Cultures were maintained in bovine erythrocytes 

in Medium 199 (M199) (Gibco), supplemented with 15 mM Hepes, 50 mM

glutamine, 10 mM Gentamycin (Gibco) and 40% adult bovine serum (Sera- 

lab).

2.1.1 Preparation of bovine blood

Bovine erythrocytes were obtained from the blood of adult cattle, 

held at the Central Veterinary Laboratory, Weybridge. The cattle had 

previously been tested iji vitro for their ability to maintain ji. 

divergens parasites in culture. Blood, taken by jugular venepuncture 

into syringes, was defibrinated by shaking with glass beads in a sterile 

glass conical flask. The serum was removed and stored at 4°C after 

centrifugation of the blood at 800 g for 10 minutes. The erythrocytes 

were then washed three times in M199, the buffy coat was removed and the 

cells were resuspended to the original volume. Packed cell volume 

(PCV) was estimated by spinning the cells in a capilliary tube in a 

haeraatocrit centrifuge (Hawksley & Sons Ltd.) and by measuring the 

column of packed cells on a micro haematocrit reader. The washed cells 

were stored at 4°C for up to 2 weeks for use in culture.
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2.1.2 Bovine serum

Adult bovine serum pooled from several animals was obtained 

commercially (Seralab). Samples of batches were obtained and tested for 

their suitability. Commercial serum was admixed with fresh serum 

(obtained from the bovine blood used for erythrocytes) at a 3:1 ratio 

before addition to the cultures.

2.1.3 Culture conditions

Cultures were initially maintained in 24 well Costar tissue cul-
3 3ture plates (Nunc, Gibco) but were later scaled up to 25 cm and 250 cm 

tissue culture flasks (Gibco). The depth of the cultures was maintained 

at 0.62 mm to ensure that the oxygen tension remained low. The volume 

required to give the correct depth was obtained by multiplying the 

surface area of the vessel by the depth (0.62). The PCV of the bovine 

erythrocytes was maintained at 9.

Ratios of blood, medium and serum for cultures were calculated by 

using the data in Appendix Table 1, which gives the quantities required
3

for 15 ml of culture (the volume used in a 25 cm flask).

The original cultures were initiated from infected bovine blood 

by Konrad et̂  al. (1984) and were grown in 24 well Costar plates using 

the candle jar method (Trager and Jensen, 1976). Cultures were placed 

in a humidified desiccator in which a candle was lit. The candle was 

allowed to burn out after replacing the lid and the desiccator was then 

sealed to maintain a low oxygen tension. The candle jar was then placed 

in a 38°C incubator.
3The cultures were later scaled up for growth in 25 cm tissue 

culture flasks. The flasks were gassed with a mixture of 4% CC^j 3%
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and 93% ^  and placed in a 38°C incubator after sealing the lids. When 

it was found that transferring the cultures to a mixture of 5% CC^ in 

air in a humidified atmosphere at 38°C did not lessen the peak 

parasitaemia, this method was adopted preferentially.

2.1.4 Subculture

The cultures were normally subcultured every 72 h by reduction of

parasitaemia to 1% by diluting the infected cells in the blood/serum/

medium mixture. When cultures were required for maintenance, subculture

was carried out only once weekly, by storing the cultures at 4°C for 3

days (Konrad et al., 1985) according to the following schedule.

Subculture was carried out when the parasitaemias had reached 10-12%.

The appropriate dilution was made in the culture mix to reduce the

parasitaemia to 1% and cultures were incubated at 38°C in a humidified

atmosphere of 5% CO^ in air. After 24 hours, when the parasitaemia was

at 2%, 6 ml of supernatant was removed from the settled erythrocytes in 
3a 25 cm flask using a syringe. This was replaced using fresh medium 

supplemented with 40% bovine serum and the flask was sealed and placed 

in the refrigerator at 4°C for 3 days. The cultures were then trans

ferred back to the incubator at 38°C and 5% CO^ in humidified air and 7 

hours later, the medium was exchanged and the flasks were replaced in 

the incubator.

The medium was then exchanged twice daily until the day of 

subculture, when it was exchanged in the morning and subculture was 

carried out in the afternoon. Parasitaeraias were estimated when the 

medium was changed by taking blood smears, staining them with Giemsa 

(BDH Chemicals) and counting the number of parasitised erythrocytes per

1,000 cells.
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2.1.5 Reduction of serum levels

Cultures were routinely maintained at 40% serum. However, serum 

levels in the cultures were reduced to 25% for a period by using fresh 

serum, lowering the percent of serum by 5%, waiting until the culture 

had adapted and was achieving parasitaemias of 10-12% (usually after 2 

subcultures) and then dropping the level by 5% again.

2.1.6 Initiation of cultures from infected gerbil (Meriones

unguiculatus) cells

Cultures were initiated from infected gerbil (Meriones 

unguiculatus) cells. Gerbils were either infected directly from cattle 

or using stabilates of infected cattle or gerbil blood. Infected blood 

was injected intraperitoneally into a gerbil and, once an infection had 

been established with parasitaemias of over 50% (this may require 

several passages), cultures were initiated.

Stabilates were thawed for 3 min at 37°C and immediately injected

intraperitoneally into a gerbil. Parasitaemias of above 50% were
£

usually reached in 4 days but, failing this, passage of 2 x 10 

parasitised erythrocytes into another gerbil gave the required 

parasitaemia in 3 or 4 days.

The infected gerbil was anaesthetised with 0.1 ml Rompun (Beyer) 

and 0.05 ml Vetalar (Parke-Davis) injected intramuscularly into the 

flank. Blood was removed by cardiac puncture, defibrinated by means of 

glass beads in a sterile glass bijou bottle, then washed 3 times in 

unsupplemented M199, by centrifuging at 800 g, to remove complement 

present in the serum, which would otherwise haemolyse the bovine cells 

in culture. The blood was resuspended to its original volume, in



2 4

supplemented M199, after removal of the buffy coat. The PCV was not 

adjusted as the gerbil erythrocytes haeraolyse in the presence of bovine 

serum in the MASP cultures.

Adult bovine blood was washed as described previously and the PCV 

was adjusted to 18. This allows for a final PCV of 9 for the bovine 

erythroyctes, when diluted 1:1 with infected gerbil blood. The mixture 

of uninfected bovine erythrocytes, supplemented M199, 40% fresh bovine 

serum and infected gerbil erythrocytes was dispensed into wells of a 

Costar plate to a depth of 0.62 cm. The plate was incubated at 38°C in 

a candle jar. After 24 h, 0.8 ml of supernatant was removed from each 

well and replaced with 0.8 ml of supplemented M199. By this time all 

the infected gerbil cells had haemolysed in the culture but sufficient 

numbers of mature merozoites were present to invade the bovine erythro

cytes and initiate the cultures.

Medium in these cultures was changed twice daily until the

parasitaemia reached 1%. Subculture was carried out by diluting the

culture 1:1 in fresh culture mix. Following one further subculture, the

parasitaemias in the wells reached 12-14% after 72 h and the cultures
3were scaled up to 25 cm flasks. The flasks were then transferred to a 

humidified incubator at 38°C in an atmosphere of 5% CO 2  in air.

MASP cultures of a Drumaness (Northern Ireland) strain of _B. 

divergens, NID, were initiated using this method. Bovine blood infected 

with the NID strain of 15. divergens and with a parasitaemia of 20% was 

inoculated intraperitoneally into gerbils 48 h after removal of blood 

from the infected splenectomised calves. Parasitaemias of up to 25%
g

were reached in the gerbils 4 days after infection. 5 x 10 infected 

gerbil cells were then passaged into a second gerbil and after 3 days a
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parasitaemia of 65% was reached. Blood from this gerbil was then used 

to initiate MASP cultures in bovine erythrocytes.

2.2 CULTURE DERIVED ANTIGENS

2.2.1 Merozoites

Cultures with parasitaemias of 10-12% were placed in a desiccator 

over soda lime (BDH chemicals) for 6-8 h at 38°C (J.Konrad, personal 

communication). Merozoites, which accumulated in the culture super

natant, were partially purified using a modification of the method 

described by Levy and Ristic (1980). 50 ml of culture were harvested

and centrifuged at 200 g for 10 min at 4°C. The upper 35 ml of super

natant fluid were retained and spun at 400 g for 10 min at 4°C. A 

volume of 30 ml of supernatant was then retained and centrifuged at

1,000 g for 20 min at 4°C. The pellet was then resuspended in 15 ml of 

M199 and spun at 1,000 g to remove any remaining bovine serum. The 

pellet was resuspended in 2 volumes of M199 and used fresh or stored in 

100 ul aliquots at -20°C.

2.2.1.1 Elution of merozoite protein coat antigens

Soluble merozoite protein coat antigens were removed by elution 

with isotonic saline at 4°C for 72 h (Saul and Kreier, 1977; Grothaus 

and Kreier, 1980). The sediment ie. merozoites and erythrocyte stroma 

was pelleted by centrifugation at 12,000 g for 15 min and stored in 

aliquots at -20°C and the soluble fraction with no particulate 

contamination was passed through a 22 urn filter. The soluble proteins 

were then concentrated by centrifugation at 6,000 g in a Centricon 10

(Amicon).
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2.2.1.2 Cryopreservation of merozoites

Intact merozoite preparations were used to initiate cultures. 

They were either used fresh or after cryopreservation.

Cryopreservation was carried out by resuspending the merozoites 

in a cryoprotectant consisting of 10% Dimethylsulphoxide (DMSO) (Sigma) 

in Puck's saline G (Gibco), containing 20 g/1 glucose (Phipps, Rankin 

and Donelly, personal communication). 0.5 ml aliquots in sterile 

ampoules (Nunc, Gibco) were placed in an expanded polystrene box packed 

with insulating chips and placed in a -80°C freezer for 16-24 h. This 

ensured that the drop in temperature in the vials was slow and steady. 

The vials were then transferred to liquid

2.2.1.3 Initiation of cultures using cryopreserved merozoites

When merozoites were required to initiate a culture, a vial of

frozen material was removed from the liquid N£ and thawed rapidly in a

water bath at 40-45°C. The contents of the ampoule were washed in 20 ml

of M199 at 4°C, centrifuged at 1,000 g for 20 min and resuspended in 0.5

ml of M199. This suspension was added to uninfected cultures in 24 well

Costar plates, which had been pregassed in a candle jar for 2 h. The

cultures were maintained in a candle jar at 38°C until parasitaemias of

10-12% were attained. Using the method for initiating cultures from
3infected gerbil erythrocytes, the cultures were transferred to 25 cm 

tissue culture flasks in a humidified 38°C incubator in 5% C0^ in air.
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2.2.2 Culture Supernatants

Culture supernatants were harvested when the cultures were at 

peak parasitaemias (10-12%). The supernatants were then centrifuged at

10,000 g for 20 min and passed through a 0.22 pm filter to remove any 

particulate matter. Culture supernatants were either used at the 

original concentration or concentrated lOx by centrifugation at 6,000 g 

in a Centricon 10 (Amicon). Aliquots were stored at -20°C.

2.2.3 Parasite enriched erythrocyte lysis preparation (PELP)

MASP cultures of _B. divergens at 10-12% parasitaemia were 

centrifuged at 750 g for 5 min. After removal of the supernatant, the 

cells were resuspended in 5 volumes of phosphate buffered saline (PBS), 

which had been diluted 1:1 in deionised distilled water, in order to 

effect hypotonic lysis of the more fragile infected cells. The 

preparation was incubated at 37°C for 5 min to complete the haemolysis, 

before 10 volumes of isotonic PBS were added. The intact cells were 

centrifuged at 200 g for 10 min at 4°C and the supernatant was removed 

down to the last 2 ml. The supernatant was centrifuged at 400 g for 10 

min at 4°C. After removal of all but the last 2 ml, the supernatant was 

then centrifuged at 1,000 g for 20 min at 4°C. The pellet, consisting 

of extracellular parasites and stroma from infected erythrocytes, was 

resuspended in 2 volumes of M199 and stored in aliquots at -20°C.

2.2.4 Cooled cultures

MASP cultures at 1% parasitaemia were kept at 4°C for one week

before use as immunogens
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2,2,5 Long term (attenuated) cultures

The degree of attenuation of parasites after continuous long terra

culture of the Weybridge strain for 150 passages was assessed by
8 8 7 7inoculating gerbils intraperitoneally with 5 x 10 , 10 , 5 x 10 , 10 , 5

6 6x 10 , 10 , infected erythrocytes. Two gerbils per group were used in 

this preliminary trial. Parasitaeraias and mortality rates were compared 

with gerbils inoculated with similar numbers of parasitised erythrocytes 

from the same strain which had been maintained in MASP culture but 

passaged through gerbils at 2 monthly intervals.

The Weybridge strain of jJ. divergens was used throughout this 

project except where otherwise stated.

2.3 IMMUNISATION TRIALS IN MONGOLIAN GERBILS USING CULTURE DERIVED 

IMMUNOGENS

2.3.1 Immunisation Trial 1

2.3.1.1 Animals

Mongolian gerbils were obtained from Intersimian Ltd.. Animals 

of both sexes aged between 12 and 18 weeks were used. All animals were 

healthy at the commencement of the trial.

2.3.1.2 Inoculation regime

Gerbils were divided into 6 groups of 4 animals. Serum was 

obtained from all groups prior to inoculation, in order to establish 

baseline antibody titres. Rectal temperatures were also taken. All 

animals were anaesthetised by an intramuscular inoculation in the flank 

with 0.1 ml Rompun and 0.05 ml Vetalar prior to immunisation. Groups of 

animals were immunised with the following culture-derived preparations
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given as oil in water emulsions of 0.1 ml of immunogen with 0.1 ml of 

complete Freunds adjuvant (CFA).

(a) Culture supernatant (p 27): Group 1 received 3 doses given on

days 1, 21 and 42; group 2 received 2 doses given on days 21 and 

42.

(b) Merozoites (p25 ): Group 3 received 2 doses of 6 x 10^ 

freeze-thawed merozoites on days 21 and 42. The number of 

merozoites harvested from MASP cultures was estimated by Coulter 

counter.

(c) PELP (p27 ): Group 4 received 2 doses given on days 21 and 42. 

Group 5 were infected with 1.8 x 10^ live infected erythrocytes 

from a cooled culture : blood smears were taken daily until the 

animals had completely recovered from the infection.

Group 6 (controls) received 2 doses of 0.1 ml CFA on days 21 and 42.

2.3.1.3 Challenge
g

All groups were challenged on day 63 with 5 x 10 J5. divergens

infected erythrocytes of the homologous strain from MASP cultures. The 

erythrocytes were washed 3 times and injected intraperitoneally in 0.5 

ml M199.

2.3.1.4 Experimental procedures

Before the challenge infection gerbils were bled from the tail on 

a weekly basis. The blood was allowed to coagulate and the serum was 

collected after spinning the blood in a microfuge. Serum was diluted 1
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in 20 in PBS and stored at -20°C. After challenge, gerbils were bled 

from the tail daily for 10 days to obtain serum. Rectal temperatures 

were measured and Giemsa stained blood smears were made. Percentage 

parasitaemias were obtained from the number of parasites in 1,000 cells 

in stained smears. Attempts to estimate PCV's were abandoned because 

removal of the volume required for the haemotacrit tubes caused the PCV 

to drop dramatically in all animals.

Surviving animals in Group 5, the group which had been inoculated 

with live parasites from cooled cultures, were tested 9 months after 

challenge for possible persistence of parasites. Heparinised blood from 

the animals was pooled and 200 jil was injected intraperitoneally into 

each of 2 normal gerbils. The group 5 animals were then injected 

subcutaneously with 450 jig Dexafort (Intervet) given in 0.15 ml saline. 

Blood smears were taken on days 0, 1, 2, 3, 10 and 14 and examined for 

parasites. All animals were challenged with an intraperitoneal
g

injection of 5 x 10 jB. divergens infected bovine erythrocytes from a 

MASP culture one month later. The same dose was given to 2 control 

animals which had not been exposed previously to infection.

2.3.1.5 Enzyme linked immunosorbent assay (ELISA)

Ninety six well rigid polystyrene ELISA plates (Flow) were coated 

with 100 pi of a sonicated merozoite preparation diluted 1 in 10 in PBS 

(equivalent to about 6 x 10^ merozoites per well). The plates were kept 

at 4°C overnight, then for 1 h at 37°C. The assay was performed as 

described by Voller ê t a_l. (1976) using alkaline phosphatase-conjugated 

sheep anti-mouse immunoglobulin G (S c* MIgG) (Sigma) and nitrophenyl 

phosphate (NPP) (Sigma) as the substrate. SoCMIgG was used as it was
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found to cross react strongly with gerbil IgG, thus eliminating the 

necessity to raise an antiserum to gerbil immunoglobulin.

After coating with antigen the plates were washed three times 

with PBS and blocked for 1 h at 37°C with 100 jil per well of PBS 

containing 1% bovine serum albumin (BSA) (Sigma). The plates were again 

washed 3 times with PBS and 100 Hi of gerbil serum was added to each 

well. Serum from each animal was titrated 1:40 to 1:81,920 across the 

plates. The plates were again incubated for 1 h at 37°C. After washing 

3 times with PBS containing 0.05% Tween 20 (BDH Chemicals) (PBS-Tween), 

100 ul of alkaline phosphatase conjugated SotMIgG, at a dilution of 1 in

1,000 in PBS-Tween, was added to each well. After incubating for 1 h at 

37°C plates were washed 3 times in PBS-Tween and once in bicarbonate 

buffer (Appendix p 161). lOOul of NPP at 1 y.g per ml in bicarbonate 

buffer was than added to each well and the plates were incubated at 37°C 

for 1 h. The optical densities were then read at 405 nm on a Dynatech 

ELISA reader. Titres were assessed as the dilution at which the well 

had an optical density of twice the mean of the background. Background 

wells which were included on each plate consisted of triplicate wells of 

pooled baseline sera at a dilution of 1 in 40.

A second ELISA was carried out using 1% BSA as the antigen, to 

assess background antibody titres in the groups immunised with culture 

supernatant. Results of this assay are shown in the appendix (Fig.l).

2.3.2 Immunisation Trial 2

2.3.2.1 Animals

Mongolian gerbils were obtained from Intersimian Limited. Male 

gerbils aged between 10 and 12 weeks were used. All animals were 

healthy at the commencement of the trial.
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2.3.2.2 Inoculation regime

Gerbils were divided into 2 groups of 4. Sera was obtained from 

both groups prior to inoculation in order to establish baseline antibody 

titres. Rectal temperatures were also taken. All animals were 

anaesthetised as described previously prior to immunisation.

Group 1 was inoculated subcutaneously in the flank with an oil in 

water emulsion of 0.1 ml of lOx concentrated MASP culture supernatant, 

and 0.1 ml of CFA.

