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Abstract

Theileria annulata is a major protozoan parasite of cattle in tropical
and subtropical countries, transmitted by the tick Hyalomma anatolicum.
The infection in the host is initiated by the sporozoite, which rapidly
attaches to and invades host cells. A humoral response to sporozoites
has been identified in immune cattle (Preston and Brown 1985). Two
McAbs which block sporozoite invasion of lymphocytes "in vitro", McAb
1A7 and 4B11, have been identified in previous work (Williamson 1988).
These McAbs recognise different sets of polypeptides on Western blots. T.
annulata sporozoite antigen 1 (SPAG1), which contains the epitope
recognised by McAb 1A7, has been cloned and sequenced (Hall et al
1992).

This work describes research to analyse the bovine T and B cell
response to the T. annulata SPAG1. The SPAG1 polypeptide, and a range
of subclones covering different regions of the antigen, were expressed
using pGEX vectors in E. coli and purified in large quantities for the
purpose of B and T cell epitope mapping. The recombinant SPAG1
polypeptides were used to analyse humoral responses of immunised
cattle by Western blotting and enzyme linked immuno-sorbant assay. A
number of regions of SPAG1 containing B cell epitopes recognised by
bovine antisera raised against T. annulata sporozoites were also
identified, and the relevance of this data to SPAG1 neutralising
determinants discussed. T cell responses to SPAG1 were analysed in
proliferation assays using peripheral blood mononuclear cells and
antigen specific T cell lines. A bovine T cell response was found to be
induced to SPAG1 in cattle immunised with the recombinant antigen. In
addition, the SPAG1 molecule was found to be highly polymorphic
according to restriction fragment analysis on Southern blots. Work was
also undertaken to prove the surface location of the SPAG1 molecule on
sporozoites using immuno-electron microscopy techniques.

The final part of this work was to identify, express and characterise
the T. annulata sporozoite antigen gene containing the McAb 4B11
epitope. McAb 4B11 was used to screen a Agtll T. annulata genomic
expression library, and two positive recombinants were subcloned into
the expression vector pGEX1AT to give pGEX1AT-KP6 and pGEX1AT-KPS8.



% Southern and Northern blot analysis of the KP6 and KP8 inserts

confirmed they were parasite sequences expressed at high levels in
sporozoites as a 3.1kb mRNA. However, KP6 and KP8 did not cross-
hybridise, indicating that they contained different sequences coding for
the 4B11 epitope. The pGEX1AT-KP8 fusion protein was expressed in E.
coli and purified. The fusion protein was found to affinity bind antibodies
from bovine antisera raised against T. annulata sporozoites, and evoked
antibodies capable of blocking sporozoite infectivity of leukocytes "in
vitro" and recognising sporozoite antigens in immunofluorescence assays
or on Western blots when used to immunise a rabbit.




CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 The Parasite

The protozoan parasite Theileria annulata, first described by
Dschunkowsky and Luhs in 1904, is the causative agent of the disease
tropical or Medditerranean theileriosis, which threatens about 250 million
cattle worldwide. The constraints on livestock production and improvement
imposed by the disease mean this parasite is of major economic importance.
Much of the pathology of the disease is a result of the parasite's ability to
infect cells of the immune system; a property also shared by the protozoan
species Trypanosoma cruzi, Toxoplasma and Leishmania.

Theileria parasites are a group of tick transmitted apicomplexan
parasites infecting wild and domestic animals throughout the world. The
genus contains a number of species that are infective to cattle. The
characteristics of different Theileria species have been reviewed by Uilenberg
(1981), Morzaria and Nene (1990) and Dolan (1989a), on which the following
account is based. As well as T. annulata, T. parva is also important as a
disease problem, which gives rise to East Coast Fever, January disease and
Corridor disease. Other cattle infective species which can also be pathogenic
are T. mutans, T. taurotragi and T. sergenti. T. velifera is non-pathogenic but
may confuse diagnosis of pathogenic species. T. mutans, T. velifera, T.
annulata and T. parva also infect buffalo. There are also numerous other
Theileria species infecting various domestic animals. The most important of
these is T. hirci, which is pathogenic in sheep and goats but is poorly
studied. T. camelensis has been identified as a parasite in camels and T.
ovis, T. recodita and T. separata infect small ruminants.

The genus Theileria is included in the phylum Apicomplexa which
contains other important genera such as Plasmodium, Eimeria, Babesia,
Sarcocystis and Toxoplasma. These parasites all possess an apical complex
at some stage in their life cycle, with intracellular forms occuring in
erythrocytes and or other cells (such as leucocytes) in the mammalian host.
The genus Theileria is distinguished from the closely related genus Babesia



by the morphology of the erythrocytic stages and the ability to infect
lymphocytes as well as erythrocytes; Babesia species infect erythrocytes
only. The currently accepted classification of the genus according to Levine
(1988}, is as follows;

Phylum Apicomplexa
Subphylum Sporozoa
Class Aconoidasida
Order Piroplasmorida
Family Theileriidae

The class Aconoidasida also includes the genera Babesia, Dactylosoma
and Cytauxzoon. This classification is based on morphological and biological
characteristics of this group, principally the lack of certain elements of the
apical complex, namely the conoid, and is still a matter of some debate. The
taxanomic position will probably be more fully resolved by molecular and
biochemical techniques, such as the small subunit ribosomal RNA sequence
comparisons between Theileria and other apicomplexan genera carried out
by Barta et al (1991) and Gajadhar et al (1991).

The various Theileria species of cattle are distinguished by means of
morphology of the piroplasms and schizonts, serological differences detected
by indirect fluorescent antibody tests (Kimber et al 1973}, and differences in
their geographical distribution, vector species and pathogenicity. T. parva is
transmitted by Rhipicephalus species of ticks and is only found in Eastern,
Central and Southern Africa, where it is a major disease problem (Dolan
1989a). T. taurotragi has a similar ditribution and is transmitted by the
same vector, but usually the infection is subclinical although occasional
mortality has been recorded. T. mutans is found in Southern parts of Africa
and possibly the Caribbean, being transmitted by Amblyomma species. The
disease is also usually benign but occasionally pathogenic. T. velifera, which
has only been associated with benign infections, has a similar distribution.
T. sergenti is an important pathogen in East Asian countries, transmitted by
Haemaphysalis species. "T. orientalis " has also been described in East Asia
but the validity of this species is in doubt. In addition, a number of non-
pathogenic Theileria species which are not fully described are known from
Australia, Asia, Africa, Europe and rarely in the Americas (Uilenberg 1981).



T. annulata has a widespread distribution, being identified in Portugal,
Spain, Italy, the Balkan countries especially Bulgaria and Greece, Turkey,
Southern Russia and Central Asia, the Near and Middle East, Pakistan,
India the Northern and North-Eastern parts of Africa; Morocco, Algeria,
Tunisia, Libya, Egypt, Sudan and possibly Eritrea (Dolan 1989a). The
worldwide distribution is summarised in Figure 1, and is associated with the
distribution of the Hyalomma species tick vectors.

It is worth mentioning the nomenclature used in the study of Theileria,
which will be used in this thesis according to the definitions given by Dolan
(1989b). An “isolate" describes viable organisms isolated on a single
occasion from a field sample. A "stock" describes all the heterogenous
populations of a parasite derived from a single isolate, including derived cell
lines and tick stabilates. A stock is identified by the location of the
laboratory in the endemic area where it was isolated, such as T. annulata
Hissar and T. annulata Ankara. Considerable heterogeneity has been
demonstrated both between and within stocks of T. annulata and T. parva,
for example in their glucose phosphate isomerase patterns (Melrose et al
1984) and their antigenicity (Shiels et al 1989). A "line" is a laboratory
derivative of a stock, such as a culture of parasite infected lymphoblastoid
cells, while a "clone" is derived from a single cell and therefore consists of
genetically identical organisms A "stabilate" describes a cryopreserved
sample of organisms from a cell line, clone or isolate.

