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ABSTRACT

Despite the body of information which has accumulated on the mechanisms of
immunity to Schistosoma mansoni operating in the irradiated cercaria vaccine model,
little is known about the antigens involved. Biosynthetic labelling of parasites with °S-
methionine, either prior to, or post cercarial transformation facilitated analysis of the
kinetics of protein synthesis and release by schistosomula during in vitro culture. The
proteins labelled during cercarial development in the snail were lost most rapidly within
the first 3h after transformation to schistosomula, and at a much diminished rate
thereafter. Additionally, the proteins released by schistosomula during in vitro culture
were characterised. Two released proteins of M, 61 and 20 kDa were dominant on
autoradiographs and corresponded to areas of proteolytic activity detected on gelatin
substrate gels. The de novo synthesis of proteins after transformation followed a complex
pattern, rising to a peak at day 8 before declining sharply. The highest rate of protein
synthesis corresponded to the period in vivo when schistosomula are undergoing the
adaptations necessary for migration through capillary beds. During development to the
lung-stage, schistosomula labelled post-transformation released at least 15 proteins of
diverse molecular weights. Among them, three of 61, 45 and 20 kDa were especially
prominent and appeared to be produced over the whole period. I believe that one or more
of these proteins released in the skin-draining lymph nodes by irradiated parasites must
serve as the inducers of the primary immune response, and released subsequently from
challenge larvae in the lungs, as triggers of the effector response.

The ability of various antigenic fractions of Schistosoma mansoni, and in particular
schistosomula-released proteins, to induce proliferation of lymph node cells, recovered
from vaccinated mice, was tested in blastogenesis assays. Results from such experiments
indicated that parasite-released proteins provided a good source of T cell immunogens,
and reinforced their potential as vaccine candidates.

The production of antisera against early- and later~stage released proteins facilitated
Investigation of the ability of such molecules to induce antibody production, a further
indicator of their immunogenicity. In this respect, antigens of 45, 20 and 12 kDa were
recognised strongly by both sera on Western blots of protein preparations of Schistosoma
mansoni. The ability of these sera to transfer resistance against a cercarial challenge
infection in mice was tested. The serum raised against later-stage released proteins
induced a moderate degree of immunity ranging from 19% to 29%, whereas the serum
raised against early-stage released proteins conferred up to 51% resistance to mice when
administered on days 4 and 7 post-challenge.

Subsequently, a unique cDNA library was generated with mRNA derived from 4 to 8
day old schistosomula. The library was screened with serum raised against proteins
released by in vitro-cultured schistosomula between day 4 and day 8 post-



transformation. Bacterial colonies expressing recombinant proteins, identified by such
sera, were 1solated and initial steps towards their characterisation taken.

Finally, during the course of studying proteins released by schistosomula during in
vitro culture, significant differences in the surface morphology of normal and irradiated
larvae were observed. It is possible that such abnormalities could account for the ability

of optimally-attenuated parasites to induce high levels of protective immunity against a
cercarial challenge infection.
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INTRODUCTION

1.1 Background

Schistosomiasis is a disease caused by infection with dioccious parasites belonging
to the family Schistosomatidae. Of the genera within this family, 7 are confined to birds
and 5 to mammals, but only the genus Schistosoma is associated with humans. Of the
mammalian blood flukes, this genus has achieved the greatest geographical distribution
and diversity of the definitive hosts parasitised. Species of schistosome infective to man
are found in 76 of the world's tropical and sub-tropical countries (W.H.O., 1985) and 1n
some, the disease is extremely prevalent; for example, approximately 72% of the
Ghanaian population is estimated to be infected (Doumenge et al. 1987). Seven species of
Schistosoma parasitise humans; the three most common, S. haematobium, S. japonicum
and S. mansoni account for 78, 69 and 57 million cases of schistosomiasis respectively,
whilst the less common human parasites S. intercalatum, S. mattheei, S. mekongi and S.
malayensis infect thousands of people (Peters & Gilles, 1991). However, these may
represent conservative estimates, since it has been reported for Schistosoma mansoni that
faccal egg screening, the standard method for assessing infection, usually underestimates
the number of people carrying the discase (De Vlas & Gryseels, 1992).

Due to the relative ease in which the life~cycle of Schistosoma mansoni is
maintained in the laboratory compared to other human schistosomes, this species has
received the most attention. In York, the vast majority of research has centred upon this
species using the murine host. Thus, the remainder of this thesis will refer, almost
exclusively, to Schistosoma mansoni.

1.2 Life-cycle of Schistosoma mansoni

Schistosoma mansoni is transmitted via freshwater snails (including Biomphalaria
glabrata) which are the intermediate hosts in the life-cycle, and in which asexual
reproduction occurs. Owing to the losses of parasite numbers incurred during host
location, a substantial amplification step occurs in the snail; penetration and development
of only one miracidium leads to the production of several thousand cercariae (Theron,
1986). The cercaria, consisting of a head and a bifurcated tail, develops in approximately
1 week from the daughter sporocyst which is located in the digestive gland of the snail
(Jourdane & Theron, 1987). Once mature, the cercaria leaves the snail in response to
sunlight and then has between Sh and 8h, under optimal conditions, in which to find an
appropriate host before its infectivity is impaired (Lawson & Wilson, 1983). The cercaria
is covered by a carbohydrate~-rich glycocalyx, which is thought to be anchored to the
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underlying tegument via polypeptide chains (Marikovsky, Fishelson & Amon, 1988), and
functions to waterproof the cercaria whilst in search of a susceptible host. Host location
by the cercaria is incompletely understood, but its probability of success is thought to be
greatly enhanced by changes in motility in response to water turbulence, shadows and
skin substances, the stimuli usually presented by a passing human. When a host is
located, skin penetration is thought to have 3 distinct phases; attachment, surface
exploration and penetration of the epidermis. The first 2 phases can be triggered by
thermal and chemical stimuli, the third by chemical stimuli alone (Haas & Schmidt,
1982). Skin surface lipid has been shown to stimulate penetration (McKerrow et al.
1983), and also to induce eicosanoid production in cercariae; these substances are
immunosuppressants and may therefore play a role in immune evasion by the parasite
(Salafsky & Fusco, 1987). The cercarial head contains 3 functionally and structurally
discrete secretory glands, the head gland and the pre- and post—acetabular glands.
Secretion from the post-acetabular gland precedes but overlaps that of the pre-acetabular
gland; however, both release proteases which facilitate skin penetration and possibly
shedding of the glycocalyx (Marikovsky et al. 1988). Secretions from the head gland are
thought to facilitate penetration of blood vessel walls in the dermis by parasites (Crabtree
& Wilson, 1985).