Group 2 was inoculated subcutaneously with an oil in water 

emulsion of 0.1 ml of lOx concentrated supernatant from an uninfected 

MASP culture supernatant, and 0.1 ml CFA.

Both groups were given 2 inoculations 3 weeks apart and 

challenged 4 weeks after the second inoculation.

2.3.2.3 Challenge
g

Animals were challenged by inoculating 2.5 x 10 infected gerbil 

erythrocytes from an animal which had been inoculated 3 days previously
g

with 5 x 10 infected bovine erythrocytes from a MASP culture of a 

homologous strain of j3. divergens.

2.3.2.4 Experimental procedures

Animals were bled from the tail at the intervals described in the 

first immunisation trial. Rectal temperatures were taken and 

parasitaemias estimated daily after challenge.

2.3.2.5 ELISA

This was carried out as described for the first immunisation

trial
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2.3.3 Immunisation Trial 3

2.3.3.1 Animals

A breeding colony of gerbils was established from 6 pairs 

obtained from Intersimian Limited. The animals used were males aged 

10-12 weeks. All animals were healthy at the commencement of the trial.

2.3.3.2 Inoculation regime

Gerbils were divided into 4 groups of 4. Sera was obtained from 

all groups prior to immunisation, in order to establish baseline 

antibody levels. Rectal temperatures were also taken. Three groups 

were inoculated with the Weybridge strain, which had been in continuous 

MASP culture for 150 passages: Group 1 received 5 x 10^ parasitised 

erythrocytes: Group 2 received 5 x 10^ parasitised erythrocytes and 

Group 3 received 5 x 10^ parasitised erythrocytes.

2.3.3.3 Challenge

All animals were challenged 4 weeks after immunisation with 1 x
810 ji. divergens from a MASP culture of the Weybridge strain which had 

been passaged through gerbils at 8 weekly intervals in order to maintain 

its virulence.

2.3.3.4 Experimental procedures

Animals were bled from the tail at weekly intervals after 

immunisation and daily after challenge infection as described earlier. 

Rectal temperatures were taken daily after challenge infection. Sera 

was processed, aliquotted and stored as for previous immunisation

trials



3 4

Blood smears were taken on days 1, 2, 3, 4 and 8 after 

immunisation and on days 1, 2, 3, 4 and 5 after challenge infection. 

The percent parasitaemias were estimated on counts of 1,000 cells in 

Giemsa stained smears.

2.3.3.5 ELISA

This was carried out as described for the first immunisation 

trial. Quantification of antibody was achieved by running a titration 

of a known standard on each plate. The standard was the monoclonal 

antibody 7.8 of IgGl subclass (Winger et̂  al. , 1987) in mouse ascites 

purified by passing it through a Zeta Prep column (LKB) and quantified 

by protein assay (Biorad Laboratories).

2.4 HYBRIDOMA PRODUCTION 

2.4.1 Immunisation of Mice

Fusions 7 and 12: Balb/c mice (Olac Ltd.) were immunised twice, 

2 weeks apart, with intraperitoneal injections of an oil in water 

emulsion of 6 x 10^ non-viable 13. divergens merozoites in 100 t̂il of M199 

and 100 jil CFA. Five weeks after the second immunisation, each mouse 

was injected intravenously with 6 x 10^ non-viable merozoites in 100 jul 

of M199. Four days later the mice were killed by cervical dislocation. 

Serum from each mouse was assayed by ELISA to assess antibody titres 

against merozoites.

Fusion 13: Balb/c mice were immunised as in Fusions 7 and 12 but 

the antigen used was eluted protein coat at a concentration of 700 ug 

per ml in 100 pi PBS.
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2.4.2 Fusions

Spleen cells from immunised mice were fused with P3-X63-Ag8 (a 

gift from Dr. K. Hudson) (Fusion 7) or P2-X63-Ag8-653 (Flow Labora

tories) (Fusion 12 and 13) using polyethylene glycol (PEG) 1300-1600 

(Sigma) following the method of Kennett (1979).

2.4.2.1 Preparation of spleen cells

Spleen cells were obtained by gentle perfusion of the spleen in 

RPMI 1640 (Gibco). Macroscopic clumps were allowed to settle in a

conical 15 ml tube (Elkay) and the cell suspension was removed, 

transferred to another tube and centrifuged at 200 g for 10 min at 4°C. 

The supernatant was discarded and the cells were resuspended in 5 ml of 

0.17 M Ammonium chloride in order to haemolyse the erythrocytes. 

Following 10 min incubation on ice, 5 ml of RPMI 1640 containing 20% 

Foetal Calf Serum (FCS) (Gibco) at 4°C were added and the cells 

centrifuged at 200 g for 5 min at 4°C. The spleen cells were then

washed by resuspending the pellet in 10 ml of RPMI 1640 and centrifuging

for 10 min at 200 g. The pellet was resuspended in 5 ml of RPMI 1640.

A viable cell count was made by diluting a sample of the cells 1 in 10 

in Trypan Blue (Edward Gurr Ltd.) and counting in a haemocytometer.

2.4.2.2 Preparation of mouse myeloma cells
3Mouse myeloma cells were harvested from two, 250 cm tissue 

culture flasks by vigorous pipetting. The cells were washed twice in 

100 ml of RPMI 1640 to remove any FCS present in the culture and 

resuspended in 5 ml of RPMI 1640. A viable cell count was made as

before
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2.4.2.3 Fusion procedure

Spleen cells and myeloma cells were then mixed at a 10:1 ratio in 

a round bottom tissue culture tube (Nunc, Gibco) and centrifuged at 90 g 

at room temperature for 5 min in order to pellet the cells. The 

supernatant was removed and the pellet gently loosened by tapping the 

tube.

An 0.5 ml aliquot of PEG was liquified in a 40°C waterbath for 20 

min, 0.4 ml of RPMI 1640 at 37°C and 100 ul of DMSO were added. 200 jil 

of the 50% PEG containing 10% DMSO were then added to the pellet of 

mouse spleen and myeloma cells and the cells were gently resuspended. 

The tube was centrifuged at 90 g for 6 min at room temperature and 5 ml 

of RPMI 1640 were added slowly down the side of the tube, followed by 5 

ml of RPMI 1640 supplemented with 20% FCS. The cells were then 

centrifuged at 90 g for 5 min, the supernatant removed and the fused 

cells resuspended in complete RPMI-HAT (100 ml of RPMI 1640 supplemented 

with 10% Myoclone FCS (Gibco), 50 mM glutamine, 50 IU/ml Gentamycin, 10 

mM Hypoxanthine, 4 x 10  ̂ M Aminopterin, 3 mM Thymidine (HAT), 1.0 mM 

sodium pyruvate (Gibco) and 0.2 IU/ml bovine insulin (Sigma)).

The fused cells were distributed into 4 Costar tissue culture 

plates at 1 ml per well onto a macrophage feeder layer of 10^ mouse 

peritoneal macrophages per well in 0.5 ml of complete RPMI-HAT.

2.4.2.4 Macrophage feeder layer

The macrophage feeder layer was set up 24 h in advance of the 

fusion. Twelve normal Balb/c mice were sacrificed by cervical dis

location and the peritoneal cavities flushed using a syringe with 5 ml
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of RPMI 1640 supplemented with 10% FCS at 4°C. The pooled peritoneal 

washes were centrifuged at 300 g at 4°C for 5 min. The pellet was 

washed in 10 ml RPMI 1640 containing 10% FCS and centrifuged at 300 g at 

4°c for 5 min. The pellet was then resuspended in 50 ml of complete 

RPMI-HAT, (to give a cell concentration of approximately 2 x lO'Vml) and 

0.5 ml was added to each well of 4 Costar tissue culture plates. Plates 

were incubated at 37°C in a humidified atmosphere of 5% CO2  in air, 

prior to the addition of the hybridomas.

Plates containing the hybridomas were incubated at 37°C in a 

humidified atmosphere of 5% CO2  in air. After 7 days 1 ml of medium was 

removed from each well and replaced with 1 ml of fresh complete RPMI 

1640 supplemented with 10 mM Hypoxanthine and 3 mM Thymidine (complete 

RPMI-HT). Microscopic clones were observed at this stage.

Four days later the medium in the cells was again exchanged for 

fresh complete RPMI-HAT. Many macroscopic clones were observed and in 

several wells the clones had reached confluence. Confluent wells were 

split 1 in 4 into 4 wells. After a further 3 days, 1 ml of supernatant 

was removed from each well and replaced with complete RPMI-HAT medium. 

Supernatants were tested by ELISA using sonicated merozoites as the 

antigen, as described on page 30.

2.4.2.5 Subcloning

Positive wells were subcloned, on a peritoneal macrophage feeder
3layer, at 10 macrophages per well in a flat bottom 96-well tissue 

culture plate (Nunc, Gibco). Hybridoma clones were plated out at 1 cell 

per well in 200 ul of complete RPMI-HAT. The remaining parental lines 

were expanded into 4 Costar wells each. After 3 - 4  days in culture or
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when confluent, these cells were harvested and frozen in liquid nitrogen 

in 1 ml aliquots of RPMI 1640 containing 10% FCS and 10% DMSO.

2.4.2.6 Assay of subclones

Subclones were incubated at 37°C in a humidified atmosphere of 5%

C0^ in air for 10 days, then examined under an inverted microscope. Any

wells containing single clones were marked. After incubating for a

further 2 days, supernatants were removed from these wells and tested by

ELISA on merozoites, culture supernatant and BSA. Positive wells, i.e.

those positive on merozoites and culture supernatants but negative on

BSA, were transferred to 24-well Costar plates in 0.5 ml of complete

RPMI-HAT. Four days later the clones had grown sufficiently well to

allow expansion into 4 Costar wells and, after a further 3 days, these
3were expanded into 25 cm tissue culture flasks in 10 ml of complete

RPMI-HAT. Supernatants were again tested by ELISA on merozoites and

positive clones were both frozen and recloned at 1 cell per well.

Subclones were again scored for monoclonality after 10 days in

culture and the supernatants tested by ELISA after a further 2 days.

The second subclones were then expanded as before but this time into 250 
3cm tissue culture flasks. Clones were again frozen at this stage.

2.4.2.7 Ascitic fluid

Positive clones were injected intraperitoneally into Balb/c mice 
7 8at a rate of 5 x 10 - 10 cells per mouse. The mice had been primed 7 -

10 days earlier with an intraperitoneal injection of 100 pg of Pristane 

(Sigma). Ascitic fluid was harvested 8 - 1 4  days later and stored in 

100 pi aliquots at -20°C. Ascitic fluid was tested for specificity by 

ELISA and by the indirect immunofluorescence antibody test (IFAT).
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Merozoite neutralisation assays were also carried out using heat 

inactivated ascitic fluid.

2.4.2.8 ELISA

ELISAs were carried out as described on page 30. Antigens used 

were non-viable merozoites at a concentration of approximately 6 x 10^ 

per well in 100 pi of PBS; MASP culture supernatant at a 1 in 100 

dilution in PBS; normal bovine erythrocytes washed three times and 

resuspended in PBS at a 1 in 100 dilution and BSA at a concentration of 

1 % in PBS. Specificity testing of ascitic fluid was carried out on 

merozoites, soluble protein coat antigens, culture supernatant, normal 

bovine erythrocytes and BSA. Ascitic fluid was used at a dilution of 1 

in 100 in all assays.

2.4.2.9 IFAT

Live merozoites and merozoites without the protein coat were 

prepared as described (p 25 ). The pellets were incubated for 1 h at 

4°C with either 0.5 ml of ascitic fluid, diluted 1 in 10 or 1 in 100 in 

PBS, or with 0.5 ml of supernatant fluid from the hybridoma cultures. 

The merozoites were washed three times, by alternate spinning in a 

microcentrifuge and resuspension in PBS, then incubated with 0.5 ml of a 

1 in 10 dilution of fluorescein conjugated goat anti-mouse immuno

globulin G (G MIgG)-FITC (Sigma) for 30 min at 4°C. The merozoites 

were washed again three times in PBS as before and resuspended in 20 pi 

of mountant medium (Citifluor). Drops containing the merozoites were 

placed on slides and viewed under a cover glass with a Zeiss microscope 

using dark background UV illumination at 330 - 500 nm.
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IFAT was also carried out on live preparations of infected and 

uninfected bovine erythrocytes from MASP cultures. This assay was 

carried out in rigid polystyrene V-bottom microtitre plates (Linbro, 

Flow Laboratories) using 10 pi of packed red cells which had been washed 

three times in a Falcon tube by adding 10 ml of PBS and centrifuging at 

750 g. In the plates 50 pi of ascitic fluid diluted 1 in 100 in PBS or 

of hybridoma culture supernatant were added to the erythrocytes. After 

resuspending the pellet, the cells were incubated for 1 h at 4°C. 

Plates were washed 3 times by alternate centrifugation at 150 g for 5 

min and resuspension in 200 pi PBS. The cells were then incubated with 

50 pi of a 1 in 10 dilution of G MIgG-FITC for 30 min at 4°C. After 

washing the cells 3 times in PBS as before, the erythrocyte pellet was 

resuspended in 20 pi of Citifluor and drops of the cells were placed on 

slides and viewed on a Zeiss microscope as for the merozoites.

Immunofluorescence was also carried out on fixed preparation of 

merozoites and on infected and uninfected erythrocytes. Merozoites or 

erythrocytes were washed as before and resuspended in PBS with 0.3% BSA. 

The merozoites, in 5 ul aliquots and resuspended 1:1 in PBS containing 

0.3% BSA, were spotted on to slides and allowed to dry overnight at room 

temperature. Blood smears, made using a 1:3 suspension of infected or 

uninfected erythrocytes in PBS containing 0.3% BSA, were allowed to dry 

in the same way. Slides were then fixed in anhydrous acetone (BDH 

Chemicals) for 3 min and air dried. Ascites, at a 1 in 100 dilution in 

PBS, was placed onto slides in 50 pi doses and the slides were incubated 

in a humidified atmosphere at 37°C for 30 min. Slides were washed as 

before 3 times in PBS and once in distilled water and were allowed to

dry in air. G ®<MIgG-FITC, at a dilution of 1 in 10 in PBS, was added in
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50 pi drops to each slide, which was again incubated for 30 min at 37°C 

in a humidified atmosphere. Slides were again washed 3 times in PBS and 

once in distilled water and air dried. Preparations were examined for 

fluorescence as described previously using Citifluor mountant medium. 

In all assays, the monoclonal antibody 13.1 raised against Plasmodium 

berghei ookinetes was used as a control.

2.4.2.10 Merozoite neutralisation assay

Merozoite neutralisation assays were carried out using a modifi

cation of the method described by Ristic and Levy (1981). A preliminary 

experiment was carried out to determine the conditions required for the 

assay. Viable merozoites were obtained (p 25). Two 50 pi merozoite 

pellets were resuspended in 0.5 ml of heat-inactivated ascitic fluid 

diluted 1 in 100 in M199, then incubated for 30 min on ice. One of 

these preparations was washed twice in 10 ml of M199 by centrifuging at 

1,000 g for 20 min. The pellet was resuspended in 0.5 ml of M199 MASP 

culture medium consisting of M199 supplemented with 40% serum.

MASP cultures were set up in 24 well costar plates with 

uninfected bovine erythrocytes. The following preparations were added 

to the wells in 0.5 ml of suspending fluids:

(a) untreated merozoites in M199

(b) untreated raerozoites in ascitic fluid diluted 1 in 100 in 

M199

(c) merozoites preincubated in ascitic fluid but not washed

(d) merozoites which had been preincubated in ascitic fluid and 

washed, then resuspended in M199.

Cultures were incubated in a candle jar at 38°C and smears were made
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after 40 and 64 h of culture. Parasitaeraias were estimated by counting 

the number of parasites in 50 fields in Gierasa-stained smears of cells. 

Further merozoite neutralisation assays were carried out using mero- 

zoites preincubated with the monoclonal antibodies for 30 min on ice and 

washed once before they were added to culture.

Assays were performed on the 4 most promising monoclonal anti

bodies (Mabs) from Fusion 7, to assess their ability to neutralise 

merozoite entry of erythrocytes iji vitro. These were carried out at 

dilutions of 1 in 50 and 1 in 500 of heat inactivated ascitic fluid. 

Parasitaemias were assessed at 22 h.

Heat inactivated ascitic fluid containing the Mab 13.1 raised 

against Plasmodium berghei was used as a control in all assays.

Further assays were carried out using the Mab which demonstrated 

the highest percentage of inhibition of merozoite entry into 

erythrocytes. Ascitic fluid from this antibody (Mab 7.8) was partially 

purified by ammonium sulphate precipitation (p 45 ) and assessed for 

protein content by Lowry assay (Appendix p 166 ) prior to incubation 

with the merozoites. Merozoites were incubated with 5 jig, 50 jig or 500 

pg of saturated ammonium sulphate purified ascitic fluid for 30 min on 

ice. Three replicates of each treatment were included. The merozoites 

were then centrifuged at 1,000 g for 20 min and supernatant was removed 

and replaced with 40% serum supplemented M199 in a 1:1 ratio before 

being added at 20 jjI per well to cultures of uninfected bovine erythro

cytes, in 96 well flat bottom microtitre plates. Plates were incubated 

in a candle jar for 20 h at 38°C. Parasitaemias were assessed in 

Giemsa-stained smears.
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2.4.2.11 Characterisation of antibody subclasses

Antibody subclasses were determined for Fusion 7 by the 

Ouchterlony technique (Appendix p 161 ) using subclass specific goat 

anti-mouse immunoglobulin G (GotMIgG) (Sigma) at a dilution of 1 in 10 

in the outer wells. Subclasses of Mabs from Fusions 12 and 13 were 

determined by ELISA using alkaline phosphatase-conjugated subclass 

specific G MIgG (Sigma). Supernatants from hybridoma cultures were 

concentrated 10 times by centrifugation through a Centriflo 50 cone 

(Amicon) before use.

2.5 CHARACTERISATION OF THE ANTIGENIC DETERMINANTS RECOGNISED BY THE

MONOCLONAL ANTIBODIES

2.5.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE)

15% SDS-PAGE was run on samples of intact raerozoites and on 

merozoites after saline elution to remove soluble protein coat antigens 

and on a sample of protein coat antigens, which had been concentrated 10 

times by centrifugation through a Centricon 10 (Araicon). A modification 

of the Laemmli system was used (Laemmli 1970). Samples were resuspended 

1:1 in modified Laemmli sample buffer with 5% 2-mercaptoethanol (Sigma). 