1.1.1 The life cycle

The life cycle of T. annulata is typical of that of all Theileria species,
with three main phases of multiplication; sexual reproduction followed by
sporogony in the vector and asexual reproduction by schizogony and
merogony in the vertebrate host. A detailed description of the Theileria life
cycle based on observations from light and electron microscopy is given by
Melhorn and Schein (1984), and summarised for T. annulata in reviews by
Uilenberg (1981}, Tait and Hall (1990) and Morzaria and Nene (1990), on
which this account is based.

The vectors for T. annulata are ticks of the genus Hyalomma, with
vertebrate hosts being cattle such as Bos taurus or Bos indicus, or domestic
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buffalo. Ticks can only be infected by feeding on the host, and cattle can
only be infected by feeding ticks or by artificial inoculation. No transovarial
transmission has been detected in the vector. Most Hyalomma species, such
as H. detritum which is capable of transmitting theileriosis, are two host
ticks, in which the larva and nymph feed on the same animal, each taking a
blood meal, while the adult feeds on a different animal. However, some T.
annulata vectors are three host ticks where the larva, nymph and adult feed
on separate animals, such as H. anatolicum anatolicum. In these ticks, one
blood meal is taken on each host. After each blood meal the tick moults into
it's next stage. If the parasite is acquired in the nymph stage, it can be
transmitted to a new host by the adult tick.

The life cycle is summarised in Figure 2. Sporozoites, the infective
stage of the parasite, are injected into the host with saliva from a feeding
tick. T. annulata invades a specific population of lymphocytes; those bearing
MHC Class II molecules such as B cells and macrophages (Glass et al 1989).
This contrasts with T. parva sporozoites which infect the T cell subset.
Invasion is an active, parasite induced process, inhibited "in vitro" by low
temperature and heat-inactivation of sporozoites (Jura 1984). The
ultrastructure of the process has been described (Jura et al 1983).
Sporozoites were found to make contact with and invade lymphocytes "in
vitro” in less than five minutes, and multiple infections of single lymphocytes
were common. The membrane of the host and parasite were found to come
into close apposition, with the area of contact spreading laterally as the
sporozoite becomes enclosed in a deepening recess until the host cell
membrane closes and fuses behind the parasite. The sporozoites were
consistently found to invade lymphocytes via their basal end. This contrasts
with the situation in other Apicomplexa such as Plasmodium, where the
sporozoites invade target cells following attatchment of the apical complex
(Sinden 1985).

Differentiation of the sporozoite to the trophozoite stage was found to
occur within 30 minutes "in vitro". The host cell membrane surrounding the
parasite breaks down and is not retained as a parasitophorous vacuole as is
the case with Eimeria and Plasmodium. The trophozoite enlarges to about 2u
m apparently by ingesting host cell cytoplasm and undergoes repeated
nuclear division, to give rise to the multinucleate shizont or "macroschizont"
observed under light microscopy. This stage can be observed about three



Figure 2 The life cycle of Theileria annulata

10.

Sporozoites are inoculated into the bloodstream of a cow by a
feeding tick, and rapidly infect leucocytes.

Differentiation of an internalised sporozoite into a trophozoite.

Multiplication by schizogony; macroschizont followed by
microschizont stages.

Release of merozoites and infection of erythrocytes to form
piroplasms.

Piroplasms may possibly undergo further division, producing
merozoites capable of infecting other erythrocytes.

Piroplasms are taken up by a feeding tick.

Piroplasms undergo further differentiation in the tick gut to
produce ray-bodies, which divide to produce microgametes.
Macrogametes are also postulated to exist. Syngamy produces an
ovoid zygote.

The ovoid zygote differentiates into a motile kinete inside an
intestinal cell.

Kinetes migrate through the haemolymph and infect cells of the
salivary glands.

The kinete undergoes extensive sporogony, to produce large
numbers of sporozoites capable of infecting a new host.
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days after infection "in vivo" (Melhorn and Schein 1984). The
macroschizonts replicate by binary fission. This process brings about
changes in the host cell, which is also stimulated to undergo division, with
the parasite becoming associated with and being distributed to the daughter
cells by the host cell spindle apparatus (Melhorn and Schein 1984). The
mechanism by which this rapid proliferation of infected lymphocytes occurs,
which phenotypically resembles transformation, is poorly understood, but it
has been postulated to involve sequences homologous to oncogenes

! (reviewed by Dyer and Tait 1987) Alterations in
the phosphoprotein and protein kinase activity profiles of T. annulata
infected leukocytes, which could potentially be produced by such sequences,
have been identified (Dyer et al 1992).

In T. annulata, merogony is an important feature of the parasite's

development. This contrasts with the situation in other species such as T.

|piroplasm replication. _, . .
parva, where ~ _  _ islimited (Morzaria and Nene 1990). Schizonts start
forming merozoites 8-10 days after the initial infection. The merozoites are
formed from nuclei at the periphery of the schizont, which appear "rosette-
like". This stage is termed the "microschizont” which is observed under light
microscopy. The merozoites acquire an apical polar ring and rhoptries, and
become free almost simultaneously from the residual body. Merozoites are
1-2um long, with an apical complex, micronemes and an outer surface
consisting of a cell membrane, with two closely apportioned inner
membranes sometimes seen (Melhorn and Schein 1984).

Merozoites invade erythrocytes, with up to 90% of erythrocytes
becoming infected. The erythrocyte membrane surrounding the merozoite
disintegrates, and the parasites differentiate to form piroplasms. Two
general types of piroplasms are observed; slender, comma shaped forms and
spherical or ovoid forms (Melhorn and Schein 1984). The relative abundance
of both forms vary according to the species; about 80% of piroplasms are of
the comma shaped type in T. parva, while in T. annulata both types of
piroplasms occur in approximately equal proportions.

It is thought that a second cycle of division occurs at this stage, with
the comma shaped piroplasms dividing by binary fission. Division of the
nucleus is associated with cellular division of the parasite; no multinucleate
schizont-like stage has been identified. Division of piroplasms "in vitro" to



form a tetrad stage has been described by Conrad et al (1985), and these
workers also observed similar forms in infected cattle. The merozoites
formed were identical to those produced by intralymphatic schizogony, and
could presumably re-infect erythrocytes. The relative importance of the two
forms in maintaining the infection is not known.

The following account of the development and fate of the spherical
forms is based on morphological studies and "in vitro" observations of
infected erythrocytes in culture, described by Melhorn and Schein (1984).
The spherical piroplasms undergo further development when taken into the
gut of feeding ticks, or when cultured "in vitro". These gamete-like forms,
known as microgamonts or "ray-bodies" on account of their morphology,
appear to be formed from piroplasms 2-4 days after completion of feeding by
the tick. Division of these stages has been observed beginning 5 days after
tick feeding, and is thought to result in uninucleate gamete-like stages.
Larger spherical forms have also been identified in the gut of infected ticks,
which are tentatively considered to be macrq gametes . Syngamy of gametes
occurs 6-13 days after incubation of the intraerythrocytic stages in culture.
An ovoid zygote is formed which can also be detected "in vivo". This
differentiates to form a kinete, a club-like uninucleate motile stage
surrounded by a pellicle. Kinetes can be observed in the gut of infected ticks
12-30 days after feeding. Kinetes penetrate the gut wall and migrate to the
salivary glands via the haemolymph. When a nymph is infected, this process
is associated with moulting of the nymph to the adult tick in T. parva and
other species of Theileria, but in T. annulata kinetes are detected in the
haemolymph shortly before moulting.