Various protease activities have been reported from different laboratories.
Landsperger, Stirewalt & Dresden (1982) identified the major protease species from a
cercarial homogenate as a 25 kDa serine protease with an isoelectric point (pI) of 6 and
with properties similar to chymotrypsin. Amon and colleagues characterised two serine
protcases secreted by transforming schistosomula. The major proteolytic activity was
associated with a 28 kDa glycoprotein which had a pl of 11 and pH optimum of 9, whilst
the minor activity was associated with a 60 kDa glycoprotein which had a pI of 9.2
(Marikovsky et al. 1988). The 28 kDa protease was later localised to both the pre- and
post—acetabular glands of cercariaec (Marikovsky, Amon & Fishelson, 1990). McKerrow
and colleagues have cloned a stage-specific proteinase which also facilitates infection of
the host by cercariac (Newport et al. 1988). This serine proteinase of molecular weight
(M) 30 kDa has a remarkably broad substrate specificity toward host tissue
macromolecules, including keratin, fibronectin, laminin, type IV collagen and elastin
(McKerrow et al. 1985). Despite the identification of different proteolytic species, which
may be involved in skin penetration, recent structural analysis of the enzymes has shown
that at least some of them are in fact post-translational derivatives of the same gene
product (McKerrow, Newport & Fishelson, 1991). However, although evidence to date
suggests that there is only a single serine protease gene in schistosomes, the origin of
certain biochemical differences between the enzyme species remains obscure.

Strong muscular contractions around the acetabular glands, initiated by skin lipids,
results in the release of proteases which are packaged in vesicles so as to protect the
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parasite from its own degradative enzymes. Ruptured vesicles were noted adjacent to
degraded epidermal cells and along the surface of the penetrating larvae themselves
(Fishelson er al. 1992). It was suggested that these observations were consistent with the
dual role for the enzymes in tissue invasion and in release of the glycocalyx. In concert
with the action of proteases, the cercaria utilises its head spines to burrow through the

channel that is created ahead of it. Shortly after shedding of the glycocalyx,
schistosomula express a serine protease on their surface which appears to be identical, or
very similar, to the secreted enzyme (McKerrow et al. 1991). This enzyme could degrade
the complement components, C3, C3b, iC3b and C9 (Parizide et al. 1990) suggesting that
it may also function to protect the larva against immune damage by cleaving off any
complement proteins that become attached to the parasite surface. Skin penetration is
accompanied by transformation of cercariae into schistosomula, which are adapted to life
in the mammalian host.

For obvious reasons, the vast majority of information concerning the migratory
pathway of Schistosoma mansoni and accompanying morphological and biochemical
changes undergone by the parasite in the mammalian host comes from studies of infected
rodents. Such adaptations will be described in more detail in section 1.5.1. The majority
of schistosomula locate and penetrate a blood vessel and migrate via the lungs to the
liver; this involves periods of active migration by schistosomula through capillary beds
Interspersed with passive carriage in the direction of blood flow. When the worms have
paired, they begin to migrate up the hepatic vessels to the mesenteric veins, where the
female commences egg~-laying. Of the three most common schistosomes of humans,
adult S. mansoni and S. japonicum inhabit the mesenteric vein and its tributaries. The
eggs, after passing through the vessel walls to the lumen of the intestine are eventually
voided in the faeces. In contrast, female adult worms of S. haematobium oviposit in the
vesical plexus of the bladder, and eggs are excreted in the urine. The eggs hatch in
freshwater releasing free-swimming miracidia which infect susceptible snails, and the
life-cycle is perpetuated.

In humans, schistosomiasis is a chronic disease which presents a broad spectrum of
morbidity ranging from sub-clinical infection to severe splenomegaly and hepatomegaly,
which can be fatal. Worm pairs can persist within their host for many years causing only
trivial direct pathology. The vast majority of damage is caused by the host's immune
response to the eggs, of which approximately 300 are produced per day by an adult
Schistosoma mansoni female. Unfortunately, roughly half of the eggs are washed into,
and lodge 1n, the liver. The immune response to the trapped eggs results in granuloma
formation around each egg, disruption of hepatic tissue organisation, portal hypertension
and the development of porto-systemic anastomoses, which shunt a fraction of hepatic
portal blood to the vena cava. Despite a low mortality rate from schistosomiasis of
approximately 1%, an annual death toll of 2 million pcople has been recorded (Bergquist,
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1987). As such, the disease is an important target for immune intervention.

1.3 Control measures

The requirement of a molluscan intermediate host for transmission of schistosomiasis
to humans, means that the disease is centred around areas of freshwater, which can range
from natural rivers and lakes to man-made dams and irrigation canals. Unfortunately, the
latter two make a substantial contribution to the spread of schistosomiasis, for example in
the Sudan, soon after 1 million acres of land was imrigated in 1963, the prevalence of
Schistosoma mansoni infection reached 75% (Fenwick, 1987).

Many measures have been used to try to prevent, or limit, the spread of
schistosomiasis, including the provision of public health education in tandem with
latrines and clean water for washing and drinking. Latrines could reduce faecal and
urinary contamination of water, thus preventing contact of eggs, and therefore miracidia,
with the intermediate snail host and so reduce transmission. However, Schistosoma spp.
have reservoir hosts which contribute to transmission of the disease to man. In endemic
arcas, water exposure time has been shown to correlate strongly with presence of
infection in humans. Therefore, the existence of a clean water source could have a great
impact on the level of parasite infection and transmission, simply by reducing the level of
contact with 'contaminated' water. However, such measures require large amounts of
money and a suitable water supply throughout the dry-season, both of which are difficult
to obtain. Furthermore, a significant impact on transmission cannot be expected unless
improvements in sanitation are also accompanied by changes in human behaviour.
Unfortunately, it has been noted that even when better sanitation is available it is often
not used (Cairncross, 1987).

Molluscicides, such as niclosamide have been used with limited success to reduce
the population of susceptible snails. Such measures are not only expensive and potentially
damaging to the local environment but with time could lead to the evolution of resistant
snails. Furthermore, the snail populations have an impressive potential for regeneration
and reinvasion, being able to re-establish in a period of months. However, there have
been some successes, for example in an area of Egypt, the prevalence of infection was
reduced from 46% in 1968 to 10% in 1973 by molluscicide treatment combined with
chemotherapy (Fenwick, 1987). Thus, it has been suggested that there is still an important
role to be played, by focal, rather than area-wide molluscicide treatment to reduce the
transmission of schistosomiasis, alongside other control measures (Klumpp & Chu,
1987).

The mass treatment of infected human populations with chemotherapeutic drugs has,
on the whole been very effective in reducing the prevalence and incidence of the disease
(Mahmoud et al. 1983). This approach was advanced further by the availability of the
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drug praziquantel, which has few side-effects, is given as a single dose, is highly
effective against all species of schistosome and is relatively cheap (W.H.O., 1985).
Unfortunately, such treatment does not prevent the pathological damage caused to the
host as a result of the presence of eggs, nor reinfection. Thus, many patients require
treatment more than once, which increases the overall cost of chemotherapy and
necessitates the presence of an organised screening programme. Additionally, therc is the
possibility, as with molluscicide treatment, that resistance to the chemical could evolve.
A recent outbreak of schistosomiasis has occurred in Northern Senegal, five years after
two dams were completed on the Senegal river (W.H.O., 1992). Stool examinations of
over 400 people showed >90% to be infected, of whom 41% had over 1000 eggs per
gram of faeces, indicating intense infection. This previously "schistosome-naive"
population showed a very low cure rate of 18% after praziquantel treatment compared to
the 70-85% nommally expected. Additionally, the drug caused severe although transient
side-effects. Despite doubts that the results were due to praziquantel resistance, there is
cause for concermn.