A set of protein standards of low molecular weights was used as a 

reference (Sigma). A few grains of bromophenol blue (Edward Gurr Ltd) 

and several grains of sucrose were added to the samples, which were 

boiled for 5 min to solubilise the proteins. Samples were spun in a 

microcentrifuge at 14,000 g for 5 min to remove any particulate matter 

and were loaded on to the gel (Appendix p 162 ) in 10 pi aliquots with a 

Hamilton syringe. The samples were run into the 5% stacking gel at
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25 mA and the gel was electrophoresed overnight at 8 mA with a maximum 

voltage of 15 V, in a water-cooled Biorad protein dual electrophoresis 

cell. After electrophoresis the gel was removed and stained with 

Coomassie brilliant blue (Sigma) (Appendix p 163). The gel was 

destained in 10% acetic acid containing 40% methanol and stored in 10% 

acetic acid containing 10% methanol.

A comparison of protein profiles was made, by 15% reducing 

SDS-PAGE of:

(a) merozoites of the Weybridge strain of J3. divergens which had 

been maintained in MASP culture but passaged through gerbils 

at 2-monthly intervals,

(b) merozoites of the Weybridge strain which had been in 

continuous MASP culture for 150 passages, and

(c) merozoites of the NID strain.

2.5.2 Western transfer and immunoblotting

Merozoite preparations from both fresh and freeze-thawed samples 

were run on 15% SDS-PAGE. Samples were resuspended in reducing (5% 

2-mercaptoethanol) and non-reducing (5 mM Iodoacetamide) Laemmli sample 

buffer at a 1:1 ratio and used as before. After electrophoresis the 

proteins in the gel were electrophoretically transferred to sheets of 

nitrocellulose paper (BioRad Laboratories) in a water cooled Trans-blot 

cell (BioRad Laboratories) for 5 h at 21 mA and 57 V. Reference strips 

were removed prior to iramunoblotting and stained with Amido black 

(Sigma). Merozoite protein tracks were blocked for 1 h at 37°C on a 

rocker in Tris-HCL, pH 8.2, and 5% BSA (Janssen Life Sciences) and then

overnight at room temperature The strips were then incubated,
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individually in sealed plastic bags, in ascitic fluid containing the 

Mabs diluted 1 in 100 in Tris-HCL, pH 8.2, with 0.5% BSA (0.1% BSA-Tris) 

and 1% normal goat serum (Flow Laboratories) for 2 h at room temperature 

on a rocker. Strips were then washed 3 times for 15 min in 0.1% 

BSA-Tris.

Bound antibody was detected using immunogold (colloidal gold 

particles coated with G c*»MIgG) (Janssen Life Sciences) diluted 1 in 25 

in 0.1% BSA-Tris with 0.4% gelatin (Janssen Life Sciences). The strips 

were incubated in this suspension for 2 - 16 h on a rocker in individual 

plastic bags, then washed 3 times for 5 min in distilled water. After a 

further 2 min in citrate buffer the procedure was followed by silver 

enhancement (Janssen Life Sciences) (Appendix p 164), The strips were 

finally given 3 washes for 5 min in distilled water and air dried. The 

Mabs 13.1 or 17.1 raised against _P. berghei were used as controls in all 

immunoblot assays.

2.5.3 Purification of monoclonal antibodies

Ascitic fluid containing the Mabs was purified, either by satur

ated ammonium sulphate (SAS) precipitation or by passing through a Zeta 
£

Prep 15 Ion exchange DEAE disc (LKB).

SAS precipitation was carried out using ammonium sulphate at 1 kg 

per litre, pH 6 - 7. Precipitation was done on ice, by adding SAS drop 

by drop to ascitic fluid, while stirring continuously using a magnetic 

stirrer. At 20% saturation of the ascites with SAS, the ascitic fluid 

turned milky. The same number of drops required to reach this point 

were added again, as most immunoglobulins will precipitate at 35 - 40% 

saturation. After stirring for 30 min, the ascites was centrifuged at
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10,000 g for 20 min and the pellet washed twice in 40% SAS. The 

precipitate was then dissolved in PBS and dialysed overnight against 500 

- 1,000 volumes of PBS with 3 changes, to remove ammonium ions.

In the second method, 2 ml samples of ascitic fluid diluted 1 in 

10 in 15 mM Na ^ P O ^ , pH 6.4, were passed through Zeta Prep discs at a 

flow rate of 5 ml per min. The discs had previously been equilibrated 

with 100 mM Na ^ P O ^ , pH 6.8.

Protein in the purified ascitic fluid was quantified either by 

Lowry or by using the BioRad Protein Assay kit (BioRad Laboratoriees).

2.5.4 Affinity purification of the antigenic determinant recognised by

monoclonal antibody 7.8

The protein recognised by the Mab 7.8 was enriched by affinity 

purification, using a modification of the method described by Harte, 

Rogers and Targett (1985).

After purification either by SAS precipitation or by Zeta Prep, 

the Mab 7.8 was dialysed once overnight against 1 ,000 volumes of 0.1M 

NaHCO^, pH 8.0. The antibody was then covalently bound to Affigel 10 

(BioRad Laboratories). A 20 ml aliquot of Affigel slurry was drained 

through a 0.45 u Nalgene filter and the gel bed was washed 3 times with 

3 bed-volume of double distilled water at 4°C. Washing was completed 

within 20 minutes.

Mab 7.8 at 2 - 5 mg per ml was added to the gel and mixed on a 

Rotamix at 4°C for 4 - 24 h. The gel was then transferred to 2 columns 

each of 5 ml volume, taking care to exclude any air bubbles. Columns 

were precycled with 10 ml of DEA (Appendix p 165 ) and washed for a 

minimum of 1 h with TNPB (Appendix p 166) before use.



4 7

Merozoite preparations (both fresh and freeze-thawed) were 

solubilised in 0.5% NP40 (Flow Laboratories) in 25 raM Tris-HCl and 0.15 

M NaCl at pH 8.0, supplemented with 1 mM phenylmethylsulphoxide (Sigma) 

and DNAse and RNase both at 2 pg per ml (Sigma) (TNPA, Appendix p 166). 

After centrifugation at 14,000 g in a microcentrifuge, to remove any 

unsolubilised protein, the preparation was applied to the affinity 

column. The column was washed extensively with TNPB until no optical 

density at 280 nm was observed.

The specifically bound determinant was eluted with DEA (Appendix 

p 165) into 0.5 M phosphate buffer (Appendix p 166). Eluted fractions 

were serially diluted on an ELISA plate and the presence of antigen was 

detected using the Mab 7.8 at a dilution of 1 in 500. The fractions of 

interest were pooled and dialysed overnight against 2 changes of PBS.

Quantification of the enriched antigen was carried out using the 

BioRad protein assay kit after which the antigen was concentrated by 

centrifugation at 6,000 g in a Centricon 10 microconcentrator (Amicon). 

Samples of the antigen were run on SDS-PAGE at 25 pg per track and the 

proteins visualised by silver-staining (Appendix p 163).

2.5.5 Peptide mapping of proteins in the affinity purified antigen

Peptide mapping was carried out by running enzyme digests of the 

affinity purified antigen on 15% non-reducing SDS-PAGE (Gooderham,

1984).

Antigen was solubilised in 1.25 M Tris-HCl sample buffer with 10% 

SDS, 0.1 M Na2 EDTA, pH 7.0, 20% glycerol and 1% bromophenol blue. The 

antigen, in 10 pg aliquots, was placed in the wells along with either 

0.1 ug Staphylococcus aureus V8 protease, chymotrypsin or papain
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(Sigma) in protease buffer (1.25 M Tris-HCl buffer with 10% SDS, 0.1 M 

Na£ EDTA, pH 7.0 and 10% glycerol). Several wells of antigen were run 

without the addition of any enzyme. The proteins were run through a 5 

cm stacking gel (this was twice the normal length of stacking gel but 

was necessary to allow sufficient time for the enzymes to digest the 

proteins), at a constant current of 20 raA until the marker dye reached 

the top of the separating gel. The gel was then run overnight at 8 mA, 

with a maximum voltage of 15 V, in a water cooled BioRad protein dual 

electrophoresis cell. A portion of the gel was fixed overnight in 

methanol and the proteins and peptides were visualised by silver- 

staining. The peptides on the remainder of the gel were electro- 

phoretically transferred to sheets of nitrocellulose paper in a water 

cooled Trans-blot cell for 5 h at 21 mA and 57 V. Molecular weight 

protein standards were stained with amido black and the peptides were 

immunoblotted as described (p 44) using a 1 in 100 dilution of ascites, 

containing Mabs 7.8, 13.4 or the Mab against _P. berghei 17.9

2.6 IMMUNISATION TRIALS IN MONGOLIAN GERBILS USING THE AFFINITY

PURIFIED 7.8 PROTEIN AS AN IMMUNOGEN

2.6.1 Immunisation trial 4

2.6.1.1 Animals

Animals used were from a breeding colony established from 6 pairs 

of Mongolian gerbils obtained from Intersimian Ltd. Groups of 4 female 

gerbils, aged between 10 - 14 weeks were used. All were healthy at the

commencement of the trial
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2.6.1.2 Inoculation regime

The inocula were given as oil in water emulsions with 100 ul of 

CFA subcutaneously into the flank. Group 1 received 6 x 10^ non-viable 

merozoites in 100 pi of PBS, Group 2 received 10 pg of affinity purified

7.8 antigen in 100 pi PBS, and Group 3 (Control group) received 100 ul 

PBS.

Inoculations for all groups were given on days 1 and 21. Animals
g

were challenged with an intraperitoneal injection of 2.5 x 10 infected 

gerbil erythrocytes from a homologous strain of _B. divergens, which had 

been passaged once through a gerbil from MASP culture.

2.6.1.3 Experimental procedures

Animals were bled from the tail for serum and blood smears and 

rectal temperatures were taken as described on pages 29 and 30.

2.6.1.4 ELISA

ELISA's were carried out as described on p 30. Antigen used was 

non-viable merozoites at a concentration of approximately 6 x 10^ per 

well in 100 pi of PBS. Titres were calculated as described previously.

2.6.2 Immunisation Trial 5

2.6.2.1 Acetone precipitation of antigen 7.8

The affinity purified 7.8 antigen was precipitated by acetone 

prior to its use as an immunogen (Harte, personal communication). 

Antigen at a concentration of 500 pg per ml was admixed with 3 volumes 

of anhydrous acetone and incubated at -20°C for 2 - 4 h. The samples 

were then spun in a microcentrifuge at 14,000 g, the supernatant 

discarded and the precipitate allowed to dry in air for 1 h. The 

precipitate was resuspended in PBS at a concentration of 500 ug per ml.
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2.6.2.2 Animals

Animals used were from the breeding colony. Groups of 4 males, 

aged between 8 - 1 2  weeks were used. All animals were healthy at the

commencement of the trial.

2.6.2.3 Inoculation Regime

The inocula were given as oil in water emulsions with 100 yl of 

CFA subcutaneously into the flank.

Group 1 received a first inoculation of 10 ug of the acetone

precipitated 7.8 antigen in 100 ul PBS and a second inoculation of 50 

jag• Group 2 received 2 doses of 10 jig of acetone precipitated antigen 

in 100 jii 1 PBS. Group 3 received two doses of 6 x 107 non-viable 

merozoites in 100 pi of PBS. Group 4 (Control group) received 2 doses 

of 100 pi PBS.

The 2 inoculations were given 3 weeks apart. Three weeks after

the second inoculation all animals were challenged with an

intraperitoneal inoculation of 5 x 107 _B. divergens parasites from a

MASP culture of a virulent homologous (Weybridge) strain.

Challenge doses were assessed by a titration of j}. divergens

parasites of the virulent Weybridge strain in gerbils prior to the
£

immunisation trial. The ability of doses ranging from 5 x 10 to 5 x
g

10 to raise fatal infections in animals was assessed and the minimum 

dose required to kill all animals by 5 days after challenge was found to 

be 5 x 107 (Appendix p 168).

2.6.2.4 Experimental procedures

Animals were bled from the tail for serum and blood smears and 

rectal temperatures were also taken as described previously on pages 29

and 30
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2.6.2.5 ELISA

ELISA was carried out as described on p 30. Affinity purified

7.8 antigen was used at a concentration of 1 ug per ml in PBS. Plates 

were coated with 100 pi per well of the antigen overnight at room 

temperature. Quantification of antibody was achieved by running a 

titration of a known standard on each plate. The standard used was the 

Mab 7.8 purified by passing it through a Zeta Prep disc and quantified 

in a BioRad protein assay.

2.6.2.6 Immunoblotting

Sera from both immunisation trials 4 and 5 were used in immuno- 

blot assays. Samples of both merozoites and affinity purified 7.8 anti

gen were run on reducing SDS-PAGE and the proteins electrophoretically 

transferred to nitrocellulose paper. Immune sera at a dilution of 1 in 

200 in 1% BSA-Tris buffer were used and serum from normal gerbils was 

used as a control.

2.6.2.7 IFAT

Immunofluorescence was carried out as described on page 39 using 

serum from gerbils immunised with 10 pg of soluble 7.8 antigen in 

immunisation trial 4. Serum was taken one day prior to the challenge 

infection. Pooled sera was diluted 1 in 100, 1 in 500 and 1 in 1,000, 

in PBS. Normal gerbil serum was used as a control. Antigens used were 

fixed merozoites and bovine erythrocytes, both infected and uninfected 

with B. divergens.
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3. RESULTS

3.1 MASP CULTURES

3.1.1 Serum requirements

Serum requirements for the cultures were originally considered to 

be very rigid (Konrad, personal communication). Serum used was taken 

from a pool of several donor cattle and stored at -20°C for not more 

than 4 weeks before use. Commercial serum (pooled batches of adult 

bovine serum usually obtained from abbatoirs) was subsequently tested 

and it was found that the majority of batches supported growth of _B. 

divergens in MASP cultures without any drop in the peak parasitaemia 

(Table 2, Appendix). These batches could be stored frozen at -20°C for 

at least 6 months and still support growth.

Serum levels, originally maintained at 40%, could be dropped in 

5% steps if the cultures were allowed to adapt for 2-3 weeks after each 

drop. When fresh serum was mixed with commercial serum the cultures 

recovered from the drop in serum and reached peak parasitaemias more 

rapidly. At serum levels of 25% it was essential to use only fresh 

serum, in order to maintain peak parasitaemias. Cultures were routinely 

maintained at 40% serum levels due to the limited supply of fresh serum. 

(Table 3, Appendix p 168).

3.1.2 Cultures from infected gerbils

Gerbils were infected with j5. divergens by intraperitoneal 

injection, either using frozen stabilities or using infected bovine 

erythrocytes which had been stored at -4°C for up to 3 weeks. MASP 

cultures were initiated directly from the infected gerbils.
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When using _B. divergens - infected erythrocytes to initiate a 

culture, it is advisable to use freshly drawn blood. The parasitaemia 

may fall below a threshold level in blood which has been in transit or 

stored at 4°C for several days and may not successfully initiate a 

culture. However, such blood can be used to infect a gerbil to provide 

fresh blood for initiation of cultures. Peak parasitaemias of up to 15% 

have been observed in freshly initiated MASP cultures after 2 or 3 sub

cultures. These levels subsequently drop to 10 - 12% when the parasites 

become cultures adapted after 6-7 subcultures.

The morphology of parasites in a culture freshly initiated from 

gerbil cells differs from the morphology of parasites in long term MASP 

cultures. The former correspond closely to parasites growing jin vivo in 

gerbil erythrocytes in that they are larger (1.5 - 2.9 pm) and less 

dense than the smaller forms observed in established MASP cultures of 

bovine erythrocytes (0.8 - 2.3 pm) Figs 1-3 illustrate the difference 

between parasites grown in bovine erythrocytes in vivo and in vitro and 

gerbil erythrocytes infected with _B. divergens.

3.2 CULTURE DERIVED ANTIGENS

3.2.1 Merozoites

Figure 4 shows a Giemsa stained preparation of _B. divergens mero- 

zoites obtained by depriving MASP cultures of CO2  for 8 h. The back

ground consists of erythrocyte stroma and membrane fragments but no

intact erythrocytes.
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Figure 1 Bovine erythrocytes from a splenectomised calf infected with

the Weybridge strain of Babesia divergens.

Magnification x4,800
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Figure 2 Infected bovine erythrocytes from a MASP culture of the

Weybridge strain of Babesia divergens.

Magnification x4,800
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Figure 3 Gerbil erythrocytes taken from an animal infected with the

Weybridge strain of Babesia divergens.

Magnification x4,800
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Figure 4 A preparation of merozoites from a MASP culture of the

Weybridge strain of Babesia divergens.

Magnification x9,600
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3.2.2 Parasite enriched erythrocyte lysis preparation (PELP)

Attempts were made to prepare a culture derived immunogen com

posed of an enriched population of infected erythrocytes following the 

methods of Wright (1973) and Mahoney (1967) for JB. bovis which were 

based on the greater osmotic fragility of uninfected, compared with B̂. 

bovis - infected red cells. However, it was found that erythrocytes 

infected with _B. divergens were more susceptible to osmotic shock than 

uninfected cells. In this way the effect of 15. divergens on erythrocytes 

resembles that of B̂. bigemina rather than that of 15. bovis. The infected 

cell lysate, after removal of intact uninfected erythrocytes by centri

fugation, was greatly enriched in extracellular parasites and infected 

erythrocyte stroma.

3.2.3 Attenuation of parasites after continuous culture

After 150 passages in MASP culture infectivity of the Weybridge

strain of 15. divergens to gerbils was diminished. Doses ranging from 
6 810° - 10 parasitised bovine erythrocytes from the long term continuous 

cultures and from cultures interrupted bimonthly by passage through 

gerbils in a preliminary study were inoculated intraperitoneally into 

groups of 2 gerbils. Parasitaemias on days 1, 2, 3 and 7 post inocu-
g

lation are given in Table 1. Fatal infections were produced by 5 x 10 

parasitised erythrocytes of the virulent and attenuated strains. When
g

the number of infective erythrocytes was dropped to 10 however, only

the virulent strain produced a fatal infection, the attenuated strain

raising a maximum parasitaemia of 0.1%. Fatal infections were raised by
7 7the inoculation of both 5 x 10 and 10 erythrocytes infected with the 

virulent strain. The maximum parasitaemias raised by the attenuated 

strain were 0.2% after an inoculum of 5 x 10^ parasitised erythrocytes 

and 0.1% after an inoculum of 10^ infected cells.
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REDUCTION OF INFECTIVITY TO THE MONGOLIAN GERBIL 
OF BABESIA DIVERGENS AFTER 150 PASSAGES IN MASP CULTURE

NUMBER OF PARASITES MEAN PERCENT PARASITAEMIAS

T A B L E  1

INOCULATED DAY 1 DAY 2 DAY 3 DAY 7 DAY 1

Attenuated
5 x 108

2.0 15.0 46.0 D -

Virulent 2.5 20.0 81.0 D —

Attenuated
108

0.1 0.1 0.1 0 -

Virulent 1.0 16.3 76.0 D —

Attenuated 7 0.2 0.1 0.1 0 . ,
5 x 10

Virulent 0.8 6.2 59.0 D

Attenuated 7 0.1 0.1 0.1 0 _
107

Virulent 0.25 0.3 4.0 35 D

Attenuated f. 0.1 0 0 0
5 x 106

Virulent 0.2 0.3 0.1 0 —

Attenuated
106

0.1 0 0 0 -

Virulent 0.2 0.1 0.1 0 -

D = died
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3.3 IMMUNISATION TRIAL 1

Three animals died from anaesthetic shock during the trial, one 

each from groups 1, 2 and 3.