Development in the salivary glands is only possible after the tick
commences feeding. This is because the salivary glands of ixodid ticks
become reduced after each feed and only enlarge once the tick attaches to
and feeds from a new host. It is thought that the parasite remains dormant
until this happens. Kinetes are found inside E cells of the type III acinus of
the salivarian alveoli gland (Melhorn and Schein 1984). Kinetes are found
directly in the cytoplasm of the gland cell, where they undergo a series of
differentiation steps including loss of the pellicle and become amorphous.
The nucleus increases in size and undergoes extensive division. The volume
of the cytoplasm increases rapidly, and numerous invaginations or
"cytomeres" form and surround the nuclei. Formation of ovoid sporozoites



from the cytomeres takes place 3-5 days after the tick commences feeding.
The sporozoites are capable of transmission to a new bovine host. In the
region of 50,000 sporozoites are produced from a single infected salivary
gland cell, which results in an enormous inoculum from a single feeding tick.

1.1.2 The disease

250 million cattle are believed to be at risk from the effects of tropical
theileriosis. Indiginous cattle living in areas where the disease is endemic
are often infected as calves, with minimal clinical reaction followed by
recovery, resulting in a persistant immune carrier state (Brown 1990).
However, in "improved" cross-bred or exotic cattle, the disease is highly
pathogenic, causing 40-60% mortality. Many countries such as India are
attempting to increase dairy production by improving their cattle stock,
through cross-breeding indiginous cattle with more productive European
breeds such as Friesians (Brown 1990). Tropical theileriosis has become an
increasing problem in recent years through the constraints it imposes on
such schemes.

The epidemiology of the disease has been reviewed by Uilenberg
(1981). Tropical theileriosis has a pronounced seasonal character in
subtropical countries, with the majority of cases occurring in the summer
when adult ticks are more active. Seasonality is less pronounced in tropical
countries where ticks are active all year round. The epidemiology of tropical
theileriosis varies according to the climate and vector species. Recovered
cattle tend to act as healthy carriers, therefore cattle alone are sufficient as a
reservoir for the infection of ticks. However, Asian water buffalo may also
act as reservoir hosts in areas where they are common, since they can be
infected but usually only undergo a mild form of the disease. Local cattle in
endemic areas are generally less susceptible than imported stock.

The pathogenicity of the disease has been described in a number of
reviews; such as Melhorn and Schein (1984), Tait and Hall (1990) and
Uilenberg (1981). The incubation period between attatchment of an infected
tick and fever is about two weeks, with extremes of 8 and 30 days.
Mechanically transmitted infection usually results in a longer incubation
period. The severity of the disease depends on the susceptability of the



animal, the virulence of the strain and is generally dependent on the dose of
sporozoites inoculated.

A typical acute infection starts with a high fever and swelling of the
superficial lymph glands, followed by swelling of the regional lymph gland
draining the site of infection. Symptoms which are generally apparent are
listlessness, accelerated pulse and respiration rate, reduction in milk
production, and frequently diarrhoea. Haemolytic anaemia and jaundice are
common later features. In fatal infections the animal dies usually 1-2 weeks
after the onset of clinical symptoms, although this can be as early as three
days in hyperacute cases (Uilenberg 1981). Cattle that recover show
symptoms that are less severe and gradually wane over several weeks after
the onset of the infection, although a complete recovery may take some time.

Not all aspects of the pathology are well understood. Destruction of
lymphocytes by macroschizonts and of erythrocytes by piroplasms both
seem to be key factors. The involvement of toxins has also been postulated.
Infected lymphocytes displace uninfected lymph node tissue and bring about
symptoms identical to leucosis (lymphocyte depletion). The infection also
has a mitogenic effect on infected and uninfected lymphocytes which can be
detected early on in the infection, even before the appearance of schizonts.
The main pathogenic effects which often lead to death occur during the
phase of intralymphocytic schizogony. Destruction of erythrocytes by
piroplasms leads to the symptoms of haemolytic anaemia frequently
associated with later infections, although this is postulated to be due to
removal of infected erythrocytes by phagocytosis rather than direct parasite-
induced lysis, and it has also been suggested that autoimmune mechanisms
contribute to the anaemia (Uilenberg 1981). The pathology of T. annulata
infections differ in some ways from the effects caused by other Theileria
species. For example, in the disease caused by T. mutans. nathogenesis is
apparently solely due to the erythrocytic stage. In T. parv‘?zh%plasin repﬁcmfbfs not
a prominant feature of the infection (Morazia and Neme 1990), and
haemolytic anaemia is uncommon.

Diagnosisis is usually based on observation of c]jnicali‘ symptoms and
the use of Giemsa stained blood or tissue smears to detect macroschizonts
and piroplasms. Indirect immunofluorescence against fixed piroplasms or
macroschizonts has also been used, but this method also identifies immune



animals as being positive. It may be possible to develop ELISA assays for
detecting circulating antigens or immune complexes using monoclonal
antibodies (McAbs) to various stages, as has been developed for T. mutans
(Katende et al 1990). DNA hybridisation techniques using cloned parasite
genes as probes may also prove useful. T. parva isolates have been
characterised using specific oligonucleotide probes (Allsopp et al 1989).

1.1.3 The bovine immune response

The bovine immune response to T. annulata infection has recently
been reviewed by several authors; Hall (1988), Tait and Hall (1990} and
Brown (1990). The heterogenous life cycle expose the host immune system
to different sets of antigenic determinants at each stage. Indeed, different
surface polypeptides have been identified in the sporozoite, macroschizont
and piroplasm stages (Shiels et al 1989). This antigenic diversity appears to
result in the heterogenous immune response observed in cattle, directed
against different stages in the life cycle, and involving both cellular and
humoral components. Nevertheless, cattle that recover from an infection are
solidly immune to further challenge. This immunity develops irrespective of
the source of primary infection, whether through injection of sporozoites
from a feeding tick or artificially, with or without drug treatment. Immunity
can also be engendered by vaccination with schizont infected lymphocyte cell
lines derived from tissue culture (to be discussed futher in section 1.1.4).
Immunity in the absence of further challenge usually lasts at least three
years. The immune response to each stage of the life cycle will be reviewed
separately.

The sporozoite

The fact that cattle can be immunised with schizont infected
lymphocytes directly from another animal or from a cell line cultured "in
vitro" (as reviewed by Brown 1990) indicates that an immune response to the
sporozoite stage is not essential for cattle to be protected against challenge.
However, there is a body of evidence indicating that humoral immunity to
the sporozoite, the first stage of the parasite to which the cow is naturally
exposed, does have an important role. Studies on the immunity to this stage



have been carried out both "in vitro" and "in vivo" using sporozoites obtained
from infected ticks.

Evidence that immunity to T. annulata involves a humoral response to
sporozoites was first presented by Gray and Brown (1981), who showed
serum from immune cattle was capable of neutralising sporozoite infectivity
of lymphocytes "in vitro". These findings were confirmed and extended by
Preston and Brown (1985), who found that sera from cattle immunised
against T. annulata by the infection and treatment method was capable of
both suppressing sporozoite invasion and the initial development of
intracellular trophozoites in culture. These two effects appeared to be due to
different serum factors; while sera from cattle exposed to single or multiple
immunisations with sporozoites was capable of suppressing trophozoite
development, only sera from multiply immunised cattle were capable of
neutralising sporozoites. They proposed that the trophozoite inhibiting effect
was due to the recognition of parasite antigens on the surface of the infected
host cell, although the involvement of other serum factors such as tumour
necrosis factor (TNF]) is also a possibility (Hall 1988). Serum factors, thought
to be antibody, which were capable of neutralising sporozoite infectivity were
also identified from T. annulata immune cattle by Ahmed et al (1988).