For these and additional reasons, a single-shot vaccine would be a major step
forward to relieve the suffering of many people who, without such treatment, will
Inevitably become infected with schistosomes. A vaccine, probably composed of
recombinant protein(s) or synthetic peptides, presented in the appropriate manner should
provide long-lived immunity, be cheap to manufacture and easy to transport and
administer to people in endemic areas. Additionally, if given before natural exposure to
the parasite, vaccination would have the added advantage over chemotherapy of
preventing egg-induced pathology and reinfection, thus negating the need for further
treatment. To date, no live or dead vaccine has been able to induce 100% immunity in
laboratory rodent or primate hosts. Although sterile immunity is a goal to aim for, unlike
malarial infections, schistosomes do not multiply within the definitive host and so a
vaccine which induced >50% resistance is likely to be of benefit. Since only the most
heavily infected individuals develop hepatosplenomegaly, which can be fatal, a
substantial decrease in the level of infection would limit the number of people in this
category and dramatically reduce the mortality rate, as well as decreasing the level of
transmission.

Two other avenues of research are being pursued to try to prevent infection, or limit
the pathology associated with the disease. One approach is to design compounds which
will inhibit the action of the cercarial penetration enzyme, which is essential for skin
invasion and therefore initiation of infection. Hotez et al. (1985) showed that dogs which
were refractory to reinfection with another skin-invasive parasite, the hookworm, had
high circulating titres of anti-elastase antibody and suggested the use of the enzyme as a
protective vaccine. In schistosomiasis research, McKerrow and colleagues (Pino-Heiss et
al. 1986) showed that monoclonal antibodies directed against the cercarial elastase could
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kill transforming cercariae in vitro. Additionally, an inhibitor of the enzyme has been
developed which, when applied to the surface of human skin inhibited cercarial invasion

by 85% (Cohen et al. 1991). A different approach is to design an anti-fecundity vaccine
which would act by reducing the number of eggs produced by adult female worms in an

infected patient, and therefore decrease the level of pathology and transmission of the
disease. The promising vaccine candidate glutathione S-transferase (Sm28GST; see
section 1.9.4.1) not only protects various rodent and primate hosts through a reduction in
worm burden but has also been shown to reduce female worm fecundity (Boulanger et al.
1991; Xu et al. 1993).

Additional research aimed at deciphering the complex interplay between the parasite
and the host's immune system will undoubtedly yield more important information. Once
understood, it may be possible to influence the outcome of infection, or at least limit the
degree of pathology, by manipulating the immunological environment within the host.
One way to achieve this could be through the addition or neutralisation of particular
cytokines.

Along with the large body of evidence for acquired human resistance to
schistosomiasis (Butterworth & Hagan, 1987; Hagan et al. 1991; Hagan, 1993) and the
major advances in recombinant DNA technology, differentiation of T cells into
functionally discrete sets and sub-sets, identification of cytokines and their functions and
advances in the presentation and delivery of antigens, a vaccine against schistosomiasis is
looking more promising.

1.4 Experimental models of schistosomiasis

Various animal models are available for the study of schistosomiasis in the
laboratory. The most widely used are rats and mice and, to a lesser extent Guinea-pigs
and non-human primates. These animals differ in their ability to support or, perhaps
more correctly, inability to reject, a primary infection. Each has features which are
analogous to human schistosomiasis. The chimpanzee develops disease most analogous
to man and is the best model of pipestem fibrosis (Phillips et al. 1977). Moreover,
resistance is minimal and develops very slowly; additionally spontaneous cure does not
occur. Rhesus monkeys develop more dramatic resistance than chimpanzees and also
demonstrate spontaneous cure. Obvious logistic and ethical problems exist in studying
these animals. The mouse is the most highly studied susceptible rodent host and displays
many similarities to human schistosomiasis in that liver pathology occurs, spontaneous
cure does not, and resistance develops slowly. Furthermore, the existence of a wide range
of inbred strains of mice has allowed dissection of the immunological interplay between
the parasite and the host. Recent technological breakthroughs have permitted the
development of transgenic (or knockout) mice in which a specific gene, for example one
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which codes for a cytokine, can be made non-functional. This should allow further

clucidation of the immune response to the parasite.
Unlike mice, rats are semi-permissive hosts which, although susceptible to infection,

manifest a spontaneous and dramatic reduction in worm burden approximately 28 days
after initial exposure (Stirewalt, Kuntz & Evans, 1951; Smithers & Terry, 1964). The
clucidation of this mechanism of parasite elimination is of interest and is being actively
resecarched; however, the rat model of schistosomiasis is perhaps the least analogous to
that in humans (Phillips et al. 1977). Despite these facts, extrapolations of results
achieved in a single animal model to the human disease are made with care. It is likely
that all model systems will provide important information which will help in the

development of a protective vaccine.
1.5 The normal infection in laboratory mice

1.5.1 Migration and development

Upon penetration of mouse skin, the cercarial tail is lost and the parasite commences
its transformation into the next larval stage, the schistosomulum. The adaptations
occurring at this stage include a change from cyanide-sensitive to cyanide-insensitive
metabolism and intolerance to water. Parasites successfully penetrating the skin, reach the
base of the epidermis within 30 min but then seem to be impeded by the epidermal
basement membrane (Wilson & Lawson, 1980). On average, the skin phase of migration
in the mouse takes approximately 88h (Miller & Wilson, 1978). During the first 3h post-
transformation, membraneous vesicles pass from subtegumental cells to the tegument via
cytoplasmic connections where they participate in the formation of the characteristic
heptalamminate membrane of the schistosomulum (Hockley & McLaren, 1973).
Additionally, the mid-body spines are progressively lost and have completely
disappeared by day 3 post-transformation; this is thought to facilitate migration through
the vascular system (Crabtree & Wilson, 1980). The loss of mid-body spines is
accompanied by an increase in tegumental pits which are responsible for adding
membrane to the surface of the schistosomulum (Hockley & McLaren, 1973; Wilson &
Barnes, 1974) and result in an increase in surface area. The schistosomulum continues
skin migration until it locates and penetrates a post-capillary venule in the dermis, a
process which takes approximately 8h and may be facilitated by lytic secretions from the
head gland (Crabtree & Wilson, 1985). Exit from the skin is not exclusively via the blood
vessels, approximately 10-20% penetrate a lymphatic vessel (Miller & Wilson, 1978:;
Wheater & Wilson, 1979); this may be a chance event, simply reflecting the relative
proportion of blood vessels to lymphatic vessels present in the dermis. This small
percentage of parasites may have an important role to play in the induction of immunity
in the irradiated cercaria vaccine model (see section 1.7.6).
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The majority of parasites migrate in the direction of blood flow via the pulmonary
artery to the lungs, the peak accumulation occurring at 6-7 days post-infection (Miller &
Wilson, 1980; Mountford, Coulson & Wilson, 1988). There is a growth period of at least
72h in the lungs, and an increase in maximum length to 4 times that of skin worms
(Wilson et al. 1978) implying synthesis of tegument membranes, and a concomitant
decrease in diameter. A new inclusion body is seen at the lung-stage, the homogeneous
body which may provide a lubricant for the surface of the schistosomulum (Crabtree &
Wilson, 1986a). These changes are believed to facilitate the migration of larvae along the
narrow pulmonary capillaries. Parasites which successfully migrate through the lungs,
leave via the pulmonary vein and pass via the left side of the heart to be distributed, in the
same proportion as cardiac output, to the systemic organs of the body. Wilson & Coulson
(1986) speculated that 3 circuits of parasites around the pulmonary-systemic vasculature
was required to recruit the entire hepatic portal population, which reaches a plateau by
day 21. The high nutrient content of the hepatic portal system, low blood pressure or
oxygen tension may be the triggers for parasite shortening, which probably terminates
any further migration (Wilson et al. 1978). However, trapping of schistosomula in the
liver is not completely efficient, and in a previously uninfected mouse, an estimated 14—
30% may retum to the lungs (Wilson, Coulson & Dixon, 1986).