3.3.1 Febrile reactions

The baseline rectal temperatures taken immediately before 

challenge infection ranged from 35.4 - 39.2°C (Table 2). In groups 1, 2 

& 6 there was a tendency towards increase in temperature up to the third 

day and a marked drop to temperatures well below normal (26.7 - 33.3°C) 

immediately before death. In the survivors from these groups temper

atures reverted to normal by the 4th day after challenge infection. 

There was little change in the temperature of animals in groups 3-5.

3.3.2 Parasitaemias (Fig. 5)

Parasitaemias of 27.5 - 40% were recorded in animals immunised 

with 2 doses of culture supernatant and (33 - 46.3%) in the control 

animals on the day of death. Two of 3 animals which received 3 

immunising doses of supernatant survived, one of which had negligible 

parasitaemias and the other which had 12% parasitaemia before recovery. 

The 3rd animal in that group died after a 35.2% parasitaemia on day 4. 

In the groups immunised with merozoites, PELP and cooled cultures, para

sitaemias were mainly negligible, but 2 animals in the group immunised 

with PELP attained parasitaemias of 4 and 8%.

When blood from 2 animals surviving 9 months after receiving an 

inoculum of blood from cooled cultures (group 5), was passaged into 

normal gerbils, no infections were established. The original animals
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IMMUNISATION TRIAL 1 USING CULTURE DERIVED IMMUNOGENS : 
POST CHALLENGE RECTAL TEMPERATURES.

T A B L E  2

GROUP RECTAL TEMPERATURES

DAY 0 DAY 1 DAY 2 DAY 3 DAY 4

Group 1

Culture supernatant x3 37.8 38.1 39.3 39.8 31.8
37.6 38.3 39.1 39.5 -

38.1 38.9 39.2 40.0 33.3

Group 2

Culture supernatant x2 38.2 38.5 38.8 38.5 32.5
37.1 38.8 39.0 39.1 38.6
36.8 38.5 38.0 38.5 38.4

Group 3

Merozoites 38.7 38.9 38.0 38.7 38.2
38.0 37.6 38.3 37.9 37.8
38.6 38.7 38.8 38.4 38.9

Group 4

PELP 37.4 37.9 37.7 37.1 38.1
38.0 37.6 38.3 37.9 37.8
39.2 39.3 38.0 36.7 37.6
37.5 39.0 38.9 39.1 39.0

Group 5

Erythrocytes from 36.4 38.4 38.3 38.6 37.4
cooled culture 38.2 38.4 38.1 38.2 38.4

37.1 39.5 38.7 38.4 38.7
37.2 38.4 38.3 38.5 38.3

Group 6

36.5 38.5 39.4 39.2 32.0
35.4 38.6 38.9 39.3 26.9
36.5 38.4 38.9 39.1 28.4
36.1 38.6 39.1 39.8 33.0

Control
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were solidly immune when challenged one month later with an homologous 

strain of _B. divergens. The passage animals and control, however, when 

challenged with the same dose, all died on the fifth day with para-

sitaemias of up to 51%. Also, no infections arose when the original

animals from group 5 were treated with Dexafort.

3.3.3 Antibody titres (Figs. 5, 6)

In all groups antibody titres reached their peaks at weeks 7 and 

8 then fell prior to challenge. The groups immunised with merozoites 

and PELP, showed a decrease in antibody titres on the first day after

challenge infection. This was followed by a rise in titre from the

second day. There was little immediate change in antibody titres in the 

remaining test groups from the prechallenge level, but all except the 

group immunised with 2 doses of culture supernatant showed a rise in 

titre from the second day after challenge infection. There was no 

detectable antibody response in the control group. Antibody titres 

against BSA in the groups immunised with culture supernatant (Groups 1 & 

2) are shown in Appendix Figure 1, (p 171).

3.3.4 Survival rates (Table 3)

All control animals and all animals in the group given 2 inocula

tions of culture supernatant were dead by the fifth day after challenge 

infection. One animal in the group immunised with 3 doses of culture 

supernatant died 5 days after the challenge infection. All animals in 

the groups receiving merozoites, PELP and cooled cultures survived the 

challenge infection.
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Figure 5 Immunisation Trial 1. Log antibody titres in gerbils post 

immunisation. P.E.L.P. = Parasite enriched lysis 

preparation.
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Figure 6 
Immunisation Trial 

1, 
Log antibody titres and percent

parasitaemias in gerbils post homologous Babesia divergens 
challenge infection, 

P.E.L.P, = Parasite enriched lysis 
preparation.
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T A B L E  3

IMMUNISATION TRIAL 1 : SURVIVAL RATES

GROUP NO. OF ANIMALS TO SURVIVE CHALLENGE

Group 1

Culture supernatant x3 0/3

Group 2

Culture supernatant x2 1/3

Group 3

Merozoites 3/3

Group 4

PELP 4/4

Group 5

Erythrocytes from

cooled culture 4/4

Group 6

Control 0/4
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3.4 IMMUNISATION TRIAL 2

One animal in group 1 died during the trial as a result of 

anaesthetic shock.

3.4.1 Febrile reactions (Table 4)

Baseline rectal temperatures taken immediately before challenge 

ranged from 36.4 - 38.1°C. There was no significant difference in 

temperature between the groups after the challenge infection until day 3 

when in all animals, the temperature dropped sharply immediately prior 

to death.

3.4.2 Parasitaemias (Fig. 8)

Parasitaemias of 20 - 57% were recorded in animals from both 

groups prior to death.

3.4.3 Antibody titres (Figs.7, 8)

Antibody titres in group 1 which had been immunised with 10X 

concentrated culture supernatant rose significantly after immunisation 

and remained at about the same level from week 4 until death 3 days 

after challenge. Group 2 (the controls) had no demonstrable antibodies 

against merozoite antigens at any time during the trial.

3.4.4 Survival rates

All animals in both the control group and the group immunised 

with concentrated culture supernatant succumbed to the challenge 

infection by day 4 after challenge.
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T A B L E  4

IMMUNISATION TRIAL 2 USING CONCENTRATED CULTURE SUPERNATANT : 
POST CHALLENGE RECTAL TEMPERATURES.

GROUP RECTAL TEMPERATURES

DAY 0 DAY 1 DAY 2 DAY 3

Group 1

xlO Culture supernatant 37.5 38.6 37.6 32.9

36.9 37.2 38.1 33.0

38.1 38.9 37.8 D

Group 2

Control 37.4 37.0 37.8 D

37.9 37.9 39.1 26.6

36.4 38.5 38.0 22.4

37.7 37.7 38.6 35.0

D = died



Lo
g 

an
ti

bo
dy

 d
il

ut
io

n

6 8

Time in Weeks

Figure 7 Immunisation Trial 2. Log antibody titres in gerbils post
immunisation with xlO concentrated MASP, _B. divergens culture 
supernatant•
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3.5 IMMUNISATION TRIAL 3

3.5.1 Febrile reactions (Table 5)

Rectal temperatures in groups 1, 2 and 3 remained the same 

throughout the trial 37.0 - 39.9°C. Group 4, the control group, showed 

a rise in temperature on day 3 (39.3 - 39.9°C) followed by a drop in 

temperature on day 4 (35.5 - 38.0°C) prior to death.

3.5.2 Parasitaemias

3.5.2.1 Post inoculum parasitaemias (Table 6)

Parasitaemias in groups 1, 2 and 3 did not exceed 0.7% at any 

time after immunisation. In group 3, in 2 of the animals, no parasites 

were seen.

3.5.2.2 Post challenge parasitaemias (Fig. 9)

After challenge infection, parsitaemias in group 4, the control 

group, rose to between 24 and 52% on the 4th day. Parasitaemias in 

groups 1, 2 and 3 did not exceed 0.5% and no parasites were apparent by 

the 4th day.

3.5.3 Antibody levels (Table 7 and Fig. 10)

Antibody levels rose slightly after immunisation, then dropped 

prior to challenge infection. After challenge infection antibody levels 

in all groups rose again, group 2 achieving levels of up to 180 ug per 

ml of IgG by the seventh day. No antibody was detected in the control.
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T A B L E  5

IMMUNISATION TRIAL 3 USING DIFFERENT DOSES OF ATTENUATED 
MASP CULTURES : POST CHALLENGE RECTAL TEMPERATURES.

GROUP RECTAL TEMPERATURES

DAY 0 DAY 1 DAY 2 DAY 3 DAY 4

Group 1

5 x 10^ parasitised 38.9 39.9 39.4 39.4 38.9
erythrocytes 37.9 38.5 38.0 38.3 38.7

37.7 39.3 39.0 39.2 39.2
38.7 39.0 38.1 38.6 39.2

Group 2

5 x 10^ parasitised 38.4 39.3 38.9 38.6 38.5
erythrocytes 38.6 38.8 38.5 38.0 38.3

39.5 39.9 39.6 39.6 39.7
38.8 39.1 39.2 39.4 39.5

Group 3

5 x 10** parasitised 39.4 38.7 38.7 39.0 38.3
erythrocytes 37.0 38.5 38.5 38.0 38.2

38.0 37.8 38.1 38.6 37.2
38.4 39.2 37.8 39.1 38.7

DAY 5

Group 4

38.8 38.8 38.6 39.3 35.5
38.5 38.7 37.9 39.4 38.0
38.1 39.7 39.6 39.9 35.8
39.1 39.6 39.1 39.9 35.8

Control
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IMMUNISATION TRIAL 3 USING ATTENUATED PARASITES : 
POST INOCULUM PARASITAEMIAS

T A B L E  6

GROUP PERCENT PARASTIAEMIAS

DAY 2 DAY 3 DAY 4 DAY 8

Group 1

5 x 10 parasitised 0.2 0.1 0.4 0
erythrocytes 0.3 0.1 0.2 0

0.7 0.3 0.5 0
0.2

CM.O

0.3 0

Group 2

5 x 10^ parasitised 0.2 0.2 0.2 0
erythrocytes 0.1 0.1 0.1 0

0.1 0.1 0.1 0
0.2 0 0 0

Group 3

5 x 10^ parasitised 0 0 0 0
erythrocytes 0.1 0.1 0.1 0

0.2 0 0 0
0 0 0 0
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Figure 9

GROUP 4 (Control Group)

Days post challenge

Immunisation Trial 3. Percent parasitaemias in gerbils post 

homologous Babesia divergens challenge infection. 

Parasitaemias in Groups 1, 2 and 3 were below 1%.



TABLE 7

IMMUNISATION TRIAL 3 USING ATTENUATED PARASITES : 
ANTIBODY LEVELS PRIOR TO CHALLENGE

GROUP pg/ml IgG

DAY 0

Group 1

5 x 107 parasitised 0
erythrocytes 0

0
0

Group 2

5 x 10^ parasitised 0
erythrocytes 0

0
0

Group 3

5 x 10^ parasitised 0
erythrocytes 0

0
0

Group 4
45 x 10 parasitised 0

erythrocytes 0

DAY 7 DAY 14 DAY 18

1.4 0.4 0.2
2.2 0.2 0.1
0.4 0.4 0.4
0 0.2 0

1.6 1.2 0.1
0 0.2 0.2
1.0 0.4 0.2
0 0.2 0.1

0 0.1 0.05
0 1.4 0.1
0.8 0.1 0.05
0 0.2 0.1

0 0 0
0 0 0
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Figure 10 Immunisation Trial 3 . IgG levels in gerbils post homologous 
Babesia divergens challenge infection. Group 4 (the control 
group) had no detectable IgG by ELISA



7 6

3.5.4 Survival rates

All animals in groups 1, 2 and 3 survived the challenge

infection, whereas all group 4 (control group) animals died on the 5th 

day after challenge infection.

3.6 HYBRIDOMA PRODUCTION

3.6.1 Screening of parental clones (Tables 3a,3b,3c Appendix)

Fusion 7 : Of 96 parental clones tested 28 were positive by ELISA 

on a merozoite preparation. Of these nine were expanded and 5 (7.3,

7.4, 7.8, 7.9, 7.10) were subcloned and 4 of these were resubcloned, 7.8 

was subsequently subcloned again when it was noticed that its antibody 

titre had fallen.

Fusion 12 : Of 62 parental clones, 16 of these were positive by 

ELISA on a merozoite preparation. Eleven of these clones were subcloned 

and 7 of these (all except 12.9.10 and 12.13.1) were successfully 

resubcloned.

Fusion 13 : Of 96 parental clones, 17 of these were positive by 

ELISA on a merozoite preparation. Sixteen of these parental clones were 

subcloned and 11 of these successfully resubcloned.

3.6.2 Specificity testing by ELISA (Fig. 11, Table 8)

The monoclonal antibody 7.8, when tested by ELISA for specificity 

was positive on merozoites, protein coat and culture supernatant, but 

not on bovine erythrocytes or BSA. These results were confirmed in a 

later assay when ascitic fluid containing the Mab 7.8 was titrated on 

several antigens (Fig. 11).
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Log dilution

Figure 11 ELISA demonstrating the specificity of Mab 7.8. PC = protein 
coat; rbc = red blood cells;
BSA = bovine serum albumin.
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TABLE 8

SPECIFICITY TESTING BY ELISA ON SUBCLONES

IgG TITRES

CLONE MEROZOITES PROTEIN
COAT

CULTURE
SUPERNATANT

NORMAL
BOVINE

ERYTHROCYTE

BOVINE
SERUM
ALBUMIN

12.26 1/80 0 0 0 0

12.34 1/5120 1/5120 1/1280 0 0

12.35 1/320 0 0 1/160 0

12.52 1/320 1/640 1/160 0 0

12.53 1/320 0 0 1/160 0

12.61 1/640 0 0 0 0

12.70 1/80 0 0 0 0

12.77 0 0 0 1/160 0

13.1 1/1280 1/2560 1/2560 0 1/20

13.2 0 . 0 0 0 0

13.3 1/640 1/2560 1/2560 0 0

13.4 1/1280 1/2560 1/2560 0 0

13.5 1/640 1/80 0 1/80 1/80

13.6 1/160 1/160 1/160 0 1/80

13.10 1/160 1/640 1/40 1/80 1/40

13.11 1/320 1/160 0 1/40 0

13.13 1/320 1/1280 1/1280 0 1/320

13.14 0 0 0 0 0

13.16 1/320 1/1280 1/640 0 1/320
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Of the 9 subclones tested of Fusion 12, 12.52 and 12.34 were 

positive on merozoites, protein coat and culture supernatant but not on 

BSA or bovine erythrocytes. 12.61 and 12.62 were positive on merozoites 

only and 12.26 and 12.70 were weakly positive on merozoites only. The 

remaining 3 were positive on normal bovine erythocytes.

Of the 11 Fusion 13 subclones tested, 13.1 13.3 and 13.4 were 

positive on merozoites, protein coat and culture supernatant but not on 

bovine erythrocytes or BSA, 13.5, 13.6, 13.13 and 13.16 were also 

positive or weakly positive on BSA and the remaining antibodies were 

either negative or showed no specificity.

3.6.3 Immunofluorescence assay (Table 9)

All Mabs tested were positive on both live and fixed preparations 

of merozoites with the exception of the control antibody 13.1 raised 

against _P. berghei. Mab 7.4 was found to be positive also on live and 

fixed preparations of infected and uninfected bovine erythrocytes. Mab

7.8 was strongly fluorescent on intact merozoites and only weakly 

•fluorescent on merozoites after elution of the protein coat antigens. 

Mab 13.4 showed the strongest fluorescence on live and fixed 

preparations of intact merozoites. The remaining antibodies 7.4, 7.9 

and 7.10 were only moderately fluorescent on preparations of merozoites 

and all had low titres.

3.6.4 Merozoite neutralisation assay

In the preliminary experiment carried out in order to determine 

the correct conditions for the merozoite neutralisation assay, it was 

shown that there was no difference in the percent inhibition of mero-
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SCREENING OF HYBRIDOMA CLONES BY IMMUNOFLUORESCENCE

TABLE 9

CLONE ASCITES
DILUTION

LIVE MEROZOITES 
MINUS PROTEIN 

COAT

LIVE/FIXED
MEROZOITES

LIVE/FIXED
INFECTED
RBC

LIVE/FIXED
UNINFECTED

RBC

7.4 1/10 ND + +++ +++

1/100 ND - ++ ++

7.8 1/10 + +++ - —

1/100 + ++ - -

7.9 1/10 ND + - -

1/100 ND - - -

7.10 1/10 ND ++ — -

1/100 ND - - -

13.4 1/10 - l i l t
l  F It - -

1/100 - +++ - -

13.1* 1/10 ND - - -

1/100 ND - - -

ND = not done
*13.1 is a monoclonal antibody raised against Plasmodium berghei
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zoite invasion when the raerozoites were preincubated with the 1/100 

dilution of ascites then added to the cultures, preincubated and washed 

before addition to the cultures or when the diluted ascites was added 

directly to the cultures (Table 10a). It was decided for future assays 

to use the condition in which the merozoites were preincubated with the 

Mab, then centrifuged at 1,000 g for 20 min and the pellet resuspended 

in M199.

A subsequent assay showed that Mabs 7.4, 7.8 and 7.10 at an 

ascites dilution of 1 in 50, inhibited merozoite invasion of 

erythrocytes by 56, 73 and 39% respectively. Mab 7.9 and the control 

antibody 13.1 showed no inhibitory effects on merozoite invasion (Table 

10b).

A further assay using SAS precipitated antibody showed 81% 

inhibition of merozoite invasion using 50 ug of the Mab 7.8. The 

control antibody 13.1 gave only 22% inhibition when the same dose was 

used to preincubate the merozoites (Table 10c).

3.6.5 Characterisation of antibody subclasses

Antibody subclass characterisation was carried out on Mabs 7.8, 

13.4 and 12.52. These were found to be IgGl, IgGl and lgG2a 

respectively.