Two sporozoite specific surface antigens have been identified using
mouse McAbs raised against T. annulata sporozoites (Williamson 1988;
Williamson et al 1989). Tissue culture supernatant and ascites fluid
preparations of the McAbs 1A7 and 4B11 were found to effectively neutralise
sporozoite infection of bovine leucocytes "in vitro". Both the McAbs
recognised live and formalin or acetone fixed T. annulata Ankara sporozoites
in indirect fluorescent antibody tests (IFAT) but gave little or no reaction with
acetone fixed piroplasm or macroschizont stages. The McAbs also reacted
with formalin fixed sporozoites from a geographically distinct stock, T.
annulata Gharb. However, the McAbs recognised different groups of
sporozoite specific antigens on Western blots. While McAb 1A7 reacted with
four protein doublets of 85, 70, 63 and 54kDa, plus an additional antigen of
104 kDa in sporoblasts and immature stages, McAb 4B11 was found to
recognise antigens of about 20 and 17kDa in molecular weight. Both sets of
antigens were also found to be recognised by cattle immunised with viable or
irradiated sporozoites, although the combination of bands detected varied
from animal to animal. Similar results were obtained from rabbit antiserum
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raised against live sporozoites. Sera from a number of the cattle also
recognised additional antigens of sizes 126, 100, 48, 36 and 27kDa.

Further work was carried out to characterise the 1A7 antigen
(Williamson et al 1989). The McAb was used to probe a T. annulata Agtll
genomic expression library, and identified a positive clone (Agt11-SR1),
containing a 300bp insert of parasite DNA. The insert hybridised to a 3.1kb
band in total RNA from tick salivary glands infected with T. annulata
sporozoites on a Northern blot, but not to RNA from uninfected tick salivary
glands, a macroschizont cell line or piroplasms. The insert also hybridised
to bands of 6, 4.8 and 3.4kb in Southern blots of uncloned T. annulata
Hissar and Ankara DNA, but only single bands in DNA from cloned
macroschizont cell lines. This implied that the gene encoding the 1A7
antigen was polymorphic at the DNA level which will be discussed further in
Chapter 3. Antisera from cattle immunised with Agt11-SR1 recognised
SPAG1 antigens on Western blots of T. annulata sporozoite material, T.
annulata sporozoites in IFA tests and were capable of blocking sporozoite
infectivity of bovine lymphocytes "in vitro".

The SR1 insert was used to isolate the entire sequence for the antigen
gene from a T. annulata sporozoite cDNA library (Hall et al 1992). The DNA
and amino acid sequence are shown in Figure 77 in the Appendix. The SR1
sequence containing the 1A7 epitope was located in the C-terminal region of
the gene.

It was suggested that the set of antigens recognised by 1A7 could
potentially be the proteolytically processed products of a single gene or the
products of separate genes sharing a common epitope (Williamson et al
1989). In order to resolve this, rabbit antiserum raised against the Agtl1-
SR1 fusion protein was used to immunoprecipitate the expressed products
from sporozoite mRNA translated in a reticulocyte lysate cell-free system.
The primary translation product was found to be a single 115kDa
polypeptide, showing that only a single mRNA species was present; therefore
the McAb 1A7 only recognised the product of a single gene (Hall et al 1992).
Thus it was concluded that the smaller polypeptides recognised by 1A7 are
derived from a common precursor by proteolytic processing . Since the
products on mature sporozoites all contained the C-terminal 1A7 epitope, it
seemed likely that the antigen was being processed from the N-terminal end.
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In a further study to characterise sporozoite surface antigens, mouse
antiserum raised against T. annulata sporozoites was used to
immunoprecipitate radiolabelled proteins from cell surface iodinated
sporozoites (Shiels et al 1989). Antigens of sizes analogous to SPAG1 were
precipitated, as well as a further set of antigens of sizes 190, 127 and
98kDa. This set of antigens were also precipitated by a single McAb, 4E5,
and so also appeared to contain a common epitope. Therefore the sporozoite
surface appears to consist of several groups of immunologically related
antigens.

The immune response to T. parva sporozoites was also found to be
mediated via humoral factors capable of neutralising sporozoite infectivity of
lymphocytes "in vitro" (Musoke et al 1982). A number of McAbs which were
raised against T. parva sporozoites were also found to block infectivity
(Dobbelaere et al 1984, Musoke et al 1984). Three distinct groups of
immunologically related antigens recognised by a bovine antiserum were
identified on Western blots T. parva sporozoite material (lams et al 1990a).
Two of these antigens have been characterised further; namely the p67
sporozoite surface antigen (Nene et al 1992) and the 104kDa microneme-
rhoptry protein (Iams et al 1990b). It was suggested that the 104kDa
antigen was processed to a number of smaller immunologically related
polypeptides of 90, 85 and 35kDa. The genes coding for both these antigens
have been identified and sequenced.

The macroschizont

There is good evidence that the macroschizont infected lymphocyte is
the main target of the immune response to T. annulata, since animals can be
immunised with macroschizont infected lymphocyte cell lines attenuated in
tissue culture (described in section 1.1.4) or from an infected animal (Hall
1988, Brown 1990). While anti-macroschizont antibodies have been
identified in cattle immune to tropical theileriosis, this antibody is not
considered to play a major role in protection (Pipano 1977). Immunity
produced to macroschizont infected lymphocytes appears to be
predominantly cellular, involving a variety of lymphocyte subsets.

It was shown by Preston et al (1983) that cytotoxic cells directed
against macroschizont infected lymphocytes appeared in the blood and
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lymph nodes of cattle recovering from theileriosis, but not in cattle that
succumbed to the disease. Two sequential populations of cytotoxic cells
were observed during recovery from a primary infection; the first mediating
BoLA restricted lysis in culture, and so were postulated to belong to the
cytotoxic T cell subset, while the action of the second population of cells was
not BoLA restricted and were postulated to be NK like cells. When these
animals were challenged with live sporozoites and underwent a secondary
response, one or two peaks of BoLA restricted cytotoxic activity were
observed. These workers therefore postulated that cytotoxic T cells directed
against antigens on the surface of macroschizont infected lymphocytes were
retained in the immunological memory. Interestingly cattle that were
immunised with BoLA mismatched cell lines produced a cytotoxic cell
population specific for the immunising cell line only, while cattle immunised
with BoLA matched cell lines produced only a very transient population of
BoLA restricted cytotoxic cells (Preston and Brown 1988).

A third type of cellular response to macroshizont infected lymphocytes
was identified by Preston and Brown (1988]). Adherent cells, which appeared
to be macrophages, from cattle that had recovered from theileriosis or that
had been immunised with macroshizont infected lymphocyte cell lines were
shown to inhibit proliferation of both BoLA matched and BoLA mismatched
cell lines. This type of response, termed macrophage mediated cytostasis,
was detected consistantly after both immunisation and challenge. The
mechanism by which macroshizont infected lymphocyte proliferation was
inhibited is not known but appears to be mediated by soluble factors, such
as tumour necrosis factor (TNF), since proliferation could still be inhibited
even when contact between the macrophage and target cells was prevented
by a 0.45uM filter.

A number of infection associated antigens have been identified on the
surface of T. annulata transformed cells (Shiels et al 1986b), which could be
potential targets for cellular responses. There are several postulated sources
for these antigens; they could be entirely derived from the parasite and
transported to the host surface, where they could possibly associate with
MHC molecules; they could be parasite-altered lymphocyte surface
molecules or parasite-induced lymphocyte surface molecules not normally
expressed (reviewed by Hall 1988).
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A number of McAbs have been raised against macroschizonts, specific
for antigens on the surface of the macroschizont or macroschizont infected
leucocytes (Shiels et al 1986). One of these antigens, identified by the McAb
4H5, has been further characterised (Shiels et al 1989). 4H5 was found to
immunoprecipitate an antigen of 95-120kDa from surface iodinated
macroshizont infected lymphocytes. Preston et al (1986) showed that McAb
4H5 specifically mediated complement lysis and suppressed proliferation of
macroshizont infected lymphocytes, showing that the antigen could function
as a target for immune mechanisms. Whether the 4H5 antigen can act as a
target for cytotoxic T cell responses remains to be determined. Although the
120kDa molecule itself is too large to be a processed product expressed in
association with Class I molecules, a requisite for it's recognition by cytotoxic
T cells, it is possible that processed fragments could contain cytotoxic T cell
epitopes.