Between days 28 and 35 after penetration, the parasites begin to pair and migrate up
the hepatic vessels to the mesenteric veins where egg production commences
approximately 5-6 weeks after infection (Warren & Peters, 1967). Some of the
Intravascularly released eggs fail to move on through tissues of the gut lumen. These ova
are then carried by portal blood flow and can become trapped in the liver. Soluble egg
antigens (SEA), secreted by the miracidium within the egg, induces a T cell-mediated
granulomatous inflammatory response eventually resulting in tissue fibrosis and
disruption of the hepatic architecture. The intensity of the granulomatous response is
maximal during the acute stage (8-10 weeks post-exposure) of infection, and is
accompanied by a strong T-helper (Th) cell activity (Doughty & Phillips, 1982a; 1982b)
manifested by proliferation and inflammatory cytokine production (Chensue, Boros &
David, 1980; Ragheb & Boros, 1989). As the infection progresses into the chronic stage
(16-20 weeks post-exposure), the granulomatous response is spontaneously down-
modulated resulting in diminished proliferation and cytokine production by lymphocytes
(Chensue et al. 1980; Ragheb & Boros, 1989).

1.5.2 Maturation of parasites

Of the parasites which penetrate the skin of mice, between S0% and 70% fail to
mature. Initial experiments, using techniques of tissue mincing and incubation to extract
schistosomula suggested that the bulk of non-maturing parasites died in the skin soon
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after penetration (Clegg & Smithers, 1968; Smithers & Gammage, 1980). Indeed, in
some studies it was observed that an average of 30% of the schistosomula that could be

recovered from the skin within 1h of penetration failed to exclude a dye, indicating that
the parasites were not viable (Clegg & Smithers, 1968; Ghandour & Webbe, 1973).

However, histological methods failed to detect significant numbers of dead or damaged
schistosomula in this site (Stirewalt, 1959; Von Lichtenberg et al. 1976; Von
Lichtenberg, Correa-Oliveira & Sher, 1985; Wheater & Wilson, 1979; Mastin, Bickle &
Wilson, 1983). Additionally, 63% of parasites which penetrated the skin were detected in
the lungs by quantitative histology 6-7 days after infection (Mastin et al. 1983).
However, to determine the fate of non-maturing parasites, the techniques of mincing and
incubation and quantitative histology have their disadvantages. The former suffers from
the unknown efficiency of extraction (Miller & Wilson, 1978; 1980) whilst the latter is
difficult to quantify, tedious and only a small number of samples can be processed
(Wheater & Wilson, 1979; Mastin et al. 1983; Von Lichtenberg et al. 1985). These
problems were overcome by the advent of the technique of compressed organ
autoradiography (Georgi, 1982) in which isotopically labelled parasites can be tracked
throughout the body of the host. This technique allowed essentially all of the organs of
the mouse to be analysed and therefore did not suffer from the problem of lack of
detection because of parasite migration to an unsampled organ.

Autoradiographic tracking studies of labelled parasites detected up to 78% of skin
penetrants in the lungs of mice on day 7 (Mangold & Dean, 1983) and 92% in the lungs
of rats on day 5 (Knopf er al. 1986). Additionally, Wilson et al. (1986) demonstrated that
by day 14 post-infection, greater than 90% of parasites, detected in the skin on day 0,
were present in other sites, although a small number lingered in the infection site as late
as 35 days post-infection. Thus, it appears that only a minority of parasites are eliminated
at the skin—-stage of migration. The high degree of accuracy achieved by Wilson et al.
(1986), which allowed the detection of parasites with only a low level of associated
radioactivity, enabled them to predict that a reduction of parasite number did not occur
until day 14 post-infection.

That the parasites experience difficulties in migrating through the pulmonary
vasculature is suggested by the transit time through the lungs, which is considerably
longer than through other organs (Wilson & Coulson, 1986). This inference was
supported by ultrastructural studies (Crabtree & Wilson, 1986a) in which lung-stage
parasites located in pulmonary capillaries were often seen to cause considerable
distension of the vessels. From day 11 post-infection, it was found that an increasing
proportion of schistosomula present in the lungs had been diverted into alveoli (Crabtree
& Wilson, 1986b). Indeed by day 20, 80% of parasites present in the lungs were detected
in alveoli. Whilst no cellular reactions were observed around intravascular parasites, large
foci consisting initially of 50% polymorphonuclear cells and 50% mononuclear cells

20



were observed around alveolar parasites. However, if removed from their position in the
lungs by mincing and incubation on days 7, 12 or 17 after infection and transferred to the
hepatic portal system via the superior mesenteric vein, schistosomula were equally
capable of maturing, irrespective of age (Coulson & Wilson, 1988). This suggests that
parasites were not damaged in a manner which affected their maturation. However, 7 day
old schistosomula delivered via the trachea to the alveoli had a limited capacity to reenter
tissues and mature, since only 15% could be recovered by hepatic portal perfusion
(Coulson & Wilson, 1988). Thus despite adaptive changes, it would appear that during
parasite migration through the pulmonary capillaries, a large proportion of schistosomula
rupture the narrow blood-air barrier and find themselves trapped in alveoli. From such a
position, the majority of schistosomula, are unable to reenter tissues and therefore will
ultimately starve to death. Thus, these results do not support a direct cytotoxic
mechanism of parasite elimination.

1.6 The concomitant immunity model

Chronically infected mice are extremely resistant (up to 100%) to secondary
cercarial challenge infection (reviewed by Dean, 1983). The elimination mechanism in
such mice appears to be directed against the migrating larvae of the challenge infection,
whilst the adult worms from the primary exposure remain unharmed. The term
‘concomitant immunity' was coined to describe this situation (Smithers & Terry, 1969).
The immunological nature of this mechanism was supported by the fact that T cell-
deficient mice failed to develop concomitant immunity (Doenhoff & Long, 1979).
Additionally, a role for macrophages in the resistance of infected mice to a subsequent
Infection was postulated (James ez al. 1983). Furthermore, a proportion of immunity
could be passively transferred to naive animals with chronic mouse sera, although the
degree of resistance achieved rarely exceeded 50% of the resistance attained by the serum
donor animals (Sher, Smithers & Mackenzie, 1975). However, mice that had been
partially u-suppressed developed a degree of resistance to challenge infection
comparable to that of intact mice (Maddison et al. 1981) suggesting no role for antibody-
mediated effector mechanisms.