3.7 CHARACTERISATION OF THE ANTIGENIC DETERMINANTS RECOGNISED BY THE

MONOCLONAL ANTIBODIES 

3.7.1 SDS-PAGE (Figs.12,13)

Using fresh merozoites of _B. divergens an analysis of proteins 

was made by 15% reducing SDS-PAGE. The profiles showed a large cluster
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MONOCLONAL ANTIBODY CONDITION % INHIBITION

40h 64h

TABLE 1 0 a

MEROZOITE NEUTRALISATION ASSAY 1

7.8 Merozoites preincubated and

washed 63

Merozoites preincubated 45

Monoclonal antibody added to 64

culture

13.1* Merozoites preincubated and 

washed 0

53

54

66

0

Merozoites preincubated 0 0

Monoclonal antibody added

to culture 0 0

Ascites was heat inactivated prior to use and used at a dilution of 

1/100 in M199. Merozoites were preincubated with the monoclonal 

antibodies for 30 min at 4°C.

*13.1 is a monoclonal antibody to Plasmodium berghei
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TABLE 10b

MEROZOITE NEUTRALISATION ASSAY 2

CLONE % INHIBITION AT 22h

7.4 1/50 56

1/500 17

7.8 1/50 73

1/500 17

7.9 1/50 0

1/500 0

7.10 1/50 39

1/500 17

13.1* 1/50 0

1/500 0

Ascites was heat inactivated prior to use. Merozoites were preincubated 
with the monoclonal antibodies for 30 min at 4 C.

*13.1 is a monoclonal antibody to Plasmodium berghei
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TABLE 1 0 c

MEROZOITE NEUTRALISATION ASSAY 3

MONOCLONAL ANTIBODY PARASITES/50 FIELDS 
Means + SD (n = 3)

% INHIBITION

Medium control 34.6 + 3.0 0

00. 250 pg 10.3 + 3.5 69.7

50 pg 6.6 + 2.5 81.0

5 pg 13.3 + 6.1 62.0

13.1* 250 pg 26.0 + 1.0 25.0

50 pg 27.0 + 4.6 22.0

5pg 28.0 + 2.6 19.0

The monoclonal antibodies were purified by precipitation with saturated 

ammonium sulphate. The protein content was assessed by the Lowry method 

prior to use. Merozoites were preincubated with the monoclonal anti

bodies for 30 min at 4°C and smears were taken at 20 h.

*13.1 is a monoclonal antibody to Plasmodium berghei
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Figure 12 15% reducing SDS-PAGE on fresh preparation of: a) eluted

protein coat, b) merozoites with their protein coat removed, 

and c) intact merozoites.
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Figure 13 15% reducing SDS-PAGE on freeze-thawed preparations of: a) 

intact raerozoites, b) merozoites with their protein coat

removed, and c) eluted protein coat.
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of proteins of M 50 - 65 K and a smaller band of 24 - 29 K inr
preparations of intact merozoites and eluted protein coat; these bands 

were in greatly reduced amount in gels of merozoites which had had their 

protein coat removed (Fig. 12).

When the same series of preparations was examined by SDS-PAGE 

after freeze-thawing, the band at 24 - 29 K was less prominent (Fig. 13) 

in the eluted protein coat preparation.

SDS-PAGE run on merozoites of the virulent Weybridge strain, the 

Weybridge strain after attenuation in long term continuous culture and 

virulent Drumaness (NID) strain revealed identical protein profiles 

(Fig. 14).

3.7.2 Immunoblotting (Figs.15,16,17,18)

When 15% reducing SDS-PAGE protein profiles of freeze-thawed 

merozoites were immunoblotted after Western transfer, using the mono

clonal antibody 7.8, the antibody bound to proteins of 11̂ 50 - 60 K (Fig. 

15). When fresh merozoites were used and immuno-blotted, Mabs 7.8 and 

13.4 bound strongly to proteins at 24 - 29 K (Fig. 16). Immunoblotting 

of fresh merozoites from both the virulent and attenuated Weybridge 

strains and from the Drumaness (NID) strain with the monoclonal antibody

7.8 again revealed a strong band at 24 - 29 K and (this time) a weakly 

stained band at 50 - 60 K (Fig. 17). Immunoblots were also conducted on 

freeze-thawed merozoites using monoclonal antibodies from Fusion 13: 

Mab 13.5 revealed a band at 29 - 36 K, a total of 7 bands were revealed 

by Mab 13.6; and 2 closely associated bands at 29 - 36 K were revealed 

by Mabs 13.10 and 13.11 (Fig. 18). In all immunoblot assays the control 

Mabs 13.1 or 17.9 to J?. berghei were negative on the merozoite 

preparations.
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Figure 1 15% reducing SDS-PAGE on Babesia divergens merozoites 

the virulent Weybridge strain, b) the Weybridge strai 

attenuation in long term continuous cultures, and c)

from a) 

n after 

the

virulent Drumaness (NID) strain.
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Figure 1 Imraunoblotting of 15% reducing SDS-PAGE protein profiles of 

preparations of freeze-thawed virulent Weybridge strain 

merozoites with a) Mab 13.1 (to Plasmodium berghei), and b)

Mab 7.8.
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Figure 1
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Immunoblotting of 15% reducing SDS-PAGE protein profiles of
(

fresh preparations of virulent Weybridge strain merozoites 

with a) Mab 17.9 (to Plasmodium berghei), b) Mab 7.8, and c)

Mab 13.4.
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Figure 17 Immunoblotting of 15% reducing SDS-PAGE protein profiles of 

fresh preparations of (a & d) the virulent Weybridge strain 

(b & e) the Weybridge strain after attenuatioii in long term 

continuous culture, (c & f) the virulent Drumaness (NID) 

strain, with (a,b,c) Mab 17.9 (to Plasmodium berghei),

(d , e , f) Mab 7.8.
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b e

Figure 18 Iramunoblotting of 15% reducing SDS-PAGE protein profiles of 

preparations of freeze-thawed virulent Weybridge strain 

merozoites with a) Mab 13.5 (to Plasmodium berghei), b) Mab

13.6, c) Mab 13.10, d) Mab 13.11 and e) Mab 13.1
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3.7.3 Purification of monoclonal antibodies

Zeta Prep 15 ion exchange DEAE discs, once available, were used 

in preference to SAS precipitation, as the yield of IgG after purifi

cation was 4 to 5 times higher when using Zeta Prep discs.

Quantification of protein in the purified preparation was 

originally carried out by the Lowry method but discrepancies were found 

in the system due to interference of ammonium ions or, after dialysis, 

phosphate ions. The BioRad protein assay kit was then used and gave 

satisfactory results.

3.7.4 Affinity purification of the antigenic determinant recognised by 

monoclonal antibody 7.8

Maximum binding of Mab 7.8 to the affinity purified antigen 

fraction was seen when the column fractions were at a dilution of 1 in 

64 in PBS. When these readings were compared graphically with the 

elution extinction curve a good correlation was seen between the two 

results (Fig. 19). Fractions 3, 4, 5, 6 and 7 were seen to contain the 

antigen peak and these were pooled and dialysed against PBS.

Measurement of the antigen using the BioRad protein assay kit
g

showed a total of 800 jig of protein from approximately 12 x 10 

merozoites.

Silver-stained SDS-PAGE of the purified antigen revealed a band

of M about 50 K and a faint band at 29 K when freeze-thawed merozoites r
were used (Fig. 20). When a fresh preparation of merozoites was used for 

affinity purification, 2 major bands were revealed by silver-staining, 

one at 50 - 60 K and another (stained white due to excess protein) at 24 

- 29 K (Fig. 21). Immunoblotting of these two preparations of affinity
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Figure 19 ELISA showing the affinity purification of the determinant 
recognised by Mab 7.8. Dilution of 7.8 antigen = 1/64.
□ = ELISA reading at 405 nm.
■ = reading at 280 nm.
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Figure 20 15% reducing SDS-PAGE of a preparation of the affinity

purified 7.8 antigen from freeze-thawed merozoites. 

a) intact merozoites, b) affinity purified 7.8 antigen.
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Figure 2 15% reducing SDS-PAGE of a preparation of the affinity

purified 7.8 antigen from fresh merozoites.
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purified antigen using the monoclonal antibody 7.8, revealed a 50 K band 

on the blot of the freeze-thawed merozoite preparation (Fig. 22) and a 

24 - 29 K band on the fresh merozoite preparation (Fig. 23). Iramuno- 

blotting of the fresh affinity purified antigen was also carried out on 

reduced and nonreduced preparations using both monoclonal antibodies 7.8 

and 13.4. Monoclonal antibody 7.8 bound to the reduced preparation 

strongly but there was less bound to the nonreduced preparation. 

Monoclonal antibody 13.4 bound equally well to both reduced and 

nonreduced preparations (Fig. 23). Monoclonal antibodies 13.1 and 17.9 

to I>. berghei were negative on all blots (Figs 22, 23).

3.7.5 Peptide mapping of the affinity purified antigen

Affinity purified 7.8 antigen digested with V8 protease revealed

3 bands on silver-stained SDS-PAGE. One of these bands was of M 45K,r

one of 29 - 36 K and the third of 24 K. Digestion of the antigen with 

papain gave one low molecular weight band of Mf 12 -14 K. Chymotrypsin 

digestion resulted in 5 bands, one at 45 K, one at 40 K, one at 30 - 36 

K, one at 14 - 20 K and one 14 K. The undigested antigen showed 2 

protein bands, one at 50 - 60 K and the other at 24 - 29 K (Fig. 24).

Immunoblotting of the digested antigen with monoclonal antibodies

7.8 and 13.4 showed that they both bound to the 24kD peptide from the V 8  

protease digest. No proteins were bound in the papain and chymotrypsin 

digests. Also the undigested antigen was only faintly stained on the 24 

- 29 K band and monclonal antibody 17.9 to _P. berghei was negative on 

all tracks (Fig. 25).
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Figure 22 Immunoblotting of 15% reducing SDS-PAGE protein profile of 

affinity purified 7.8 antigen prepared from freeze-thawed 

merozoites with a) Mab 13.1 (to Plasmodium berghei), b) Mab

7.8.
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Figure 23 Immunoblotting of 15% reducing and non-reducing SDS-PAGE

protein profiles of affinity purified 7.8 antigen prepared 

from fresh merozoites.

Mab 17.9 (to Plasmodium berghei) on a) reduced and b) 

non-reduced 7.8 antigen. Mab 7.8 on c) reduced and d) 

non-reduced 7.8 antigen. Mab 13.4 on e) reduced and f) 

non-reduced 7.8 antigen.
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Figure 24 15% non-reducing SDS-PAGE of affinity purified 7.8 antigen

digested with a) V8 protease, b) papain and c) chymotrypsin.
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a b ' c ' d

Figure 25 Immunoblotting of 15% SDS-PAGE protein profiles of affinity 

purified antigen (a & e), digested with V8 protease (b & f), 

papain (c & g) and chymotrypsin (d & h). a,b,c, & d = Mab 

7.8. c,f,g, & h = Mab 13.4.
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3.8 IMMUNISATION TRIALS IN MONGOLIAN GERBILS USING THE AFFINITY 

PURIFIED 7.8 PROTEIN AS AN IMMUNOGEN

3.8.1 Immunisation Trial 4

3.8 .1.1 Febrile reactions (Table 11)

Rectal temperatures in animals which survived the challenge 

infection showed little variation. Animals which succumbed to the 

challenge infection showed a slight rise in temperature at peak 

parasitaemias followed usually by a sharp drop prior to death.

3.8.1.2 Parasitaemias (Fig.26)

In the group immunised with a merozoite preparation, parasites 

were not detected in one animal, in blood smears taken after challenge. 

Parasitaemias of 2.5 and 4% were reached in 2 other animals by the 3rd 

day but both survived the challenge infection. The 4th animal had a 

parasitaemia of 23.5% by the third day and succumbed to the challenge 

infection on that day. In the group immunised with 7.8 antigen, one 

animal died with a parasitaemia of 18.5% on the 3rd day following 

challenge infection. A 2nd animal had a parasitaemia of 22% by the 3rd 

day and died on the 4th day after challenge. The remaining 2 animals 

had peak parasitaeraias of 5% and 0.8% and both survived the challenge 

infection. Control group animals (Group 4) had peak parasitaemias of 

30%, 42%, 55% and 35% and succumbed to the challenge infection on day 2 

(1 animal) and on day 3 (3 animals).

3.8.1.3 Antibody titres (Fig. 27)

The group immunised with merozoites showed a rise in IgG titres 

one week after the first inoculation. This was followed by a sharp rise
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TABLE 11

IMMUNISATION TRIAL 4 USING MEROZOITES AND AFFINITY 
PURIFIED 7.8 PROTEIN : POST CHALLENGE RECTAL TEMPERATURES

GROUP RECTAL TEMPERATURES

DAY 0 DAY 1 DAY 2 DAY 3 DAY 4

Group 1

Non-viable raerozoites 37.5 38.0 39.2 22.3
38.2 38.0 36.8 37.3 37.2
37.1 37.1 37.5 37.7 37.8
38.2 38.7 39.0 38.9 38.4

Group 2

Affinity purified 38.2 38.8 36.7 37.9 37.1
antigen 37.4 37.5 38.2 - -

38.1 38.4 37.0 37.7 37.0
38.3 38.2 38.9 36.8 -

Group 3

Controls 37.4 37.0 38.8 _ —
38.9 37.9 39.1 26.6 -

36.4 38.5 39.0 22.4 -

37.7 37.7 38.6 26.9 -
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Figure 26 Immunisation Trial 4 . Percent parasitaemias in gerbils post 

homologous Babesia divergens challenge infection.
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Figure 27 Immunisation Trial 4 . Log antibody titres in gerbils r 
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to peak levels one week after the second inoculation. Titres dropped 

slightly prior to challenge, then started to rise two days later.

The group immunised with 7.8 antigen showed similar IgG titres to 

those in group 1. The rise in titre after the primary immunisation was 

on average higher by week 3 but there was virtually no subsequent rise 

after the second immunisation. IgG titres dropped prior to challenge 

and in 3 of the animals rose immediately after challenge. The fourth 

animal showed a drop in titre followed by a sharp rise 2 days after 

challenge infection.

Animals in the control group, group 3, had no demonstrable IgG 

titres either prior to or after the challenge infection.

3.8.2 Immunisation Trial 5

3.8.2.1 Febrile reactions

All animals which survived the challenge infection showed no 

appreciable change in rectal temperatures throughout the trial. Animals 

which succumbed to the challenge infection showed little change in 

temperature except that most showed a marked drop immediately before 

death (Table 12).

3.8 .2.2 Parasitaemias (Fig.28)

In the group immunised with 10 ug and boosted with 50 jig of 

acetone precipitated antigen, parasitaemias of between 4 and 20% were 

reached by the 4th day. The 2 animals with lower parasitaemies (4% & 

1 0 %) survived the challenge, but the remaining 2 succumbed with 

parasitaemias of 25% and 30% on the 7th day. All animals in the group 

immunised and boosted with lOug of acetone precipitated antigen (Group
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IMMUNISATION TRIAL 5 USING ACETONE PRECIPITATED 7.8 ANTIGEN

T A B L E  1 2

POST CHALLENGE RECTAL TEMPERATURES

Group Day 0 Day 1 Day 2 Day 3 Day 4 Day 8

Group 1
10 jug and 50 pg doses 39.3

of 7.8 antigen 39.2

39.3

39.6

Group 2

2 x 10 pg doses of 39.4

7.8 antigen 38.1

39.7 

38.9

Group 3

Non-viable raerozoites 39.1

38.6

39.8

38.5

38.9 38.6 38.6 36.7 -

38.5 38.6 38.2 38.9 38

38.5 38.6 38.8 38.7 38

39.0 38.6 39.2 36.3 —

38.9 38.6 39.1 38.5 -

38.8 39.1 39.4 38.7 -

39.2 39.0 39.5 38.9 -

38.5 38.3 39.0 33.9 —

38.5 38.4 38.7 39.0 38

38.8 38.2 38.4 38.5 38

39.8 38.9 39.3 39.5 -

38.4 38.0 38.5 38.7 38

Group 4

38.2 38.5 38.6 38.9 36.5 -

38.3 37.5 37.3 38.3 35.6 -

37.3 38.5 38.6 38.3 35.6 -

39.6 39.0 38.9 39.1 34.0 —

Control



H»Oq
33to

ej*o
3OI—*owo
c
3

fcd
0}O*
CD
COH-Co
CL
H*<
3
•-toq
CD
3
CO

ncr
3

to
3Oq
CD

3
i-h0)nrrH*O
3

N3
00

53C
3H*
CO3rrH*O
3
H»1

3
CDriO
CD
3rr
►33

■-I
33

33
3H-
33
H*
3

Oq3
3CT4H-

3O
3

95 
Pa

ras
ita

em
ia 

95
 Pa

ras
ita

em
ia

108



109

2), had peak parasitaeraias ranging from 22% to 51% and succumbed on the 

5th day. Two of the animals in the group immunised with merozoites, had 

parasitaemias of 14% and 5.6% on the 4th day. The animal with the 

higher parasitaemia died on the 7th day, the other survived. No 

parasites were observed in the remaining 2 gerbils. Parasitaemias in 

the control group, group 4, rose to 21-51% by the 4th day. Two animals 

died on the 4th day and the remaining 2 on the 5th day.

3.8 .2.3 Antibody titres (Figs.29,30)

The animals immunised with 10 pg and 50 pg of 7.8 antigen showed 

a small rise in antibody levels in the 3rd week after immunisation (0 - 

60 pg per ml) and a sharp rise to 312 - 880 pg/ml in the 3 weeks after 

the booster dose. Antibody levels dropped immediately after challenge 

infection to 34 - 148 pg/ml but started to rise on the 3rd day and were 

back to peak levels by the 4th day. The 2 animals with the highest 

pre-challenge antibody levels were those that survived the challenge.

IgG levels in the group immunised with 2 doses of 10 pg of 7.8 

antigen were low prior to boosting ( 0  - 2 pg per ml) and rose in the 3  

weeks after boosting to levels of 10 - 176 pg per ml. There was a drop 

in antibody levels after challenge to undetectable amounts, a slight 

rise 2 days later (10 - 44 pg per ml) and a significant rise in 3 of the 

animals by the fourth day (348 - 780 pg per ml).

The animals immunised with merozoites showed a rise in IgG levels 

by the 3rd week after immunisation (4 - 35 pg per ml) followed by 

another rise after boosting (72 - 180 pg per ml). Antibody levels 

dropped after challenge to 18 - 80 pg per ml, the rose again to reach 

peak levels on the 4th day after challenge (140 - 190 pg per ml).
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Group 4 animals (the control group) had no detectable levels of 

IgG against the 7,8 antigen either prior to or after challenge 

infection.

3.8 .2.4 Immunoblotting (Figs.31,32)

Sera from animals immunised with a merozoite preparation bound to 

several different proteins in an immunoblot assay on merozoites, but 

bound only to the 24 - 29 K antigen on tracks of affinity purified 7.8 

antigen.

vi Sera from animals successfully immunised with the 7.8 antigen 

bound only to the 24 - 29 K antigen in an immunoblot assay on both 

merozoites and the affinity purified 7.8 antigen.