A number of infection associated antigens on the surface of T. parva
macroshizont infected lymphocytes have also been identified (reviewed by
Morrison et al 1989). The effector mechanisms against T. parva
macroschizonts also appear to be predominantly cellular, with transient
populations of BoLA resticted cytotoxic cells produced in animals undergoing
immunisation or challenge. Both cytotoxic and helper T cell clones specific
for macroshizont infected lymphocytes have been derived from T. parva
immunised animals. Two groups of helper T cell clones were derived which
recognised distinct antigenic fractions from homogenised T. parva infected
cells (Brown et al 1990). Furthermore, cytotoxic T cell clones were found to
be either parasite strain specific or recognised cross-reactive determinants,
indicating that this cell subset was also responding to more than one
determinant.

T. parva immune cattle have been found to produce an antibody
response to a macroschizont encoded polymorphic immunodominant
molecule (PIM) characterised by Toye et al (1991). This antigen also occurs
on the surface of sporozoites, and varies in molecular weight in different
parasite stocks. It is currently being assessed as a potential target for
cytotoxic cells.
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The merozoite/ piroplasm

While sera from immune cattle do not appear to recognise the surface
of infected erythrocytes, a humoral response to merozoite and piroplasm
antigens has been identified. A number of radiolabelled polypeptides have
been immunoprecipitated from surface-iodinated T. annulata piroplasms
extracted from infected erythrocytes using antiserum from an immune cow
(Shiels et al 1989). These antigens probably originate from the merozoite
stage, since antigens on the surface of piroplasms would be unlikely to be
exposed to the bovine immune system. The effects of a bovine immune
response to such antigens has not so far been elucidated, but inhibition of
merozoite infection of erythrocytes might be expected to reduce the anaemia
associated with the disease, and also to reduce piroplasm transmission to
the tick.

Merozoites, like sporozoites, are an invasive stage of the parasite in the
bovine host. Work is less advanced than to the sporozoite stage, impeded by
the difficulty in obtaining sufficient amounts of this stage for molecular
analysis and the lack of an "in vitro" assay for erythrocyte invasion.
However, merozoites have now been produced "in vitro" by culturing
macroschizont infected cell lines at 41°C (Glascodine et al 1990). This
differentiation step was associated with a change in antigenic profile of the
lymphocytes. A number of McAbs raised to piroplasms were found to
recognise heat induced merozoites by indirect immunofluorescent antibody
tests. The McAb 5E1 was found to recognise a 30kDa antigen on the surface
of merozoites and piroplasms, which was expressed during or following the
heat-induced differentiation process. The 30kDa antigen was further
characterised by Dickson and Shiels (1993). Two forms of the molecule, of
30 and 32kDa, were detected in heat-induced cell lines. While the peptide
sequences of these molecules were related, only one form was detected by
the McAb, which was found to recognise a carbohydrate epitope on the
30kDa form.

Molecules with similar characteristics to the 30/32kDa antigen have
been identified in other species of Theileria. A 32kDa glycoprotein has been
identified on the merozoites of T. mutans (Katende et al 1990), and a 33-
34kDa polypeptide has been identified in T. sergenti, T. buffeli and T.
orientalis (Kawazu et al 1992). Passive administration of McAbs raised
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against the antigen in T. sergenti were found to protect cattle against
infection by T. sergenti merozoites (Tanaka et al 1990).

The tick

It is important to consider immune responses to the ectoparasitic tick
as well as to T. annulata, since infective sporozoites entering the host are
probably first exposed to the cell types attracted to the point of tick
attachment : Ticks remain associated with their host generally for at least a
week, which would give adequate time for priming of the immune system.
Tick feeding is preceded by production of saliva and a cement like material
which holds the tick to the skin. This antigenic material persists in the skin
for several days where it can be detected on the surface of Langerhan's cells
by indirect immunofluorescence (Wakelin 1984). Both innate and acquired
immune responses have been described to ixodid ticks.

Tick bites produce pronounced inflammatory responses even in naive
hosts (Wakelin 1984). In immune hosts a rapid reaction occurs which may
prevent tick feeding completely and can result in death of the tick. The
immune response of guinea pigs to the ixodid tick Amblyomma americanum
was studied by Brown and Askenase (1983) and compared with immune
mechanisms previously identified to other genera of the family Ixodidae. An
inflammatory response is provoked around the point of insertion of the
mouthparts. On primary exposure, the feeding site is first infiltrated
predominantly by neutrophils, and later (after 3-5 days of feeding) by
basophils and eosinophils. Basophils and eosinophils are also the
predominant cell types to appear on secondary exposure to ticks. These
workers found that sensitised T cells and IgG] antibody produced to A.
americanum antigens appeared to recruit basophils and eosinophils to the
tick atta'chment site. Basophil infiltration is also a feature of guinea pig
immune responses to a number of other ixodid ticks, such as Ixodes and
Rhipicephalus species, and has also been demonstrated in the immune
response of cattle to Ixodes holocyclus.

The effect of attraction of eosinophils and basophils to the tick feeding

site on immune responses to T. annulata is not known. However, this
inflammatory response may mean that non-specific immune responses
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would already be established at the tick feeding site prior to sporozoite
inoculation.

1.1.4 Control measures

The steps which are taken to control tropical theileriosis and East
Coast fever have been reviewed by Brown (1990), Tait and Hall (1990},
Morzaria and Nene (1990), Musisi (1990), Dolan (1989a) and Uilenberg
(1981), on which many of the following descriptions are based. The three
main types of control which are also areas of current research are vector
control, chemotherapy and vaccination, and these will be reviewed here.

Vector control

Since there are several other tick borne parasitic infections in parts of
the world where T. annulata and T. parva occur, such as heartwater and
babesiosis, control measures taken against ticks has the advantage of
controlling several of these diseases at the same time. The current method
is by spraying or dipping cattle in acaricides, such as butocarb or amitraz.
Normally, dipping or spraying cattle once a week is adequate, due to a
residual effect of the acaricide for four days, plus the fact that sporozoites
are only transmitted 3-5 days after commencement of feeding (Urquhart et al
1987).

This method does have a number of disadvantages, however. Firstly, it
is impossible to irradicate the two or three host ticks such as the Hyalomma
species which transmit T. annulata because they have reservoir hosts of
various wild and domestic animals which maintain the population. It is
recommended to treat cattle twice a week under these conditions. Other
drawbacks are the high cost of wide scale use of acaricides, the necessity for
a highly organised programme of regular dipping and acaricide resistance in
ticks. While dipping programmes have been applied successfully to control
T. parva, their use has been limited in T. annulata control.

Steps have also been taken to avoid contact between infected ticks

and susceptible cattle. This includes control of cattle movement between
areas where the disease is endemic and areas relatively free of theileriosis, or
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housing cattle under conditions of zero grazing. This last method is
expensive and only occasionally used for valuable imported breeds. Such
cattle would not have any aquired immunity to the disease through lack of
previous exposure to ticks. The construction of cattle sheds can be an
important factor in controlling exposure to ticks in some subtropical
countries such as Morocco, where the vectors often behave as barn ticks,
hibernating in cracks in the walls instead of remaining in grazing areas.
Improved construction of animal housing and spraying walls with acaricides
has helped to reduce the incidences of tick infestation.