Despite these results, the absolute role of the immune system in precipitating parasite
attrition was called into question when it was found that the level of host resistance to a
secondary challenge infection, correlated with the animal's pre-existing egg burden
(Wilson, Coulson & McHugh, 1983 and reviewed by Wilson, 1990). Further evidence for
the role of eggs in concomitant immunity was suggested by the failure of single-sex and
mixed-sex infections, which were drug-terminated before oviposition, to induce
immunity. It was found that when 7 day old schistosomula were injected into the hepatic
portal vein of chronically infected mice, a significantly higher proportion could be



recovered from the lungs compared to uninfected control mice, suggesting a reduced
trapping, or increased 'leakiness', in the liver. The chronically infected mice possessed

well developed porto—caval anastomoses whereas the control mice did not. The greatly
elevated leakiness of the liver in chronically infected mice caused many of the worms

from the secondary infection to be redirected back to the circulation from which they
could eventually reach the lungs. Since lung-stage schistosomula find this organ difficult
to traverse, it is likely that the much larger liver worms would have a greater problem.
Additionally, liver worms regain some mid-body spines which could cause further
damage to the pulmonary capillaries. Taken together, these factors are likely to cause
diverted liver worms to burst into alveoli, from which they are unlikely to be able to
escape. Immune responses may enhance the observed resistance in chronically infected
mice, but it is difficult to dissect their importance compared to the non-specific effector
mechanisms caused by the presence of eggs. Further evidence of this non-specificity
comes from observations that mice with chronic infections are protected against a
heterologous challenge infection (Dean, 1983).

1.7 The irradiated cercaria vaccine model

One of the most promising breakthroughs towards the development of a vaccine
against schistosomiasis occurred when Villella, Gomberg & Gould (1961) discovered
that cercariae attenuated by gamma-irradiation, did not mature and hence produced no
liver pathology, but were capable of inducing resistance in mice. Following this
discovery, a scries of experiments were performed to optimise the conditions required for
the expression of resistance (Minard et al. 1978; Bickle et al. 1979a). Several other
methods have been used to attenuate parasite migration and induce resistance in
laboratory hosts. These include the use of chemicals (Bickle & Andrews, 1985)

ultraviolet light (Dean, 1983) and X-rays (Hsu, Hsu & Burmeister, 1981). However, the
use of gamma radiation is most widespread.

1.7.1 Identification of the optimal conditions for the induction of protective immunity

It was found that both the extent of migration and, the level of protection induced by
attenuated larvae, were strongly influenced by the dose of radiation. Bickle, Dobinson &
James (1979b) noted that while attenuation of cercariae with 2.3 krad. of radiation
allowed a small number of intra~muscularly injected schistosomula to reach the liver, the
majority of female worms were sterile. A dose of 2.3-10 krad. resulted in decreased
worm recoveries from the lungs while 20 krad. caused a much reduced and 40 krad. a
virtual absence of parasites in the lungs. Concomitantly, Bickle et al. (1979a)
demonstrated that parasites irradiated with 20 krad. induced consistently greater levels of



protection (approximately 60%) than higher or lower doses of radiation. Conversely, in
the U.S., a radiation dose of 50 krad. was found to induce the highest levels of resistance
(Minard et al. 1978; Mangold & Dean, 1984). This discrepancy was thought to reflect
differences in parasite maintenance and/or irradiation conditions (James & Dobinson,

1985). However, a recent report by Reynolds & Harn (1992) compared 15— and 50-
krad. doses of gamma radiation and found that the former induced higher levels of
protective immunity.

At York, the optimal irradiation dose was found to be 20 krad. (Coulson,
unpublished observations); this consistently induces between 60-70% resistance to a
cercarial challenge infection. Mastin et al. (1983) found that such optimally-attenuated
parasites migrated to the lungs, persisted for at least 2 weeks and considerable numbers of
larvae died there. Thus, in the majority of cases, the highest level of resistance induced by
a vaccinating infection correlates with the radiation dose which causes premature
termination of parasite migration in the lungs.

Optimal levels of protective immunity can be achieved with as few as 50 attenuated
cercariae (Dean, 1983) and, there is no indication that resistance can be enhanced by
increasing the numbers of vaccinating parasites above this dose (Minard et al. 1978;
Bickle et al. 1979b). In the majority of cases, vaccine-induced resistance in mice appears
to have a ceiling of approximately 70%. It is not known why the level of protection
cannot be raised above this. It is possible that challenge parasites which arrive in the
lungs and elongate more rapidly than other parasites, are able to negotiate the lungs
before the effector mechanism has time to act.

1.7.2 Effects of radiation on schistosomula and their ability to migrate

Few studies which have analysed either directly or indirectly the effect irradiation
has on the parasite, have noted any biochemical or morphological changes which could
account for the ability to induce high levels of immunity. However, attenuated parasites
were shown to migrate more slowly through the murine host. Mountford et al. (1988)
demonstrated that by day 5 only 13% of applied parasites remained in the skin of mice
infected with normal parasites while 43.4% were present in the skin of vaccinated mice.
Nommal parasites also migrated through the skin-draining lymph nodes more rapidly; less
than 3% of applied parasites remained by day 7 compared with 10.4% of irradiated
schistosomula. As mentioned previously, Mastin et al. (1983) showed that the migration
of optimally-attenuated parasites was terminated in the lungs of vaccinated mice.
Subsequently, an ultrastructural study on 20 krad. radiation-attenuated parasites fixed in
situ in the lungs was performed (Mastin, Bickle & Wilson, 1985). It appeared that such
parasites had undergone the normal developmental changes associated with the lung-
stage of migration, including elongation of the body and loss of mid-body spines. No
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evidence was found to suggest why migration was terminated in the lungs.

Biochemical observations (Simpson et al. 1985) have demonstrated that the same set
of antigens, identified by serum from mice vaccinated with irradiated cercariae, were
present on the surface of both normal and attenuated 3h schistosomula. Thus, at this early
stage of development, irradiation seemed to have no effect on the expression of antigenic
parasite surface proteins. Additionally, Vieira et al. (1987) showed that there was no
difference in the ability of newly-transformed or 24h old, normal or irradiated, live or
fixed schistosomula to induce proliferation of peripheral blood mononuclear cells from
patients with chronic intestinal schistosomiasis. Thus, optimal levels of irradiation
appears to have a subtle effect on the parasite, but one which can profoundly influence
the induction of resistance. More recent studies have demonstrated some differences
between normal and irradiated parasites. Wales et al. (1993) found that U.V. irradiation
caused a pronounced modification of carbohydrate antigens expressed at the surface of
cercariae and newly—transformed schistosomula. This could result in enhanced exposure
of parasite surface proteins to the host's immune system. Additionally, 1t was
demonstrated that protein synthesis was inhibited relative to normal larvae in the first 24h
after irradiation but nevertheless recovered by 72h (Wales, Kusel & Jones, 1992).
Whether the same results would be obtained with gamma-irradiated parasites 1s not
known. Furthermore, recent morphological observations of in vivo and in vitro—cultured
schistosomula (Harrop & Wilson, 1993; see appendix one) provide an alternative
explanation for the premature termination of migration by gamma-irradiated parasites.