Immunoblots using sera from both Immunisation Trial 4 (Fig. 31) 

and Immunisation Trial 5 (Fig. 32) gave similar results. Normal gerbil 

serum, used as a control, was negative on both preparations.

3.8 .2.5 IFAT (Table 13)

Animals immunised with the merozoite preparation showed strong 

reactivity with merozoites and with infected and uninfected erythrocytes 

even at dilutions of 1 in 1,000. Serum from animals immunised with the

7.8 antigen reacted only with the merozoite preparation except that 

there was fluorescence slightly above background levels with infected 

bovine erythrocytes at a dilution of 1 in 100. Normal gerbil serum was 

negative on all preparations.
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Figure 31 Immunisation Trial 4. Immunoblotting of 15% reducing

SDS-PAGE protein profiles of fresh merozoites and affinity 

purified 7.8 antigen. Sera from gerbils immunised with 

merozoites on a) merozoites b) 7.8 antigen. Sera from 

gerbils immunised with 7.8 antigen on c) merozoites d) 7.8 

antigen. Sera from normal gerbils on e) merozoites.
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Figure 32 Immunisation Trial 5. Immunoblotting of 15% reducing

SDS-PAGE protein profiles of fresh merozoites and affinity 

purified 7.8 antigen. Sera from gerbils immunised with 

merozoites on a) merozoites, b) 7.8 antigen. Sera from 

gerbils immunised with 7.8 antigen on c) merozoites, d) 7.8 

antigen. Sera from normal gerbils on e) merozoites.
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TABLE 13

IMMUNISATION TRIAL 5. IMMUNOFLUORESCENCE ASSAY

Immunogen Serum dilution Merozoites Normal Bovine 
RBC

B. divergens 
Infected RBC

Merozoites 1 / 1 0 0 ++++ ++++ ++++

1/500 +++ +++ +++

1 / 1 0 0 0 +++ +++ +++

7.8 antigen 1 / 1 0 0 ++++ - +

( 1 0  jig and 1/500 +++ -

50 jug doses) 1 / 1 0 0 0 ++

■

Control 1 / 1 0 0 - - -

1.500 0 0 0

1 . 1 0 0 0 — — —
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4. DISCUSSION

4.1 MICROAEROPHILOUS STATIONARY PHASE (MASP) CULTURES

The development of the MASP technique (Levy and Ristic, 1980) for 

maintaining J3. bovis in continuous culture, has greatly facilitated 

studies of bovine babesias.

In a further refinement of this technique, a protocol for 

initiating MASP cultures of B̂. divergens in bovine erythrocytes directly 

from infected gerbil cells has been developed. The success of this 

technique was due mainly to the process of washing the infected gerbil 

erythrocytes prior to adding them to the culture. The washing ensured 

that the uninfected bovine erythrocytes in the culture were not 

haemolysed by gerbil serum in the system. In early cultures the PCV of 

the infected gerbil erythrocytes was measured before the erythrocytes 

were added to the cultures and the final PCV of the culture was adjusted 

accordingly. However, greater success was achieved when the PCV of the 

uninfected bovine erythrocytes was double the final PCV requirement and 

a 1:1 dilution was made with infected gerbil erythrocytes. The PCV of 

the gerbil cells was not taken into account, as the majority of these 

cells were haemolysed by the bovine serum in the system within the first 

few hours in culture.

The initiation of cultures from cattle blood infected with 

different strains of IJ. divergens has also been achieved successfully 

via gerbils. The parasitaemias in most samples of infected bovine blood 

received were below 2 0 % and the blood had been in transit for several 

days prior to use. Since the initiation of cultures from cattle blood, 

which has not been freshly drawn, is often unsuccessful, the passage of 

this blood through 1 or 2 gerbils ensured that cultures were initiated 

from fresh infected erythrocytes with parasitaemias of over 50%.
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4.2 BABESIAL IMMUNOGENS

The isolation of pure babesial antigens has presented a problem, in 

that most preparations of babesial proteins are heavily contaminated 

with host-cell products. This problem has been partly overcome by the 

method for isolating raerozoites from culture, free of intact host cells 

which results in a preparation greatly enriched in merozoites though 

still partly contaminated by erythrocyte ghosts. This preparation may 

be further purified on a Percoll gradient (Rodriguez eit̂ ad. , 1986). A 

preparation which should contain no insoluble host cell fragments is 

that containing the saline eluted protein coat antigens of merozoites. 

High speed centrifugation removes all particulate matter and filtration 

through a 0 . 2 2  pm membrane should ensure that only soluble proteins are 

present in the preparation.

Babesial proteins which are readily available and which may also be 

relatively uncontaminated with host cell products are the soluble 

exo-antigens found in culture supernatants. These antigens are derived 

from the raerozoite protein coat which is sloughed off during the 

process of entry into host erythrocytes (James et̂  £̂ 1. , 1981). Studies 

on _B. canis, using gel-diffusion techniques, on eluted surface coat 

antigens, soluble exo-antigens, and sera from dogs which had recovered 

from acute infection, have shown that these antigens are serologically 

similar (Molinar et a_l. , 1982). Exo-antigens of _B. bovis have been 

isolated and generally characterised as proteins of Mr30-40 K (James et 

al. , 1981). Trials conducted with j}. canis and B̂. bovis have shown that 

soluble exo-antigens found in culture supernatants are highly immuno

genic after homologous challenge (Laurent et_ _al. , 1983; Molinar et al. , 

1982; Timms _et al. , 1983; Kuttler et̂  a_l. , 1982). After heterologous
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challenge these antigens only confer partial protection (Timms and 

Stewart, 1984), although culture supernatant from some strains of _B. 

bo vis has been shown to confer cross-protection against infection by 

heterologous strains (Montenegro-James et al., 1985). Plasma from cattle 

infected with 15. argentina (= B̂ . bovis) was also found to confer 

protection, but only if the parasites used to challenge the immunity 

were homologous with those used to produce the initial infection 

(Mahoney and Goodger, 1972).

Elution of the merozoite protein coat by saline washing prevents 

merozoite attachment and penetration of erythrocytes (Ristic, 1984), and 

in malarial parasites, attachment of merozoites is prevented by 

opsonisation of protein coat antigens by specific antibodies in immune 

serum (Miller, David and Hadley, 1983). Interaction between these 

antibodies and the parasite may also bring about disruption and/or lysis 

of the organisms as shown by electron microscopy (Smith et al., 1979; 

Smith and Ristic, 1981). Inoculation of intact merozoites will induce 

antibodies, which will protect cattle from infection with JJ. bovis 

(Ristic, 1981), and gerbils from infection with _B. divergens (Winger et 

al. , 1987) (Immunisation Trial 1, page 60). Isolation of the antigens 

responsible for the induction of this protection may therefore prove 

useful in the preparation of immunogens which are uncontaminated with 

host protein.

4.3 IMMUNISATION TRIALS IN MONGOLIAN GERBILS: CULTURE-DERIVED

IMMUNOGENS

Several antigen preparations, derived from MASP cultures of _B. 

divergens were protective when used in immunisation trials in gerbils.
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4,3.1 Culture supernatants

Soluble exo-antigens of _B. divergens from culture supernatants, 

unlike those of jl. bovis and II. cants did not provide adequate 

protection, even to homologous challenge. In an immunisation trial in 

gerbils, all animals receiving 2 immunisations of culture supernatants 

in CFA succumbed to homologous challenge. A third inoculation gave 

partial protection, with 2 of 3 animals surviving this challenge (Fig. 

1). However, if the volume of culture supernatant which had given the 

partial protection in gerbils was scaled up on a proportionate 

dose/kilogram basis in cattle, it could not be a commercially viable 

proposition as a vaccine.

The parasitaeraias achieved by B_. divergens in MASP cultures are 

lower than those which have been reached in MASP cultures of _B. bovis, 

so that a lower concentration of antigens in the culture supernatant 

might have explained the failure of B̂. divergens supernatants to provide 

adequate protection. Montenegro-James £t̂  a_l. (1985), demonstrated good 

protection against both homologous and heterologous strains of JB. bovis 

using culture supernatant-derived immunogens from a Venezuelan IJ. bovis 

strain. The equivalent of 10 ml of culture supernatant per dose was 

used from cultures of B̂. bovis with parasitaeraias averaging 6 -8 % but 

when culture supernatant from cultures of B̂. divergens with 1 0  - 1 2 % 

parasitaemia was used to immunise gerbils it failed to provide 

protection after 2 immunisations even when 1 0  times concentrated: all 

gerbils died within 3 days of the challenge infection (Fig. 4). This 

result suggests that the difference in concentration of the antigen may 

not be the reason for the difference in efficacy. Protein coat antigens 

of B_. divergens appear to be unstable and only retain their antigenicity
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in ELISA when stored at 4°C for up to 3 days. Since exo-antigens 

accumulated in the culture supernatant over a period of 72 hours at 38°C 

before collection and were processed for a further 3 hours before use, 

it is possible that a large proportion of the soluble antigens had been 

degraded.

High antibody titres (Fig. 1) shown by ELISA in the groups of 

animals immunised with culture supernatant may be partly explained by 

the high proportion of bovine serum in the preparation. Since 1% BSA 

was used to block ELISA plates after the addition of antigen, antibodies 

in the sera of immunised animals would react with the BSA as well as 

with the parasite antigen(s). Blocking the plates with goat serum failed 

to reduce this background and it was later discovered that there is a 

high degree of cross-reactivity in the albumin component of goat and 

bovine sera (M.J.M. Fallon, personal communication). It seems probable 

that in the groups immunised with culture supernatant, the antibodies 

had been raised against albumin and had been reacting to this in the 

ELISA. An ELISA carried out using BSA as the sole antigen demonstrated 

the presence of antibodies with titres as high as 1:1280 in these 

groups. No antibody to BSA was observed in the other experimental 

groups or in the control group (Appendix Fig. 1). The anti-BSA anti

bodies did not account for all the antibodies found in the sera of the 

animals immunised with culture supernatant: at least some of this anti

body reacted with merozoites. The fact that these gerbils were not pro

tected against homologous challenge, shows that either the parasite 

specific antibodies were not protective or were not present in amounts 

sufficient to prevent infection. Since the merozoite preparation used as 

antigen on the ELISA plates is likely to contain a proportion of
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degraded proteins, it may be that the majority of antibodies raised to 

exo-antigens in the culture supernatants were against proteins which had 

been altered by degradation and were not present on live parasites.

High serum levels in MASP cultures can pose further problems when 

culture supernatants are used as immunogens in gerbils. In a pilot 

vaccination experiment (data not shown), gerbils were immunised twice 

with 0 . 1  ml of culture supernatant and challenged with infected bovine 

erythrocytes from a MASP culture. Three out of 4 of these animals 

experienced anaphylactic shock and died due to serum sickness. Sub

sequently this problem was overcome by washing infected bovine cells 

from culture prior to using them as a challenge inoculum.

Lowering the levels of serum in the MASP cultures from 40% to 25% 

has been achieved without a drop in peak parasitaemia and this may help 

reduce the problems associated with heavy serum contamination of culture 

supernatant immunogens. In j5. bovis where the soluble exo-antigens have 

been described as proteins of Mr30 - 40 K, exclusion of serum albumin 

components could be achieved by centrifuging the culture supernatants in 

Centriflo 50 (Amicon) separators which exclude any proteins above M^OK. 

However, a cluster of proteins of Mr45 - 65 K are revealed when purified 

protein coat antigens of JB. divergens are run on SDS-PAGE (Fig. 12). 

Thus, exclusion of albumin by the above method would also result in the 

exclusion of some protein coat antigens.

4.3.2 Merozoite and cell-associated antigens: non-living vaccines

Effective immunity was induced in animals immunised with a non- 

viable merozoite preparation. All animals in the group had high antibody 

titres and all survived the challenge infection (Figs. 1, 2). These



1 2 2

results are in agreement with those of Smith and Ristic (1981), who used 

non-viable raerozoites of 15. bovis to immunise cattle. However, the 

amount of j3. divergens culture required to derive sufficient of the 

merozoite preparation to immunise even one animal, if the dose was 

scaled up from gerbils to cattle according to weight, would be of the 

order of 33 litres. Like the culture supernatant, the culture-derived 

merozoites would not be commercially feasible.

The parasite enriched cell lysis preparation also afforded pro

tection against homologous challenge (Figs. 1, 2), as would be expected 

from an immunogen rich in parasite material and infected erythrocyte 

membranes, on which parasite antigens are possibly deposited (Schroeder 

and Ristic, 1968). Taylor et al. (1986) have demonstrated the protective 

qualities of a vaccine composed of the acidic fraction of a sonicated 

lysate of concentrated erythrocytes infected with B̂. divergens.

4.3.3 Live vaccines

Immunisation of gerbils with a small number of intra-erythrocytic 

parasites from cooled cultures induced parasitaemias of up to 2 % on the 

third day after infection but no parasites were evident 5 days later. 

All the animals had moderate antibody titres in an ELISA against 

merozoite antigens and all were protected against homologous challenge. 

Since 9 months after the challenge no parasites were seen in blood 

smears taken both before and after the animals were immunosuppressed by 

treatment with dexamethasone, the immunity was judged to be a true 

sterile immunity. This putative immunity was confirmed by failure to 

induce parasitaemia by subsequent challenge infection. The absolute 

requirement for a minimum level of antibody and/or a possible role for
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cell-mediated immunity, was demonstrated using animals from this group. 

Prior to the second challenge infection, when antibody titres would be 

low, these animals were used as donors for passive transfer of whole 

blood; this passive immunisation did not protect 2 recipient gerbils 

which succumbed to a challenge infection.

Vaccines currently in use against bovine babesiosis are based on 

live infected cattle blood and carry the risk that undetected viral or 

bacterial infections in the donor will be transmitted to the recipients. 

Live merozoites grown in cultures of bovine blood from a pathogen-free 

animal, would eliminate this risk. Blood derived vaccines also carry 

the risk of inducing autoantibodies in the recipient. Several antigens 

associated with _B. bovis infected erythrocytes have been identified as 

being of host rather than of parasite origin (Goodger £t̂  a_l. , 1985). 

Immunoblots of 15. bovis antigens with sera from immune animals reveal 

dominant bands which are also bound by sera from animals experiencing a 

non-specific inflammatory reaction. These bands are thought to be 

isoantigens (Cox, 1986).

The high proportion of host cell products in blood-derived vaccines 

can be decreased by using a merozoite preparation purified on a Percoll 

gradient (Rodriguez et al. , 1985; Jiang, Winger and Canning, unpublished 

data) in which intact erythrocytes are absent and erythrocyte membranes 

are reduced to a minimum. A vaccine of this type would carry a lower 

risk of inducing an autoantibody response in the recipient. With these 

advantages, culture-derived immunogens may have potential as vaccines as 

long as the cultures can be scaled up to commercial levels. They may be 

able to replace animal-derived vaccines before vaccines can be developed 

by recombinant DNA technology.
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At present the most frequently used vaccine against bovine 

babesiosis is one based on live JJ. bovis organisms which have become 

attenuated by rapid passage through splenectoraised calves (Callow and 

Mellors, 1966), The Weybridge strain of JJ. divergens became attenuated
g

after 18 months continuously in culture. At that time 10 parasitised 

erythrocytes, the number which had been used routinely to infect 

gerbils, repeatedly failed to produce fatal infections. Infections were 

only established when the dose was increased 5 fold. As j5. bovis has 

been used as a vaccine after attenuation through splenectomised calves, 

the attenuated Weybridge strain of B̂. divergens was considered worthy of 

trial as an immunogen in gerbils.

During the process of attenuation, IJ. bovis shows an increase in 

the level of parasitaemia with each passage both Tn vitro and Ln vivo 

(Ristic, 1984). In contrast j}. divergens during attenuation showed no 

increase in the level of parasitaemia after each passage in culture. 

However, when _B. divergens was maintained in culture but passaged once 

through gerbils at two monthly intervals to maintain virulence, there 

was a rise in peak parasitaemia from 10% to 14% in the 2 subcultures 

immediately following passage through an animal. The rise in parasit

aemia observed during the attenuation process of _B. bovis in vivo is 

probably due to a decrease in the number of parasites sequestered in the 

brain capilliaries. Erythrocytes infected with attenuated organisms 

appear to lose their membrane knobs (Aikawa eĵ  al. , 1983). As these 

knobs facilitate adhesion of erythrocytes to the endothelial cells of 

brain capilliaries, this may explain the increase of parasites in circu

lating erythrocytes with a corresponding decrease in the sequestration 

of parasitised erythrocytes in the brain capilliaries. The reasons for 

a parasitaemia increase in vitro in MASP cultures of attenuated B.

bovis, are not clear
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When serial dilutions of both the virulent and attenuated strains 

were inoculated into gerbils, there were marked differences in the 

pattern of growth and in the morphology of the parasites. Whereas 10^ 

erythrocytes parasitised with the virulent strain induced parasitaemias 

of 24-35% prior to death of the host, the attenuated strain induced
g

comparable parasitaemias only with doses of 5x10 infected erythrocytes 

(Table 1). Most of the parasites observed in the animals inoculated 

with lower doses of the attenuated strain were intra-erythrocytic 

merozoites. Very few ring or dividing forms of the parasite were seen 

in smears of the attenuated strain, in contrast with smears of the 

virulent strain.

In an immunisation trial carried out in gerbils, using the atten

uated Weybridge strain as an immunogen, parasitaemias did not rise above 

0.7% in animals given 5x10^, 5x10^ and 5x10^ parasitised erythrocytes 

(Table 6). All animals were subsequently protected from a challenge 

infection with the virulent strain despite the low amounts of 

circulating antibody present immediately prior to challenge (Table 7).

Comparison of peptide maps of an attenuated strain of B. bovis, 

which is currently in use as a live attenuated vaccine in Australia and 

the virulent form of the same strain (Kahl, Anders, Rodwell , Timms and 

Mitchell, 1982), showed no extensive amino acid homology between the two 

strains. It was considered that antigens which were better expressed by 

the avirulent strain may be markers of avirulence and perhaps the 'host 

protective antigens' of _B. bovis. Protein profiles on SDS-PAGE of the 

virulent and avirulent strains of II. divergens have so far revealed no 

differences (Fig. 14). However, cloning of both the attenuated and

original strains following the method of Rodriguez et al. (1983) with
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subsequent analysis of the two strains by peptide mapping, may show 

differences between the two strains similar to those seen in _B. bovis. 

Antigenic differences in the attenuated strain would be consistent with 

work on attenuated strains of Plasmodium berghei (Weiss and Zuckerman, 

1971) in which the emergence of new antigens with the development of 

attenuation was observed.