Chemotherapy

While chemotherapy has been used fairly sparingly for the prevention
and treatment of T. annulata infections, it has been used on a fairly wide
scale to treat T. parva infections and immunise cattle by the infection and
treatment method, to be discussed in the section on "Vaccination".
Chlorotetracycline was one of the earlier drugs used. There has been
considerable advances in the development of new drugs in the past 10-15
years, aided by the development of "in vitro" culture techniques useful for
screening for anti-theilerial activity (Brown 1987). The use of such
techniques coupled with "in vivo" tests led to the identification of several
drugs active against T. parva and T. annulata infections; the anticoccidial
drug halofuginone, a napthaquinone menoctone, and the menoctone
analogues parvaquone and buparvaquone. Extensive field trials have shown
buparvaquone to be a highly effective therapeutic agent against T. annulata
and T. parva infections of cattle (McHardy 1991). Menoctone and
buparvaquone have both been found to be active against T. parva and T.
annulata macroschizonts in culture (McHardy 1978, McHardy et al 1985).
Interestingly, many compounds shown to be active against Babesia, Eimeria
and Plasmodium infections, such as proguanil, diaveridine and chloroquine,
had no effect on Theileria infections in cattle or on cultured macroschizonts
(McHardy 1978]), postulated to be due to lack of penetration of infected
lymphocytes by these compounds.

Vaccination

Vaccination by attenuated schizont infected cell lines is the most
widely used control method against T. annulata. This relies on the fact that
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lymphocytes transformed by T. annulata schizont infection can be
continuously cultured "in vitro" without the need for additional growth
factors (Brown 1987). The production and use of schizont tissue culture
vaccines has been reviewed by Pipano (1981), Hall (1988) and Brown (1990).
Briefly, T. annulata schizont infected cells are established in culture either
from an infected cow or by infecting healthy bovine lymphocytes with
sporozoites "in vitro". The infected cells are cultured in RPMI 1640 medium
supplemented with 20% calf serum, and are passaged continuously to make
a cell line. Schizonts gradually become attenuated in culture, which means
they become less virulent when used to infect a cow, producing milder
clinical symptoms and lower parasitaemia with increasing passage.
Attenuation of vaccine cell lines is currently tested by periodic inoculations
into susceptible cattle. A cell line is considered to be properly attenuated
when it no longer produces clinical symptoms or piroplasms when used to
inoculate cattle. This requires 20-300 passages in culture to achieve,
depending on the T. annulata isolate, which can take between several
months and three or more years. Once attenuated, the cell line can be
cryopreserved for storage and transport and resucitated. The usual vaccine
dose is 106 -107 cells, although much lower doses have been used
successfully (Hall 1988). The vaccine protects most breeds of cattle against
severe clinical theileriosis, and has been frequently shown to be protective
against heterologous as well as homologus challenge. A single vaccination is
usually adequate, since the immunity produced is reinforced by subsequent
tick challenge in the field. However, in exotic Friesian cattle it has been
found necessary to follow up the primary immunisation with a second
immunisation of heterologous schizonts from a low passage culture, in order
to provide adequate protection against pathogenic effects (Pipano 1981).

The method of attenuation is not known, but a number of other
changes have been identified in cultured schizont infected lymphocytes apart
from loss of virulence. These include the loss of ability to differentiate into
piroplasms (Pipano 1989), and changes in the level of a protease in a T.
annulata macroschizont infected leucocyte cell line (Baylis et al 1992).

The schizont vaccine has been in use for about 20 years in Israel
(Pipano 1981) where it was first developed and where it has reduced
incidence of the disease dramatically (Brown 1990). The development of a
similar vaccine in India has been reviewed by Singh (1990); effective vaccines
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are also in various stages of development in other countries such as Iran,
Russia, Morocco and Turkey (Hall 1988). Attempts to produce a schizont
vaccine for T. parva have met with little success. While T. parva schizont
infected lymphoblastoid cells can be successfully maintained in culture, they
often fail to protect cattle when used for immunisation. The problem
appears to be that the schizonts from the vaccine fail to transfer to host
cells, which is a crucial step in the generation of T. annulata immunity
(Dolan 1989). It is thought that BoLA mismatching inhibits the process in T.
parva, but not in T. annulata (Musisi 1990).

Another form of immunisation with live parasites is by the "infection
and treatment" method. This method, reviewed by Morzaria and Nene (1990)
and Brown (1990), comprises of infecting cattle with live virulent sporozoites,
from a cryopreserved stabilate or infected ticks, and treating with
chemotherapeutic agents during the incubation period, usually tetracyclines
but more recently buparvaquone. Concomitant administration of drugs
reduces the parasitaemia and minimises the clinical symptoms, and good
protection against homologous and usually heterologous challenge is
obtained. The availability of the attenuated schizont vaccine for T. annulata
means that the infection and treatment method is not widely used for T.
annulata immunisation. The infection and treatment method is, however, an
important means of immunising against T. parva; it is currently used in
Kenya, Malawi, Zambia, Burundi and Rwanda.

While both these methods are successful in immunising cattle, there
are a number of drawbacks of using live parasitic material. The parasites
used for the infection and treatment method are fully virulent and
vaccination can lead to a carrier status in cattle if piroplasms are produced
which can be taken up by ticks and potentially spread to unprotected cattle,
particularly dangerous if the vaccine stock is virulent (Musisi 1990, Morzaria
and Nene 1990). This is not an expected problem in the case of the schizont
vaccine, since fully attenuated cell lines should not be able to produce
piroplasms. However, the schizont vaccine does not tend to prevent the
formation of a carrier state in cattle once they are exposed to tick challenge,
since piroplasms can form even though the cattle are protected against
clinical symptoms (Hall and Tait 1991). This could become an increasing
problem in the future as the vaccine is used more widely, with potential for
reversion to virulence or selection for variation in whichever schizont
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antigens the immune responses of cattle are directed. Another potential
limitation is the need for a "cold chain" from the point of production to the
point of immunisation; while cryopreservation circumvents many of the
problems, the schizont vaccine has a limited shelf life once it is thawed. This
could be a hindrance of the use of the vaccine in some less accessible parts
of the world. A further possible hindrance of using live material is the
potential for transfer of other pathogens in stabilates and cell cultures,
unless they are effectively screened before use.

Other problems associated with the infection and treatment method
but not with the schizont vaccine are the high cost of the drugs used, the
difficulty in it's application on a large scale, the fact that it can be only be
implemented by specially trained veterinary personnel and the lack of cross-
protection between many antigenically diverse strains in T. parva (Musisi
1990). While the T. annulata schizont vaccine normally protects against
heterologous challenge, cross-protection tends to be less common between T.
parva stocks and the infection and treatment immunisation programmes
generally use a "cocktail” of three different geographically isolated stocks.
Another drawback is that the margin of error in the titrated stabilates used
to inoculate cattle can be large. This is because the infectivity of stabilates
can only be titrated by inoculation into susceptible cattle, which is impeded
by the cost of the animals (Musisi 1990).

The problems associated with "live parasite" vaccination methods,
whether real or potential, have resulted in several programmes of research
aimed at defining possible candidate antigens for inclusion in subunit
vaccines. For a molecular vaccine to have a significant advantage over the
schizont vaccine for T. annulata, it should produce effective immunity, be
cheap to produce, have a long shelf life and require only a single shot.