1.7.3 The immunological nature of resistance

Parasite attrition in the concomitant immunity model correlates with the host's pre—-
existing egg burden and crosses the species barrier. Conversely, there is much evidence to
suggest that resistance in the irradiated cercaria vaccine model, which in most cases 1s
only effective against homologous challenge (Cheever et al. 1983; Bickle et al. 1985), is
the result of a specific immune response. For example, the immunity generated in
vaccinated mice, but not those with chronic infections, was transferred to naive animals
across a parabiotic union (Dean, Bukowski & Clark, 1981a) which suggested a role for
circulating factors. Additionally, vaccination failed to protect congenitally athymic
(nu/nu; nude) mice (Sher et al. 1982) whilst nude mice receiving thymus grafts became
resistant. Although resistance was also abrogated by depletion of B cells with anti-u
chain serum (Sher et al. 1982) this result was subsequently invalidated by the discovery
that the ablation also suppressed T helper cell function (Kim ef al. 1984). Further support
for the importance of T cells in the expression of resistance came from the discovery that
the P/N strain of mouse developed poor resistance to a challenge infection, despite
normal antibody levels and isotypes (James & Sher, 1983). Such mice were found to be

24



abnormal in their ability to activate macrophages due to a defect in T cell function which
prevented the production of interferon gamma (IFNg; James et al. 1986). Subsequently, a
pivotal role for IFNg, and therefore the Th1 cells that produce it, was demonstrated by
Smythies, Coulson & Wilson (1992). Administration of a monoclonal antibody to IFNg
on days 4, 8, 12 and 16 post-challenge gave an average 89.5% abrogation of protective
immunity. This occurred in the presence of greatly elevated eosinophil levels suggesting
no major role for these cells in this vaccine model. Indeed, it has been demonstrated

previously that the ablation of eosinophils or strong depression of the IgE response, by
treatment with monoclonal antibodies against IL-5 and IL-4 respectively, failed to
influence the level of resistance attained (Sher et al. 1990). The evidence suggests that
the ability to reject a challenge infection correlates with the induction of a delayed-type

hypersensitivity (DTH) response.
1.7.4 Immunological events accompanying vaccination

1.7.4.1 The skin and draining lymph nodes
Following vaccination, 10-15% of attenuated larvae enter and persist in the skin-
draining lymph nodes (inguinal and axillary) where they release substantial quantities of
antigen (Mountford et al. 1988). The presence of antigenic material caused an increase in

cell number which reached a peak on day 14 post-vaccination in the axillary lymph
nodes, 13.5-fold higher than on day 0 (Constant, Mountford & Wilson, 1990).
Additionally, the proportion of proliferating cells, determined by the incorporation of the
thymidine analogue 5-bromo-2-deoxyuridine (BrdUrd) into axillary lymph node cells
and detection by flow cytometry, increased reaching a peak on day 14, 3.4-fold higher
than on day 0 (Constant & Wilson, 1992). Taking into account the elevated cell number,
a 22.2-fold increase in BrdUrd* cells was detected on day 14 post-vaccination. The
increase in cell number was accounted for by a significant change in both T- and B-
cells, the former usually being the most common but the latter showing a greater
proportional increase (Constant ez al. 1990). However, the proportion of B cells which
proliferated in the axillary lymph nodes was much smaller compared to the proportion of
T cells (Constant & Wilson, 1992). It was suggested by these authors that after
vaccination, T cells leave the skin-draining lymph nodes to enter the circulation, whilst
the majority of B cells are retained. The reason for this retention has not been explained.
However, it was postulated that B cells may have an important function in their role as
antigen—-presenting cells (APC) in the lymph nodes. In fact, Janeway, Ron & Katz (1987)
postulated that B lymphocytes are the main type of APC in peripheral lymph nodes.
Furthermore, it was suggested that B cells preferentially present antigen to DTH-
inducing cells (Bottomly & Janeway, 1989).

T-helper (CD4%) cells have been divided into two subsets which appear to be

s UNIVERSITY
- OF YORK
A 1T INDNDAMNY



phenotypically identical but differ in the profile of cytokines they secrete (Mosmann &
Coffman, 1989). Th1 cells are characterised by their production of the cytokines IL-2
and IFNg whereas Th2 cells produce IL-4 and IL-5. The former mediates DTH, while
only Th2 cells can act as helper cells for IgE production. Analysis of the cytokines
produced by lymph node cells (Pemberton et al. 1991; Mountford et al. 1992) or spleen
cells (Pearce et al. 1991; Caulada-Benedetti ef al. 1991) of mice following vaccination
with attenuated cercariae, was consistent with the prevalence of a Thl-type response. In
comparison to a normal infection, vaccination caused a small increase in the number of
cells in the skin- and lung-draining lymph nodes, yet the level of proliferation by both
sets of lymph node cells was similar in both regimes (Pemberton et al. 1991). However,
there was a substantial difference in the ability of lymph node cells from vaccinated mice
to produce IFNg. It was calculated that on day 22 post-exposure, 24-fold more IFNg was
produced per pair of axillary lymph nodes from mice receiving attenuated rather than
normal parasites (Pemberton et al. 1991). This provides further evidence that the ability
of Th1 cells from mice to produce IFNg after parasite antigen stimulation may correlate
with the subsequent expression of protective immunity.

Following vaccination, schistosome-specific T cells traffic from the lymph nodes to

the circulation where they can be detected by their ability to induce DTH as measured by
the footpad assay (Ratcliffe & Wilson, 1991). The maximum degree of swelling occurred
on day 10 post-vaccination in response to live lung-stage schistosomula and on day 17
to a soluble adult worm antigen preparation. This response could be completely abrogated
by treatment of mice with an anti-CD4 antibody.

1.7.4.2 Events in the lungs and their draining lymph node

In an ultrastructural examination of the migration of attenuated parasites, Mastin et
al. (1985) observed no host inflammatory reaction around schistosomula on day 7. By
day 13, inflammation was noticeable but it was suggested that this was as a result of
pulmonary tissue damage rather than the presence of parasites. The composition of cells,
recruited to the lungs in response to the presence of vaccinating parasites, has been
sampled by bronchoalveolar lavage (BAL). This provides cellular populations which
reside in the respiratory airways but are free of contaminating leukocytes from the blood
or the interstitium, and thus allows characterisation of the cells present in the lungs during
the induction and effector phases of immunity. In mice exposed to S00 normal or
irradiated (20 krad.) cercariae, no difference in the number of cells recovered by BAL
was detectable at 2 weeks post-exposure (Aitken, Coulson & Wilson, 1988). However,
by week 5, the numbers of leukocytes washed from the lungs of vaccinated mice was
substantially greater than that from infected mice, and remained elevated beyond 10
weeks post-exposure. The sustained response may correlate with the long-term nature of
immunity in this model, which can persist undiminished beyond 15 wecks (Correa-
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Oliveira, Sher & James, 1984; Smith & Clegg, 1984).