Although the attenuated strain of JB. divergens appears to be very 

effective as an immunogen in gerbils, the disadvantages attached to the 

use of live, blood-derived immunogens in the field would discourage any 

further development of this strain for use as a vaccine. The attenu

ation process of parasites is inately interesting and the attenuated/ 

virulent strains of _B. divergens might be put to good use in further 

studies of this process.

4.4 ISOLATION OF IMMUNOGENIC PROTEINS USING MONOCLONAL ANTIBODIES

With the advent of monoclonal antibody technology it is now 

possible to isolate pure babesial antigens. Wright et al. (1983, 1985) 

have isolated an antigen of Mf29 K, using a monoclonal antibody raised 

against a soluble J5. bovis antigen, prepared from a lysate of infected 

erythrocytes partially affinity-purified to remove normal erythrocyte 

components. This antigen provided partial protection against homologous 

challenge in immunisation trials in cattle. Recently, McElwain et̂  al. 

(1987) reported the isolation of 5 merozoite proteins by monoclonal 

antibodies developed against gradient-separated IJ. bigemina merozoites.

Monoclonal antibody technology has also been used for the isolation 

of malarial merozoite proteins and it was the success of this earlier
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work which encouraged work on the isolation of merozoite antigens of B̂. 

divergens. Freeman et al. (1980) developed Mabs to merozoite antigens 

of Plasmodium yoelii yoelii which were found to be protective in passive 

transfer experiments. They later used these Mabs to identify and purify 

the merozoite antigens and found that mice immunised with the purified 

antigens were protected against infection with ]?. y_. yoelii (Holder and 

Freeman, 1981). Perrin et al. (1981) developed Mabs to merozoites of _P. 

f alciparum and _P. berghei, both of which inhibited growth of _P. 

falciparum in human erythrocytes. This suggested the presence of a 

common antigenic determinant on the merozoites of the two species.

Mabs to _P. falciparum merozoite surface antigens have also been 

raised by Freeman and Holder (1983) and by Howard eĵ  a_l. ( 1985). 

Siddiqui ^t al. (1986, 1987) have isolated a _P. falciparum merozoite 

surface coat precursor protein which completely protected Aotus monkeys 

from virulent homologous challenge infection. It has also been found 

that a 41 R P. falciparum merozoite rhoptry protein, isolated by Mabs, 

strongly protects Saimiri monkeys against heterologous challenge (Perrin 

et al. , 1985).

In the present study immunisation of mice for monoclonal antibody 

production either with merozoites isolated from MASP cultures of _B. 

divergens or with eluted protein coat antigens, reduced the problem of 

an excess of hybridoma clones producing antibodies to host cell 

products. Unwanted clones producing antibodies which were directed 

against host cell products, for example clone 7.4, were eliminated by 

ELISA on bovine serum and on uninfected erythrocytes (Table 10) and by 

IFAT on live preparations of infected and uninfected erythrocytes (Table 

11). Although Mab 7.4 inhibited merozoite invasion in a merozoite
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neutralisation test, this can be explained by its haeraagglutinating 

properties, evident in the IFAT, which would effectively render many 

erythrocytes inaccessible to penetration by merozoites.

SDS-PAGE analysis of intact merozoites of JB. divergens, merozoites 

with their protein coat removed, and of extracted protein coat, revealed 

2 clusters of proteins, one in the Mr45-65 K range and another in the 

£1^24-29 K range, when fresh preparations of protein coat and merozoites 

were used. When freeze-thawed merozoites were used, however, only the 

45-65 K protein cluster was evident, the 24-29 K band being hardly 

discernible. Both high and low molecular weight bands were strongly 

stained by Coomassie Blue in the intact raerozoite and protein coat 

tracks, but were very faint in the raerozoite preparation after saline 

elution of the protein coat (Figs. 12, 13). These faint bands indicate 

that not all the protein coat had been removed by elution. 

Immunoblotting of the merozoite proteins with the Mab 7.8 showed binding 

to a protein of Mr50-60 K, when a freeze-thawed preparation was used but 

strong binding to the 24-29 K antigen with only a weakly staining band 

at 50-60 K when a fresh preparation of merozoites was used (Figs. 15 and 

16). Control Mabs of irrelevant specificity did not bind to these 

preparations.

Wright et al. (1985) found that babesial antigens can be strongly 

bound to host proteins. The protein of Mr44 K isolated by these workers 

from Bi. bovis using the Mab 15B1, on further analysis by SDS-PAGE showed 

2 protein bands, one of 29 K and one of 14 K. Staining for peroxidase 

of the polyacrylamide gel of affinity-purified proteins revealed both 

bands, and as this reaction is specific for haem compounds, it was 

assumed that the larger 29 K molecular weight material was a dimer of
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the smaller 14 K subunit which was a haemoglobin derivative. As immuno- 

blots of affinity purified material with the Mab 15B1 showed only the 

29 K band, it seemed likely that the li. bovis derived antigen co

migrated with or was bound to the larger 29 K haemoglobin subunit.

Two hypotheses are presented to explain the anomalous results in 

immunoblot assays using Mab 7.8 on fresh and freeze-thawed merozoites 

(Figs. 15 and 16). Firstly, the 50-60 K protein may represent a 24-29 K 

protein coat antigen, labile under freeze-thaw conditions, some of which 

is complexed to protein of either host or parasite origin. This antigen, 

when bound to host/parasite protein may become stable and less likely to 

be destroyed during freeze-thawing. SDS-PAGE analysis of a freeze-thawed 

preparation of the antigen therefore shows most of the protein to be 

present in a 50-60 K band, the 24-29 K band being very faint, due to the 

degradation of most of the unbound antigen (Fig. 20). Evidence for 

binding of the 24-29 K antigen to host protein could be obtained by 

separating the two proteins on a size exclusion column (e.g. Sephadex 

G100), incubating radio-iodinated 24-29 K protein with uninfected MASP 

cultures, affinity purifying the incubated antigen and running it on 

SDS-PAGE with autoradiography to assess its new molecular weight. 

Antigen bound to host protein would be present in a 50-60 K band, and 

any unbound antigen would be in the 24-29 K band. Further 

freeze-thawing of this preparation should diminish the size of the 

latter.

The second hypothesis is that the process of freezing and/or 

thawing merozoite preparations may cause the 24-29 K protein to dimerise 

and form a 50-60 K protein. Evidence for this hypothesis could be 

obtained by separating the two proteins on a G100 column, freeze-thawing
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the 24-29 K protein and re-running on SDS-PAGE. If a protein band should 

appear at 50-60 K, the hypothesis would be demonstrated. Immunoblots of 

the 7.8 antigen using immune gerbil sera show the 50-60 K band to be 

absent when using fresh affinity purified antigen preparations (Fig. 12) 

but present when a freeze-thawed preparation is used (Fig. 13). This 

provides evidence that the 50-60 K band is only present after freeze 

thawing of the antigen.

It is evident from the binding patterns observed after immuno- 

blotting with Mab 7.8 that the 24-29 K antigen will complex with 

antibody more readily in the ’unbound’ or native state, since binding to 

this protein, either by Mabs 7.8 or 13.4 or by immune sera, is stronger 

than the binding seen to the 50-60 K complex (Fig. 20). This may be due 

to an alteration of the conformation of the protein or due to steric 

hindrance caused either by the antigen binding to host or babesial 

protein, or by dimerisation.

There is evidence that the 24-29 K antigen is a constituent of the 

merozoite protein coat. The 24-29 K band evident in the fresh prepara

tions of protein coat antigens seen in Cooraassie Blue stained SDS-PAGE 

profiles may correspond to the 24-29 K antigen recognised by Mab 7.8. 

Attempts to carry out immunoblotting of purified protein coat antigens, 

however, have been unsuccessful, not only with the Mab 7.8 but also with 

sera from gerbils immunised with either the 7.8 antigen or the whole 

merozoite preparation.

This lack of success may be due, in part, to the labile nature of 

these antigens, as was discussed earlier in relation to exo-antigens 

found in the culture supernatant. Indeed, in order to retain some of 

the antigenicity of eluted protein coat antigens in an ELISA, the
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preparation has to be used immediately. Overnight storage at 4°C 

reduced the antigenicity to such an extent that an ELISA using Mab 7.8 

would give negative results. Culture supernatant could only be stored 

for up to 3 days at 4°C before its antigenicity in ELISA was lost and 

since the protein coat elution procedure alone takes 72 hours, these 

results are not surprising. Freeze-drying of the 24-29 K antigen should 

conserve its antigenicity and provide a successful method for long term 

storage.

Further evidence that the 24-29 K antigen is a constituent of the 

protein coat is shown by the results of IFAT on intact merozoites and 

merozoites after elution of the protein coat. Strong fluorescence was 

seen with Mab 7.8 on intact raerozoites but only weak fluorescence after 

removal of the protein coat (Table 10). There was no fluorescence on 

fresh or fixed preparations of either B̂. divergens infected or unin

fected bovine erythrocytes, which suggests that the antigen is probably 

not present either on erythrocyte membranes or in intra-erythrocytic 

parasites.

Additional evidence for this protein being a constituent of the 

merozoite protein coat is that Mab 13.4, an antibody raised against 

purified protein coat antigens rather than against merozoites, 

recognised the same sized 24-29 K antigen in merozoite protein profiles 

by immunoblotting (Fig. 23).

The 24-29 K protein coat antigen does not appear to be altered in 

the process of attenuation of the parasite and, on limited evidence, 

appears to be conserved between strains. Evidence for this is shown by 

the identical binding patterns seen on merozoite preparations from the 

virulent and attenuated Weybridge lines and from the Drumaness (NID)
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isolate of _B. divergens (Fig. 17). McElwain et al. (1987) found that 

five merozoite surface coat proteins isolated by monoclonal antibodies 

from a Mexican isolate of jl. bigemina were also immunoprecipitated by 

immune serum from a calf which had been infected with a Kenyan isolate; 

this demonstrated epitope conservation between merozoite surface coat 

proteins of two different isolates.

Work on 37 strains of _P. falciparum merozoites has indicated only a 

limited repertoire of antigenic diversity (McBride e_t a_l. , 1985). 

Furthermore the complete gene sequences of the merozoite surface coat 

precursor proteins of 2 strains of JP. falciparum have been published 

recently (Mackay e_t a_l. , 1985; Holder et_ al̂ . , 1985) and show 99% 

homology. Further studies on the reactivity of the 7.8 antigen to 

several different isolates of _B. divergens may demonstrate the antigenic 

polymorphism shown for different strains of _P. falciparum.

Enzyme treatment of the affinity purified 7.8 antigen showed the 

immunoreactive portion of the molecule to be a peptide of M^ 24 K which 

can be cleaved from the native molecule by V8 protease. An immunoblot 

assay on these enzyme digests showed that Mabs 7.8 and 13.4 both bound 

strongly to the cleaved 24 K peptide.

In merozoite neutralisation assays, Mab 7.8 inhibited merozoite 

entry into bovine erythrocytes by up to 81%. Evidence from IFAT 

indicates that the antibody was probably not binding to erythrocyte 

receptors. Furthermore, preincubation of merozoites with the antibody 

gave the same levels of inhibition even after washing the preparations 

before addition to the culture. These results provide evidence that Mab

7.8 was acting at the level of the merozoite rather than on the 

erythrocyte. Inhibition could have occurred either by blockage of the
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erythrocyte recognition site on the merozoite protein coat or by 

agglutination of the merozoites.

Merozoite neutralisation assays could also be used to provide 

further information on the role of the two proteins isolated by Mab 7.8 

The proteins should first be separated by virtue of their size, on gel 

exclusion columns using affinity purified antigen from both fresh and 

freeze-thawed merozoite preparations. The ability to inhibit merozoite 

invasion could then be assessed for each of the proteins separately by 

pre-incubating them with uninfected red cells prior to the addition of 

merozoites.

The role played by the 24-29 K antigen in merozoite invasion of 

erythrocytes could be clarified by carrying out a simple competition 

assay. Pre-incubation of the uninfected erythrocytes with saturating 

amounts of the affinity purified 7.8 antigen, followed by washing, might 

be expected to inhibit merozoite invasion of those erythrocytes, if the 

antigen is relevant in merozoite-erythrocyte interaction.

If, as expected, the 7.8 antigen plays a crucial role in erythro

cyte invasion by merozoites, then further information about the antigen 

and its binding site on the erythrocyte could be obtained by competitive 

inhibition assays of radio-iodinated antigen binding, based on the work 

of Jungery (1984) and Pasvol (1984) on the attachment of malarial 

parasites to red cells. These would be carried out by pre-incubation of 

erythrocytes or merozoites with lectins or sugars, (for which the 

ability to inhibit invasion would be assessed in a preliminary 

inhibition of invasion assay), followed by addition of radio-labelled 

Mab 7.8 identified antigen. Conversely, radio-labelled antigen could 

itself be pre-incubated with the lectins or sugars before incubation
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with erythrocytes or merozoites in this receptor binding assay. However, 

recent work by Herraentin (1987) disputing Jungery's hypothesis should be 

taken into account.

4.5 IMMUNISATION TRIALS IN GERBILS USING THE AFFINITY-PURIFIED 7.8

ANTIGEN

Immunisation of gerbils with 10 ug of affinity-purified 7.8 antigen 

in its soluble form protected 2 of 4 animals against subsequent virulent 

homologous challenge (Figs. 10, 11). In this trial, the challenge dose
g

was both high (5 x 10 infected erythrocytes) and virulent (passaged 

through a gerbil directly prior to use). The efficacy of the immunis

ation, in relation to natural infection would have been better demon

strated had a lower challenge dose been used. All animals in the group 

immunised with antigen had high antibody titres against merozoites in an 

ELISA assay and, therefore, might all have been able to overcome the in

fection had a lower challenge dose been used. In this trial all animals 

in the control group were dead by the third day, 1-2 days earlier than 

in other trials, and one of the animals in the group immunised with the 

merozoite preparation also succumbed to the challenge infection whereas 

in previous trials the merozoites had been fully protective.

A subsequent titration of challenge doses in gerbils using the 

virulent strain of B̂. divergens showed that a dose of 5 x 10^ infected 

erythrocytes would raise an infection, which would kill the animal on 

the 4th or 5th day after challenge. The passage of this strain through 

gerbils at 2 monthly intervals appeared to have prevented loss of viru

lence. In some immunisation trials it had been necessary to use a dose
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8 8of 10 to 5 x 10 infected erythrocytes from MASP cultures. These high 

doses may have been necessary because of increasing attenuation of the 

long term culture.

The success of malaria immunisation trials using soluble antigen 

encouraged the use of the 7.8 J3. divergens antigen in its soluble form. 

Virulent challenge infection with I>. yoelii was successfully 

prevented after mice were immunised with 3 doses of affinity purified 

soluble merozoite antigen (Holder and Freeman, 1981). Siddiqui et al. 

(1987) also achieved complete protection in Aotus monkeys after 

immunisation with 3 inoculations of a soluble preparation of merozoite 

antigen. Also transmission of Plasmodium berghei has been blocked, when 

Anopheles mosquitoes were fed on mice that had been immunised with 2 

doses of acetone precipitated ookinete antigen (L.A. Winger, personal 

communication). As only partial protection of gerbils had been achieved 

using 2 immunising doses of 10 jig of the soluble 7.8 J5. divergens 

merozoite antigen, attempts were made to increase its immunogenicity by 

acetone precipitation. However, gerbils inoculated with 2 doses of 10 pg 

of acetone precipitated 7.8 antigen all succumbed to a virulent homo

logous B̂. divergens challenge infection, which indicated that acetone 

precipitation had reduced rather than enhanced the antigen's immunogeni

city. Increasing the dose of acetone precipitated 7.8 antigen did 

result in partial protection of the gerbils but more success may have 

been achieved if the antigen had been left in its soluble form.

Thus , the group of gerbils given an initial inoculum of 10 pg of 

acetone precipitated 7.8 antigen, followed by a booster dose of 50 pg of 

freshly prepared antigen, were partially protected against an homologous 

challenge dose of 5 x 10^ infected erythrocytes from a virulent MASP
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culture; 2 animals survived the challenge and the remaining 2 survived 

the control group animals by 2 days. All animals in this group had high 

pre-challenge antibody levels and the two animals which survived the 

challenge had the highest levels of the group (Figs. 12a, 12b). These 

levels dropped sharply immediately after challenge in all animals and, 

of the two surviving animals, the one in which antibody levels dropped 

almost to zero at this stage experienced the highest parasitaemia (Fig. 

12). Sera from the two surviving animals in this group showed strong 

reactivity with the 24 K protein in an iramunoblot assay on both fresh 

merozoite preparations and on affinity-purified 7.8 antigen (Fig. 32). 

Animals which succumbed to the challenge infection all showed a drop in 

antibody levels to negligible amounts immediately after challenge. This 

drop demonstrates the importance of maintaining antibody levels high 

enough to eliminate the majority of parasites immediately after chall

enge infection, while leaving enough circulating antibody to keep the 

parasitaeraia low and allow the host to make a good secondary antibody 

response and overcome the infection.

There is evidence that the degree of protection afforded by the 

antibody is dose dependent, as only the animals receiving the higher (50 

pg) booster dose of antigen survived the challenge infection. Levels of 

antibody sufficiently high to protect the animals could perhaps be 

reached by increasing the dose of immunogen or by giving the animals a 

third inoculation. The protection achieved in Aotus monkeys against 

infection with _P. falciparum (Siddiqui eĵ  a_l. , 1987) and in mice 

against infection with _P. ŷ. yoelii (Holder and Freeman, 1981), was 

afforded by three inoculations of antigen. However, a less antigen-

expensive initiative might also be to improve the immunogenicity of the
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24-29 K protein. Presentation of the antigen to the host might be 

modified by binding it to an inert carrier or by polymerisation. 

Furthermore, different adjuvants might be more suitable than CFA for the 

induction of immunity e.g. saponin, Quil A or the Quil A derived iscoms.

In the group of animals immunised with merozoite preparation, 

antibody levels as shown by ELISA on the 7.8 antigen, rather than on 

merozoites, were very much lower prior to challenge than in the animals 

immunised and protected by the 7.8 antigen (Fig. 29). Three out of 4 of 

these animals survived the challenge infection, which demonstrated that 

other anti-babesial antibodies were contributing to their immunity. 

Sera from the surviving animals in this group showed reactivity with 

several proteins' in an immunoblot assay on fresh merozoites (Fig. 32). 

Thus a vaccine consisting of several babesial antigens would 

theoretically afford greater protection than one consisting of a single 

antigen.