A number of antigens have been identified on the different life cycle
stages of T. annulata as summarised in section 1.1.3, which are potential
candidates for inclusion in a molecular vaccine. The potential for developing
recombinant antigen vaccines for the control of T. annulata and T. parva has
been reviewed by Musoke and Nene (1990). The recombinant sporozoite
antigen p67 has already been used in a small vaccine trial where it
successfully protected most of the cattle against homologous challenge
(Musoke et al 1992). While these results suggest it is possible to engender
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immunity by vaccination with sporozoite antigens alone, a vaccine would
perhaps be more effective and reliable if it included recombinant
macroschizont antigens as well as sporozoite antigens, due to the high
reproductive capacity of the parasite in the cow. Otherwise even if only a
small percentage of sporozoites broke through the immune responses of an
vaccinated animal, each parasite would still have the capacity to develop into
a macroschizont and produce thousands of merozoites. Such a multi-stage
vaccine should also include antigens from the piroplasm/merozoite stage, to
block transmission to a new host and to perhaps reduce the pathology
associated with haemolytic anaemia in T. annulata. Inclusion of several
different antigens in a molecular vaccine would also theoretically reduce the
probability of selecting parasite strains with variation occuring
simultaneously in epitopes of all the molecular vaccine Jfcomponeents .

The reasons outlined above demonstrate the importance of examining
all stages of the parasite to identify the immune mechanisms effective
against them and the antigens involved. An effective molecular vaccine
should activate antigen presenting cells capable of processing the
recombinant antigen, and evoke appropriate T and B cell subsets capable of
producing a protective immune response against the parasite. Therefore it is
necessary to identify Tc and Th epitopes as well as B cell epitopes which
produce effective anti-parasite immune responses. It is also important to
investigate the effects of bovine MHC type and to choose an effective delivery
system. In general, molecular vaccines should fulfill a number of objectives
as follows. Ideally, the vaccine should include Th, Tc or B cell epitopes
which enhance anti-parasite immune responses advantageous to the host,
while excluding any Ts epitopes which may reduce it's effectiveness. The
vaccine itself should have no pathological effects, therefore it should not
include any epitopes whose recognition by the immune system abrogates
rather than cures the disease. The vaccine should also avoid any hazards
associated with the use of live material, such as reversion to virulence or
contamination by pathogenic organisims. These and other considerations
will be discussed in the next section.
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1.2 Molecular vaccines

The following accounts summarise what is known about some of the
immune mechanisms which act against parasites, and their effect on
molecular vaccine design. Summaries will be given of the development of
such vaccines, approaches taken to identify B and T epitopes on parasite
and other antigens, and some of the commonly used expression systems and
adjuvants available.

1.2.1 The immune response to parasites

Immunity to pathogens comprises of both innate responses ie. those
which act non-specifically against any infectious agent and adaptive
responses which are specific for each pathogen (described by Roitt 1986).
Adaptive immunity involves clonal expansion of the cell population specific
for the antigen, and the production of "memory" cells capable of a faster and
more efficient response when the antigen is next encountered. Innate
immunity comprises exterior defences such as the skin, phagocytic cells
such as the monocyte/macrophage line and the polymorphonuclear
neutrophil leucocytes (neutrophils, eosinophils, basophils and mast cells),
the complement system, natural killer (NK]) cells and soluble factors such as
interferons, which have a role in NK activation. The action of many of these
cells is enhanced or mediated through adaptive responses. For example,
macrophages activated by lymphocytes of the adaptive immune system
aquire microbicidal/cytocidal properties not seen in "innate" inflamatory
reactions, and become capable of other cytocidal functions apart from
phagocytosis, such as antibody dependent cellular cytotoxicity. Adaptive
immune responses are produced by lymphocytes capable of recognising
antigen and found in the blood, spleen, lymph fluid and lymph nodes. These
are subdivided into antibody secreting B cells which mediate humoral
immunity and T cells which mediate cellular immunity.

Antibodies may act in a combination of different ways against
pathogens; through agglutination, lysis or attraction of phagocytic cells
(opsonisation), all of which may or may not involve complement activation.
Antibodies are classified into different subclasses according to their
structure, namely IgA, IgD, IgE, IgG and IgM, which often have different
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modes of action. B cell responses to a single antigen usually involves
production of a combination of these subclasses. T cells are subdivided
according to their mode of action into cytotoxic (Tc), helper (Th) and
suppressor (Ts) subsets. Tc recognise and destroy target cells expressing
foreign antigens through production of cytolysins, while Th cells control the
development and function of effector cells through lymphokine secretion. Ts
cells appear to inhibit the functions of effector and/or helper cells, but their
action is still poorly characterised (Dorf et al 1992). These subsets can also
be differentiated according to their cell surface markers (CD molecules in
man), which can be identified by McAbs. In general, Th cells are CD4+ while
Tc cells are CD8+. Homologous Th and Tc subsets have been identified in a
number of animals, including cattle (Baldwin et al 1988). Two types of Th
cell have been identified in mice; the Thl subset which generally produce
IFNy, mediating macrophage activation and Th2 which tend to be producers
of IL-4, IL-5 and IL-6, mediating B cell activation (Bottomly 1989) although
these two functions are far from exclusive. Thl and Th2 cells may have
different induction requirements, depending on the cytokines required for
their expansion (Hseih et al 1993, Janeway 1989). Similar T cell populations
have been identified in man, although whether these are distinct subsets or
not is still controversial (Bottomly 1989), and there is no evidence so far that
they are present in cattle. Another lymphocyte subset which has also been
identified in man are the "null" cells which are of uncertain lineage and
function. These are classified as T cells although they lack any of the CD
markers, but appear to have the v T cell receptor. "Null" cells have been
identified in cattle (Clevers et al 1990).

All of the immune responses described above have been shown to be
important in parasite immunity, generally involving both innate and adaptive
components. Eosinophils, neutrophils and macrophages have all been
demonstrated in antibody mediated destruction of a number of species of
filarial nematodes, and eosinophils have a critical role in the destruction of
Trichinella larvae and schistosomes also mediated through antibody (Wakelin
1984). Macrophages have been shown to be important in the destruction of
a number of protozoa, such as Toxoplasma gondii and Leishmania. The role
of macrophages and NK type cells in the destruction of T. annulata schizont
infected cells has already been described in section 1.1.3. NK cells are
thought to also have a role in malaria immunity (Wakelin 1984). Specific
immunity involving a combination of humoral, Th and Tc responses has
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been demonstrated for the P. falciparum and P.berghei circumsporozoite
proteins (Kumar et al 1988, Romero et al 1989), and the promastigote
glycoprotein gp63 of Leishmania major (Jardim et al 1990). Thl and Th2 cell
subsets can have different roles in parasite infections; for example, it is
thought that stimulation of the Th1l subset mediates protective immune
responses to Leishmania major, while stimulation of the Th2 subset

‘enhances  the disease, possibly through inhibition of Thl expansion

(Locksley et al 1989). These two subsets may be preferentially stimulated by
different antigens, according to the work of Yang et al (1991).

The Major Histocompatability Complex

The major histocompatability complex (MHC) products are a set of
highly polymorphic cell surface molecules found on most mammalian cells
which enable distinction between "self" and "non-self", by guiding T cell
recognition of cell surface antigens (Roitt 1986). "Non-self" may be cells from
another individual of different MHC type, or pathogen derived antigens
carried on an antigen presenting cell. Two classes have been identified,
both of which are in the form of heterodimers. MHC Class I molecules
comprise of a 45kDa a chain encoded by MHC genes and a 12kDa non-MHC
product, 3o microglobulin. Class I molecules are expressed essentially on all
cells of the body to various levels. MHC Class II molecules comprise of an o
and {8 chain of molecular weight 27-35kDa, both encoded by MHC genes.
Class II molecules are only found on specialised cells of the body, such as B
cells and dendritic cells where they are expressed constituitively, on
activated (but not resting) T cells and on macrophages where the level
increases during activation.