While infected mice showed a small but significant increase in the number of
monocytes recovered by BAL at week 5, vaccinated mice showed a S~fold increase in
monocytes and polymorphonuclear cells and a 15-fold increase in lymphocytes. Within
this pool of lymphocytes, the percentage of CD4* (Th) cells did not differ significantly
from the equivalent cell population of mice infected with normal parasites, however the
absolute number did. Furthermore, it has been shown that a greater proportion of Th cells
recovered from the airways responded more rapidly to mitogen stimulation by up-
regulating the pSS subunit of the IL-2 receptor than did splenocytes from the same
animal (Coulson & Wilson, 1993). This 1s indicative that many more previously-
activated cells were present in the airways than the spleen. That this elevated proportion
of sensitised cells was due to schistosome-specific lymphocytes was demonstrated by
their 4-fold higher response to schistosome antigen. The majority of Th cells expressed
high levels of the surface markers CD44 and low levels of the B isoform of CD45,
compared to Th cells from the lymph nodes or the circulation, such phenotypes being
characteristic of short-term effector/memory cells (Coulson & Wilson, 1993).

Additionally, flow cytometric analysis of BAL cells recovered from vaccinated mice
was used to quantify the proportion of macrophages displaying specific surface markers
(Menson & Wilson, 1990). The proportion of Ia* macrophages increased 5-fold over
days 14-28 post-vaccination whilst there was a sharp decrease in F4/80 expression
between days 14-21. These phenotypic changes are characteristic of activated
macrophages and coincide with the production of IFNg, which can activate macrophages,
by Th cells in the mediastinal lymph node, which drains the lungs.

Following the arrival of schistosomula in the lungs, small quantities of parasite-
released material could be detected in the mediastinal lymph node, as judged by the
presence of radio-labelled proteins after either infection or vaccination of mice with
PSe-labelled parasites (Mountford et al. 1988). However, the method used in this study,
only allowed detection of material that was synthesised and thercfore labelled prior to
cercarial transformation. By the lung-stage of development much of this labelled
material has been lost. Therefore, this result is likely to provide an underestimate of the
amount of parasite-derived protein present in the mediastinal lymph node. In response to
this parasite material, changes in the cellular composition of the mediastinal lymph node
could be observed (Constant et al. 1990). The peak percentage of BrdUrd* cells detected
in the mediastinal lymph node occurred on day 14, with the greatest absolute number of
proliferating cells occurring on day 21, a value 10.3-fold higher than from naive mice
(Constant & Wilson, 1992). This enhanced level of proliferation persisted beyond day 35
post-vaccination.

Restimulation of mediastinal lymph node cells, recovered from vaccinated mice, in
vitro with a soluble schistosomula preparation resulted in a peak of proliferation by
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approximately 18 days post-exposure, while T-cell growth factor production peaked on
day 18 and IFNg was first detected on day 15 and was still increasing by day 22
(Pemberton et al. 1991). Mediastinal lymph node cells recovered from vaccinated mice
showed a 3- to 6-fold increase in their ability to produce IFNg after in vitro
restimulation compared to equivalent cells from infected mice.

Both the increases in lymph node cell number (Constant et al. 1990) and degree of
proliferation after restimulation in vitro (Lewis & Wilson, 1982a; Pemberton et al. 1991)
reflected the kinetics of parasite migration. Thus, axillary lymph node cells, recovered
from vaccinated mice, showed a peak responsiveness to a soluble schistosome antigen
preparation on day S whereas schistosome-specific proliferation by cells from the
mediastinal lymph node was not detected until at least day 10 post-vaccination.

A significant increase in cell number was detected in the spleen only at days 14 and
21 post-vaccination, the maximum at day 14 representing a 1.7-fold increase over day 0,
thus indicating that vaccination with attenuated parasites causes marked localised rather
than systemic responses. The limited splenic response is not surprising as no parasites
and little of their released antigens were found in this site after vaccination (Mountford et

al. 1988).

1.7.5 Source of antigens and exposure time essential for the induction of immunity

Since irradiated cercariae are capable of inducing consistently high levels of
resistance to a challenge infection, it is pertinent to ask what is the nature of the
immunogens responsible for immunity? It has proved extremely difficult to pinpoint both
the stage of parasite and the relevant antigen(s), derived from such larvae, that are
responsible for the induction of protective immunity.

Antigens unique to the cercaria can be excluded, since it has been demonstrated that
mice receiving an intra-dermal immunisation of 8 day old lung-stage schistosomula,
derived from irradiated cercariae, were as resistant to a challenge infection as mice
vaccinated percutaneously with irradiated cercariae (Coulson & Mountford, 1989).
Conversely, irradiated 3-4 week old schistosomula were much less effective inducers of
resistance than skin- or lung-stage larvae (Dean, Cioli & Bukowski, 1981b; Sher &
Benno, 1982). This would seem to indicate that larval antigens expressed within the first
1-2 weeks after penetration are crucial for the induction of protection. However, the
latter experiments used 3-4 week old schistosomula 1rradiated at the time of recovery,
rather than as cercariae. Since this may have altered their migratory potential and
possibly their antigenic profile, interpretation of the results is complicated.

Certain schistosomulicidal drugs, which rapidly kill parasites in vivo, have been used
to determine the period of contact between host and attenuated parasites required before
resistance 1s induced against a subsequent challenge infection. Utilising this approach,
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Bickle (1982) concluded that at least 1-2 weeks contact was required to elicit a protective
response. Subsequently, a refined study (Bickle & Andrews 1985) using the drug RO11-
3128 showed that only when the drug was administered 8 days after vaccination, was the
level of resistance relatively unaffected compared with vaccinated control animals.
Additionally, by varying the time between vaccination and challenge, Ratcliffe & Wilson

(1992) showed a gap of not more than 10 days was required to induce near optimal levels
of resistance. However, it must be remembered that challenge elimination does not occur
immediately and therefore the induction phase could be prolonged beyond day 10 post-
vaccination. Ratcliffe & Wilson (1992) suggested that the protective mechanism
operating in the lungs of vaccinated mice developed primarily between days 11 and 20.

The surgical removal of the site of immunisation at times post-vaccination has also
been used to assess the timing of the induction mechanism. Excision of the exposure site
at 24h prevented the development of resistance, yet if delayed until day 7 or 14 partial
immunity developed (Bickle, 1982). In a similar study, Mangold & Dean (1984) showed
that removal of the tail exposure site on days 2 and 4 blocked the induction of resistance
whereas excision on days 5 and 6 had less effect, and by day 8 resistance levels were
comparable to vaccinated control mice. Between days S and 8, an increasing proportion
of applied parasites would have migrated to post-skin sites, especially the lungs,
suggesting that antigen presentation at, and/or cell recruitment to, such sites could be
important to the induction process Alternatively, it was possible that the induction
process was complete by day 8.

1.7.6 Site requirements for the induction of immunity

To investigate any site requirements for the induction of immunity, the vaccinating
parasites can be delivered via various routes so as to by-pass an organ, or the organ
(specifically lymph nodes) can simply be removed by surgery. These methods were used
by various researchers to investigate any such requirements. Dean et al. (1981b) found
little difference in the ability of day 6 schistosomula, irradiated at the time of recovery, to
induce resistance when delivered intravenously, intra-muscularly or intra-peritoneally.
Nevertheless, percutaneous vaccination with irradiated cercariae, a proportion of which
migrate through the skin-draining lymph nodes, was found to induce similar or higher
levels of resistance. Coulson & Mountford (1989) found that intra-dermal administration
of attenuated 3h or 8 day old schistosomula, a proportion of which migrate to the draining
lymph nodes and lungs, induced high levels of protection comparable to percutaneous
vaccination. Intermediate levels were elicited by delivery of parasites via intra-peritoneal
or intra-tracheal routes, whilst intravenous injection yielded little or no resistance. The
latter result was corroborated by a recent paper from the same group (Mountford et al,
1992). Thus, the induction of optimal levels of resistance appears to require that some
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attenuated parasites migrate to, and are sequestered in, lymph nodes draining the
vaccination site. Since lymph nodes are potent sites for antigen processing and
presentation, their importance is perhaps not surprising.