Evidence that Babesia spp. undergo antigenic variation in the host 

(Cowman £it a l,, 1984) makes the success of vaccines based on single 

antigens seem unlikely. By using a combination of several proteins, the 

immunogenicity of the vaccine should be enhanced, and the risk of con

tributing to a vaccine-resistant strain considerably lessened. Further 

work on panels of monoclonal antibodies raised against raerozoites and 

their protein coat may result in the isolation of several parasite anti

gens of potential vaccine interest. Six antibodies from fusions 12 and 

13 showed specificity for the protein coat (Table 9). Antigens isolated 

by these monoclonal antibodies may be useful in producing a 'cocktail' 

vaccine for use in immunisation trials in gerbils against both homolo

gous and heterologous challenge.
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4.6 THE LABORATORY HOST VIS-A-VIS THE NATURAL HOST OF B. DIVERGENS

The use of mongolian gerbils as laboratory hosts of 13. divergens 

has proved invaluable in preliminary immunisation trials. However, in 

these animals, the disease displays certain characteristics which are 

not apparent in the natural bovine host. The morphology of the 

parasites is different in gerbil erythrocytes (Gray et̂  al., 1985). 

Thus, multiple invasion of cells is quite common and parasites usually 

assume diametric or acutely angled conformations, rather than the 

peripheral formation seen in bovine cells (Liddell et al., 1980). The 

parasites grow larger in the larger gerbil erythrocytes and measure 

approximately 1.9 x 0.8 pm. Parasitaemias of up to 90% may be reached 

in gerbils, and death usually occurs on the 4th or 5th day after 

infection. In cattle, the peak parasitaeraias are lower (under 20%) and 

in most animals, the disease is not fatal.

The differences between disease states in gerbils and cattle 

infected with _B. divergens make it difficult to assess the potential 

efficacy of certain immunogens, e.g. the 7.8 antigen, in cattle, based 

on the results of immunisation trials in gerbils. Since the disease in 

gerbils is more severe, it may be that immunogens which only partially 

protect gerbils from divergens may give full protection in cattle if 

appropriate amounts are given.

The amount of culture required to immunise a single gerbil with 2 

doses of 10 pg of 7.8 antigen is 30 ml. If this dose is scaled up 

according to the weight of the animal, then 66 litres of culture would 

be required to produce an equivalent dose for each bovine. If the dose 

could be reduced by an order of magnitude, it might be feasible to 

produce enough antigen from MASP cultures to carry out small

immunisation trials in cattle



1 3 9

The amount of culture supernatant required to immunise cattle (3 

inoculations) would be considerably less, according to results shown in 

Immunisation Trial 1 (7.6 litres/animal). However, the inoculation of 

10 times concentrated supernatant which failed to provide protection 

against challenge in gerbils (Immunisation Trial 2) can be directly and 

negatively compared with the protection afforded by the soluble 7.8 

antigen in Immunisation Trial 4, as these trials were carried out at the 

same time, using the same control animals and the same homologous 

challenge.

The assessment of amounts of antigen required for inoculation of 

cattle, by proportionate scaling up on a dose to weight basis is 

probably not accurate. Timms et al. ( 1983) used 4 mis of culture 

supernatant collected from MASP cultures of B̂. bovis with parasitaemias 

of 6-7.5%, per inoculum per bovid host. This dose was equivalent to 240 

mg total protein, and when 2 immunisations were given, cattle were 

partially protected against heterologous challenge. Kuttler est_ al. 

(1982) used the equivalent of 330 mg of total protein from jJ. bovis 

culture supernatants and achieved protection of cattle against homo

logous challenge when 2 doses of the antigen were given. Wright et al. 

(1985) achieved full protection against a low (10^ infected cells) 

homologous challenge dose with J3. bovis when cattle were given two doses 

of an affinity purified, monoclonal antibody-derived 29 K antigen: these 

animals were immunised with a 12 x 0.3 x 6 cm band of antigen excised

from an acrylamide gel. This band represented the amount of antigen
9

contained in 2.5 x 10 parasites. Assuming that the amounts of 7.8 

antigen required to immunise cattle would be similar to those used by 

Wright and co—workers, then 300 ml of culture would be required per
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inoculum per animal. The jJ. divergens inoculum could also be presented 

in polyacrylamide, whose effects as antigen depot and adjuvant are well 

known. Indeed, since sheep can be immunised to produce useful amounts 

of antibody against a variety of highly immunogenic antigens, with as 

little as 1 jig of antigen in 25 jil of CFA (Dresser, 1986), it seems 

realistic to assume that enough antigen can be produced, in small scale 

cultures of B. divergens, for initial cattle immunisation trials.

4.7 FUTURE PRODUCTION OF THE VACCINE

An ultimately less expensive way of producing large amounts of 

antigen could be via recominant DNA technology. If the gene for the 7.8 

antigen was cloned and introduced into an appropriate expression vector, 

amounts suitable for cattle inoculations on a large scale could be 

produced and subsequently purified. Mabs 7.8 and 13.4 recognise a 

peptide which may or may not be a conformational antigen (page 97). 

Screening of the DNA clones might be carried out by relatively simple 

immunoblot assays using these antibodies. On the other hand, polyclonal 

rabbit antisera could be generated from conveniently obtained amounts of 

affinity-purified antigen and used to screen expression libraries in 

immunoblot assays. Alternatively, synthetic peptides suitable for 

vaccination studies could be screened in a competitive radio-immunoassay 

using the Mabs developed in this study.

Protection against bovine babesiosis appears to be dependent on the 

production of adequate amounts of antibody and to ensure this, the pep

tide vaccine preparation could be made to include an appropriate carrier 

molecule in adjuvant for generating high levels of antibody. This has 

been done in the case of the CS antigen of P̂. falciparum where a syn
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thetic CS dodecapeptide (3 repeats of 4 amino acids) has been made 

which, when used in adjuvant to immunise rabbits, produced antibodies 

which neutralised Ĵ . falciparum sporozoites In vitro (Zavala ej: al. , 

1985).

Single step immunisation against BSA has been achieved in mice by 

Kohn j|t̂  a_l. (1986). A biodegradable polymer, which has a primary 

degradation product with an adjuvant activity as potent as that of CFA, 

was used to encapsulate BSA. The particles were then used to immunise 

animals in convenient subcutaneous injections. High antibody titres 

against BSA were obtained by this method, which may possibly prove to be 

useful in inducing protective levels of antibody against B̂. divergens, 

using low doses of the 7.8 antigen, leaching into the circulation for 

periods of years.

4.8 CONCLUDING REMARKS

In this study, several protective immunogens against Babesia 

divergens have been identified and evaluated. Two of these, namely the 

purified merozoite preparation and the merozoite protein coat antigen 

isolated by Mab 7.8, display some potential as possible candidates for 

vaccines that would have distinct advantages over the live, 

blood-derived immunogens currently in use.
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APPENDIX

MATERIALS AND METHODS 

ELISA

Phosphate buffered saline (PBS) 

NaCl 8 g/1

KC1 0.2 g/1

Na2HP04 1.15g/l

KH2P04 0.2 g/1

Bicarbonate buffer 

Na2C03 

NaHC03 

NaN3 

1M MgCl2

1.59g/l

2.93g/l

0.2 g/1 

100 jil/1

OUCHTERLONY
2% agar in barbitone buffer.

Barbitone Buffer
1. Sodium barbital 12.Og in 800 ml distilled water

2. Barbital 4.40g in 150ml distilled water

Mix solutions 1 and 2. Adjust pH to 8.2 with concentrated Na OH. Add 

0.15g methiolate and adjust final volume to 1,000ml.

Mix 2g of Agar with 50ml of distilled water and dissolve in a boiling 

water bath. Finally boil directly over a Bunsen flame to remove lumps. 

Add 50ml of hot barbitone buffer. Mix well. Pipette agar solution 

onto clean, dry glass slides. Add enough to just cover one surface of 

the slide. Dry slides and store at room temperature. Slides should be 

precoated with a weak agar solution to hold the final gel in place.

1) Punch holes in pattern required in agar slides.

2) Suck out Agar plugs with a pasteur pipette.

3) Fill the centre well with xlO concentrated hybridoma supernatant 

containing Mab to be tested.

4) Fill the outer wells with antibodies to IgG subclasses. Gc*-MIgGl, G&<- 
MIgG2, GocMIgG2a (Sigma) used 1/10 in PBS.
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5) Wells should be filled until the meniscus just disappears.

6) Place slide in a humidified incubator at 37°C for 6 - 8  hrs.

7) Stain slide with Coomassie blue.

SODIUM DODECYL SULPHATE POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE)

Laemmli sample buffer

Tris-HCl

EDTA

2-Mercaptothanol

or

Iodoacetaraide

Phenylmethylsulfonyl fluoride 

SDS

Glycerol

Tank buffer 

Tris 

Glycine 

SDS

pH 8.2

0.01M

0.001M

5% (reducing

5mM (non-reducing) 

(PMSF) 2mM 

5%

10%

0.025M

0.192M

0 .1%

Separating gel buffer stock

Tris-HCl pH 8.8 1.5mM

Dilute 1:4 in Milli-Q water for use.

Stacking gel buffer stock

Tris-HCl pH 6.8 0.5mM

Dilute 1:4 in Milli-Q water for use.

Acrylamide stock

Acrylamide 75g

Bis-acrylaraide 2g

MBI ion-exchange resin 2g

Make up to 250ml with Milli-Q water.

Filter through Whatman No.l paper.

Store in dark at 4°C.
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Mix for 15% gel

Acrylamide stock 25ral

Separating gel buffer stock 12.5ml

Make up to 50ml with Milli-Q water.

Degas

Add: SDS 50mg

TEMED 50pl

AMPS (10% in Milli-Q water) 500pl

Mix for 5% stacking gel

Acrylamide stock 8.0ml

Stacking gel buffer stock 12.5ml

Make up to 49.5ml with Milli-Q water.

Degas

Add: SDS 50mg

TEMED 50ul

AMPS (10% in Milli-Q water) 500ul

Coomassie Blue stain 

Cooraassie Blue R250

Methanol

Coomassie Blue stock 

Double distilled water 

Glacial acetic acid

Destain

Methanol 

Acetic acid 

Double distilled water

Silver Stain

1) Soak gel in 50% methanol overnight. If gel has been stained with 

Coomassie blue, soak for 2 - 3  days.

2) Wash in distilled water for 5 min.

2.5g
Stock

454ml

138ml

138ml

30ml

40%

10%
50%
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3) Make solution A: 0.8g Silver nitrate in 4ml Milli-Q water.

4) Make solution B: 0.36% NaOH + 1.4ml ’ 880? Ammonia.

5) Acid solution A to solution B dropwise with stirring.

6) Make up solution A + B to 100ml with Milli-Q water.

7) Add the solution to the gel - agitate for 15 min.

8) Wash in double distilled water (DDW) for 5 rain.

9) Develop silver stain in 2.5ml of 1% citric acid plus 250pl of 38%

formaldehyde made up to 500ml in DDW. Develop stain with constant

gentle agitation for approximately 10 min or until desired level of 

staining is obtained.

10) Wash in DDW for 5 min.

11) Transfer gel to 50% methanol + 10% acetic acid and store in dark.

WESTERN TRANSFER AND IMMUNOBLOTTING

Western tank buffer

Glycine 14.3g/l

Tris 3g/l
Methanol 200ml/l

Amido Black Stain

Methanol 225ml

Glacial acetic acid 5 ml

Distilled water 20ml

Amido Black 1 • 25g

0.1% BSA-Tris buffer

Tris 2.42g/l

NaCl 9g/l

pH8.2

BSA lg/1

Silver Enhancement Procedure

Citrate buffer

Citric acid (trisodium salt 21^0) 235g/l

Citric acid (1^0) 255g/l
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Solution A 

Citrate buffer 10ml

Double distilled water 60ml

Solution B (light sensitive) 

Hydroquinone 0.85g

Double distilled water 15ml

Solution C (light sensitive) 

Silver lactate O.llg

Double distilled water 15ml

Fixing solution

1 in 10 dilution of Janssen Life

Add solution B to solution A.

Add solution C.

Mix

Sciences stock solution.

Wash nitrocellulose strips for 2 min in citrate buffer diluted 1 in 10. 

Incubate strips in silver enhancer for 5-15 min.

Put strips into fix for 5 min.

Wash in double distilled water 3 times for 5 min.

Air dry.

AFFINITY PURIFICATION 

DEA

Diethylamine 50mM

NP40 0.1%

NaCl

pH 11.5

TNPA

0.15M

Tris-HCl pH 8.0 2.94g/l

NP40 5ml/l

NaCl 8.7g/l

PMSF ImM

DNAse/RNAse 2pg/ml
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TNPB

Tris-HCl pH 8.0 

NP40

2.94g/l

lral/1

8.7g/lNaCl

PO. buffer — -4-------
x = NaH2P04. H20 

y = Na2HP04 . 12H20

15.7g/100ml 

35.8g/100ml

8ml x plus 50ml y.

Adjust pH to 7.5 with x.

PROTEIN ESTIMATION

Lowry assay (using Lowry kit (Sigma Chemicals).

Protein standard (bovine serum albumin)

Biuret reagent (Cupric ions in alkaline tartrate solution)

Phenol reagent (Folin and Ciocalteu)

1) Make dilutions of protein standard in 0.85% NaCl to cover range 

125jig/ml to lrag/ml.

2) Add lOOjil of protein to each tube (standard dilutions and dilutions 

of sample to be tested).

3) Add 1.1ml Biuret reagent to each tube, mix and stand at room 

temperature for 10 min.

4) Add 50ul of Phenol reagent to each tube. Mix well. Stand at room 

temperature for 30 min.

5) Transfer lOOjil of each sample to wells in an ELISA plate. Read 

colour at 550-750nm.



APPENDIX TABLE 1

RATIOS OF BLOOD, 

PCV

MEDIUM

BLOOD

AND SERUM REQUIRED 

MEDIUM

FOR MASP CULTURES 

SERUM

35 3.85 ml 5.7 ml 5.5 ml

34 4.0 5.55 5.5

33 4.1 5.5 5.5

32 4.2 5.35 5.5

31 4.35 5.2 5.5

30 4.5 5.0 5.5

29 4.65 4.9 5.5

28 4.85 4.7 5.5

27 5.0 4.55 5.5

26 5.2 4.35 5.5

APPENDIX TABLE 2

TESTING OF COMMERCIAL SERUM BATCHES FOR ABILITY TO SUPPORT

GROWTH IN MASP CULTURES OF BABESIA DIVERGENS

PARASITAEMIA

BATCH NO DAY 0 DAY 1 DAY 2 DAY 3

*30 0.75% 1.0% 4.0% 9.0%

*95 0.75% 1.0% 5.6% 11.0%

82 0.75% 0.5% 1.0% 1.5%

*76 0.5% 1.0% 4.5% 10.0%

66 0.5% 1.0% 0 0

^Batches of serum selected for their ability to support growth
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APPENDIX TABLE 3

LOWERING OF SERUM LEVELS IN MASP CULTURES OF BABESIA DIVERGENS

SERUM LEVEL WEEK % PARASITAEMIA

DAY 0 DAY 1 DAY 2 DAY 3

40% 1 1 2.5 5.6 11

35% 2 1 2.0 4.7 10

30% 3 1 1.5 3.0 6.7

30% 4 1 2.2 4.1 9.6

25% 5 1 1.4 2.5 5.1

25% 6 1 1.8 3.7 7.9

25% 7 1 2.1 4.3 9.7

APPENDIX TABLE 4

TITRATION OF CHALLENGE DOSES OF VIRULENT WEYBRIDGE STRAIN

OF BABESIA DIVERGENS

DOSE DAY 1 DAY 2 DAY 3 DAY 4 DAY 8

io8 1.0% 16.3% 66.0% d -

5 x 107 0.8% 6.15% 59.0% d -

107 0.25% 0.25% 0.3% 2.4% 19.0%

5 x 106 0.05% 0.05% 0 0 0

d = dead



1 6 9

APPENDIX TABLE 5 a
SCREENING OF HYBRIDOMA CLONES : FUSION 7

CLONE NO. TESTED POSITIVE

Parental 96 28

Expanded parental 9 5

7.3 (1st subclone) 60 1

7.4 (1st subclone) 60 1

7.8 (1st subclone) 60 4

7.9 (1st subclone) 60 4

7.10 (1st subclone) 60 13

7.4.1 (2nd subclone) 30 30

7.8.1 (2nd subclone) 24 24

7.9.4 (2nd subclone) 19 19

7.10.7(2nd subclone) 37 37

APPENDIX TABLE 5b

SCREENING OF HYBRIDOMA CLONES : FUSION 12

CLONE NO. TESTED POSTIIVE

Parental 62 16

12.9 (1st subclone) 60 12

12.13 (1st subclone) 60 4

12.26 (1st subclone) 60 8

12.34 (1st subclone) 60 3

12.35 (1st subclone) 60 4

12.52 (1st subclone) 60 6

12.53 (1st subclone) 60 6

12.61 (1st subclone) 60 9

12.62 (1st subclone) 60 9

12.70 (1st subclone) 60 4

12.77 (1st subclone) 60 12

12.9.10 (2nd subclone) 9 0

12.13.1 (2nd subclone) 11 0

12.26.7 (2nd subclone) 20 20

12.35.1 (2nd subclone) 31 31

12.52.5 (2nd subclone) 26 26

12.53.3 (2nd subclone) 21 21

12.61.7 (2nd subclone) 18 18

12.62.7 (2nd subclone) 7 7

12.77.13 (2nd subclone) 26 26
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SCREENING OF HYBRIDOMA CLONES : FUSION 13

APPENDIX TABLE 5 c

CLONE NO. TESTED POSITIVE

Parental 96 17

13.1 (1st subclone) 60 7

13.2 (1st subclone) 60 8

13.3 (1st subclone) 60 11

13.4 (1st subclone) 60 10

13.5 (1st subclone) 60 12

13.6 (1st subclone) 60 21

13.7 (1st subclone) 60 2

13.8 (1st subclone) 60 26

13.9 (1st subclone) 60 2

13.10 (1st subclone) 60 12

13.11 (1st subclone) 60 13

13.12 (1st subclone) 60 7

13.13 (1st subclone) 60 31

13.14 (1st subclone) 60 1

13.15 (1st subclone) 60 7

13.16 (1st subclone) 60 5

13.17 (1st subclone) 60 0

13.1.6 (2nd subclone) 6 6

13.2.7 (2nd subclone) 7 7

13.3.7 (2nd subclone) 7 7

13.4.7 (2nd subclone) 5 5

13.5.8 (2nd subclone) 38 38

13.6.11 (2nd subclone) 37 37

13.7.1 (2nd subclone) 7 0

13.8.21 (2nd subclone) 3 3

13.9.1 (2nd subclone) 16 0

13.10.6 (2nd subclone) 9 9

13.11.7 (2nd subclone) 4 4

13.12.3 (2nd subclone) 8 0

13.13.17(2nd subclone) 31 31

13.14.1 (2nd subclone) 17 0

13.15.2 (2nd subclone) 37 37
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