MHC antigens and the genes coding for them have been best
characterised in mice (H-2 antigens) and humans (HLA antigens).
Homologous polymorphic MHC molecules have been identified in a number
of other animals including cattle (BoLA antigens) where they have been
characterised by serotyping, one-dimensional iso-electric focussing
techniques and analysis of DNA restriction fragment length polymorphisms
(Bernoco et al 1991). Immune response (Ir} genes have been identified in
mice which map to part of the H-2 locus coding for Class II molecules.
These genes appear to control the magnitude of the immune response to
certain antigens. The response to ovalbumin in cattle has also been
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correlated with certain BoLA Class II haplotypes, indicating that Ir genes are
also important in cattle (Glass et al 1990). There is a similar link between
the T cell response to P. falciparum circumsporozoite protein and MHC
haplotype in humans (Good et al 1988b).

T/ B cell co-operation

Adaptive immune responses to the majority of pathogens are T-
dependent, which means they are dependent on T cells for both cellular
responses and for B cell activation by the T helper subset in humoral
responses. However, a small number of antigens are classified as T-
independent, which means that antibody can be produced without the action
of T helper cells. Such antigens are usually polymeric antigens from
prokaryotes, such as polymeric bacterial flagellin, lipopolysaccharide, and
antigens from the bacteria Corynebacterium parvum and Brucella arbortus.
Secondary immune responses to such antigens generally resemble primary
immune responses, being almost entirely confined to the IgM isotype (Austyn
1989). The degree that T-independent immune responses are really
disconnected from T cell activity is a matter of some debate, since the
magnitude of the response to several such antigens was shown to be
influenced by T helper cells (Elkins et al 1991). In the majority of cases
where T cell responses to parasite antigens have been analysed, such as the
studies on Leishmania and Plasmodium antigens mentioned earlier in this
section, the immune responses appear to be T cell dependent. The
secondary response to T dependent antigens has several features. The
response generally has a much shorter lag phase, a higher titre of antibody
is produced and remains higher for a longer period. While primary humoral
immune responses result in the production of mostly IgM, secondary
immune responses involve other antibody subclasses such as IgG and IgE,
and evidence suggests this class switching is mediated by T helper cells
(Roitt 1986).

T and B cells differ in the way they recognise antigen. While B
epitopes may be linear or conformational, most T cell epitopes are based on
the linear sequence only. B cells recognise "free" antigen through binding of
immunoglobin on their cell surface, while T cells can only recognise antigen
presented in association with MHC molecules on the surface of an antigen
presenting cell. Antigen recognition by T cells is via the T cell receptors, of§
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or y& heterodimers. Tc cells recognise antigen in association with MHC
Class I molecules and so can be stimulated by any cell in the body, while Th
cells can only be presented with antigen in the context of MHC Class II, by
specialised cells such as macrophages, dendritic cells and B cells (Austyn
1989). The sequence of events involved in the processing and presentation
of antigen are still poorly understood. Two major types of processing appear
to occur; the association of intracellular antigens with MHC Class I
molecules and transport to the cell surface, or processing exogenous
antigens by the endosomal pathway and association with MHC Class II
molecules (Ash 1991). The biochemical basis of processing and association
with MHC Class II was examined using hen egg lyzozyme (HEL) by Allen et al
(1987). These workers found that HEL could only be recognised by T cells in
the presence of live antigen presenting cells unless the antigen was already
degraded into peptides, demonstrating that this was a prerequisate step for T
cell activation, and were also able to demonstrate binding to MHC Class II
molecules. Similar observations were made for a Listeria monocytogenes
antigen (Unanue 1984). The cellular compartments in which these steps
take place have not been confirmed, but Van Noort and coworkers (1991)
demonstrated that proteases extracted from macrophage endosomes in a cell
free processing system determined the regions of an exogenous protein
antigen (sperm whale myoglobin) recognised by T cells, implicating the
endosomes as an antigen processing site. It is still not entirely clear where
association between processed antigen and MHC molecules occurs, but MHC
Class I is thought to bind processed antigen in a pre-golgi compartment
such as the endoplasmic reticulum, while MHC Class II molecules are
thought to transit through the golgi apparatus and bind antigen in the
endosomes, or another post-golgi compartment (Braciale and Braciale 1991),
where they would intersect with the endocytic pathway.

The features of T/B cell co-operation have been reviewed by Abbas
(1989). The help provided by T cells to B cells is directional, which means
that B cells specific for the antigen can only be activated by T cells specific
for the same antigen, and the interaction is restricted by MHC Class I
components. Th cells induce proliferation and differentiation of small B
lymphocytes into antibody secreting plasma cells through secretion of
lymphokines and possibly through cell-cell contact. A system has been
postulated whereby B cells internalise antigen bound to their immunoglobin
receptors by pinocytosis, process and present it in the context of MHC Class
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II to T cells recognising the antigen and capable of providing specific "help"
(Lanzavecchicia 1985, Howard 1985). This model readily explains the
specificity and MHC restriction of T cell help, and was demonstrated using
human B and T cell clones specific for tetanus toxoid.

The importance of this mode of presentation compared with that of
macrophages and dendritic cells is unclear. These cell types appear to be
crucial for T cell priming, a process which is crucial before any adaptive
immune responses can take place. This involves an immunostimulation step
in which small, resting lymphocytes are activated and differentiate into large
functional lymphoblasts, capable of responding to antigen presenting cells
and undergoing clonal expansion to produce effector cells which can activate
B cells and memory cells. This process takes about five days "in vivo"
(Janeway et al 1989). It has been postulated, therefore, that dendritic cells
and macrophages mediate primary immune responses, while B cells act as
antigen presenting cells in secondary immune responses (Abbas 1989).
However, while B cells are highly effective in presenting soluble antigen such
as toxins, their poor ability to phagocytose particulate material is likely to
make them poor presenters of particulate antigens such as bacteria and
parasites, or recombinant antigens rendered insoluble by adjuvants such as
Freund's incomplete adjuvant or alum (Janeway 1989).

1.2.2 The development of molecular vaccines

A vaccine can be defined as a substance capable, on inoculation, of
inducing an immunological "memory" which the appearance of the antigen
on a pathogen would be able to recall, possibly years afterwards. Early
studies concerning the immunity engendered by molecular vaccines used
"hapten-carrier" complexes. These consisted of a small molecule, a peptide
or polysaccharide, linked to a larger molecule, usually a protein such as
keyhole limpet haemocyanin, bovine serum albumin or ovalbumin (reviewed
by Cease 1991). An example is foot-and-mouth disease virus epitopes linked
to B-galactosidase as a carrier, which evoked FMDV specific antibodies on
immunisation (Cease 1991). Immunisation with a hapten linked to a carrier
generally produces an enhanced hapten specific response, compared with
immunisation using the hapten alone; this is known as the "carrier effect".
Carriers were found to elicite cell mediated immunity; usually being
recognised by both T and B cells, while haptens generally are only
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recognised by B cells. However, use of a heterologous carrier in vaccines
fails to induce specific cellular immunity to the pathogen, and the immunity
produced cannot be increased by natural boosting. It is now considered
necessary to include both B and T cell epitopes derived from the same
pathogen in molecular vaccines.

The current status of "new generation” or molecular vaccines is
reviewed by Ada (1988), Ertl and Bona (1988), and Zanetti et al (1987).
These include synthetic peptide, recombinant and anti-idiotypic vaccines.
Recombinant vaccines are those produced using the DNA sequence for the
antigen, or a part of it containing appropriate epitopes, expressed in a host
cell; some of the expression systems available will be reviewed in section
2.2.5. Synthetic vaccines consist of short peptide sequences synthesised
from amino acids, covering an epitope or epitopes of the primary antigenic
sequence. Synthetic vaccines have been produced from a linked B and Th
epitope of P. falciparum circumsporozoite protein (Good et al 1987) and from
Leishmania major gp63 antigen using two peptides containing Th epitopes
(Yang et al 1991) which were able to produce some protection from challenge
with the parasite. The development of the multiple antigen peptide (MAP)
system, in which multiple copies of the same or different synthetic peptides
are linked to an "immunologically inert" 