Removal of the skin—draining lymph nodes provided more direct evidence of their
role in the expression of resistance (Mountford & Wilson, 1990). Surgical excision of the
axillary and inguinal lymph nodes, which drain the skin exposure site, five days prior to
vaccination, reduced the level of resistance by two~thirds following challenge infection,
compared to sham-operated controls. Since abrogation was not complete suggests that
priming of schistosome-specific lymphocytes may also occur at other sites, for example
In the mediastinal lymph node. Additionally, removal of the skin-draining lymph nodes
on days 5, 10, 15 or 20 post-vaccination resulted in progressively smaller reductions in
immunity. Presumably this is as a result of the removal of primed lymphocytes resident in
the skin—-draining lymph nodes. The later the excision time, the more cells will have left
the node and entered the circulation from which they may be recruited to sites of
antigenic challenge, for example the lungs. Removal of lymph nodes not draining the site
of vaccination had no effect on the induction of resistance, indicating that a major
fraction of the proliferative responses relevant to protection occurs in the lymph nodes
draining the skin-exposure site.

Nevertheless, the sensitisation of schistosome-specific T cells in the skin-draining
lymph nodes may not be the only requirement for the induction of immunity, since
parasites attenuated with 80 krad. radiation which fail to migrate beyond the skin but
promote changes in lymph node cell number, fail to induce resistance (Constant et al.
1990; Mountford et al. 1992). However, vaccination of mice with 80 krad. irradiated
cercariae followed 8 days later by intravenous injection of attenuated lung-stage
schistosomula resulted in the recruitment of IFNg-secreting cells to the lungs and
significant levels of resistance following challenge infection (Mountford et al. 1992).

1.8 Challenge infection of vaccinated mice
1.8.1 Immunological events accompanying challenge infection

Exposure of vaccinated mice to a cercarial challenge provokes a classical anamnestic
immune response in the skin-draining lymph nodes, which is both more rapid in
appearance and of greater magnitude than following primary exposure (Correa-Oliveira
et al. 1984). Similarly, an anamnestic response was noted in the lungs following
challenge infection, as judged by increase in cell number (Aitken et al. 1988). Changes in
macrophage phenotype were also observed, though these were slight compared to the
responses detected after vaccination (Menson & Wilson, 1990). Aitken et al. (1988)
observed a strong association between pulmonary leukocytic responses and the

30



elimination of challenge infections by vaccinated mice. However, in the same study, mice
vaccinated with irradiated cercariae of Schistosoma mansoni and challenged with

Schistosoma margrebowiei failed to show a pulmonary anamnestic response, and were
not protected. Thus, 1t appeared that the population of cells sensitised by the vaccinating

parasites failed to react to the antigens presented by a heterologous challenge.

Despite the observed correlation between the occurrence of an anamnestic responsc
and resulting protection, it has been shown that the effector mechanism operative against
challenge schistosomula is radiation-resistant (Aitken et al. 1987, Vignali, Bickle &
Taylor, 1988). Whole-body irradiation of vaccinated mice prior to challenge infection
causes a dramatic decrease in the number of blood leukocytes but has no effect on the
level of resistance induced, or the number of cells recoverable by BAL. Thus, it appears
that the cells which are recruited to the lungs after vaccination are responsible for
challenge parasite elimination, suggesting that further expansion of the cellular
population as a result of the challenge infection is not required.

1.8.2 Target and site of challenge elimination

The parasite stage which is the target of immune elimination and the site at which it
occurs, are in many respects intimately interlinked. However, experimental analysis of
cither has proved to be a controversial subject for many years. Investigations by some
groups suggested early parasite death in the skin (Miller & Smithers, 1980; Hsu et al.
1983; Kamiya, Smithers & McLaren, 1987; Li Hsu et al. 1990), whereas, Mastin et al.
(1983), using histologic techniques concluded that challenge schistosomula were
climinated during, or after their migration through the lungs. Since 1983, this finding has
been corroborated by several workers (Dean et al. 1984; Von Lichtenberg et al. 1985)
despite the detection of intense eosinophil-enriched inflammatory responses in the skin
of vaccinated and challenged mice. Thus, although immune responses do occur in the
skin, their relevance to immunity in this vaccine model is questionable. Autoradiographic
tracking of challenge parasites has confirmed that the bulk of elimination occurs in the
lungs of mice vaccinated against the York isolate of Schistosoma mansoni (Wilson et al.
1986). There is now overwhelming evidence to suggest that the "lung-stage"” parasite is
the major target of immune elimination. However, the site of lung-stage parasite attrition
remains unresolved, being reported to occur either in the lungs or the skin (see Wilson &
Coulson, 1989 or McLaren & Smithers, 1988, McLaren, 1989 respectively).

Further support for the importance of post-skin sites in the elimination of parasites
has come from passive transfer studies with various protective sera. Several groups have
found that the highest level of protection was achieved when the serum was transferred at
a time coincidental with parasite residence in the lungs of mice (Mangold & Dean 1986:
and see section 4.3.6) or rats (Ford et al. 1984). Furthermore, the ablation of IFNg,
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described in section 1.7.3 provided additional evidence for the importance of post-skin
sites. In this study, treatment was not started until day 4, by which time most parasites are
en route to the lungs, yet resistance to a cercarial challenge was reduced by 89.5%.

As far as parasite attrition is concerned, the lungs may represent a unique site for
various reasons. Firstly, parasites obviously find this a difficult organ to migrate through,
since a large percentage of schistosomula from a primary infection fail to migrate beyond
the lungs (see section 1.5.2). Also, the adaptive changes required to facilitate migration
through this site necessitates that the parasite is a stationary target for several days, which
may allow the immune response time to act. Secondly, following vaccination, the lungs
contain a reservoir of schistosome-specific cells, which have been said to arm the lungs
against a subsequent challenge infection. Finally, if parasite killing is the result of a non-
specific blocking mechanism (see section 1.8.3) rather than direct cytotoxic action, it is
more likely to be effective in the lungs than for example the skin. Parasite migration
through the lungs is essentially unidirectional, any obstacle which manifests itself in front
of the migrating larvae can retard or prevent onward migration. Rupturing of the narrow
blood vessel walls may result in diversion into alveoli which trap the parasite. Conversely
in the skin, parasites can migrate in any direction and there is no trap such as that

provided by the alveoli in the lungs.

1.8.3 Role of cell-mediated mechanisms in challenge elimination of parasites

Two main mechanisms of cell-mediated elimination of challenge parasites have
been proposed, which differ only in their specific mode of killing. Both rely on the
recruitment of schistosome-specific Th cells to the lungs of vaccinated mice and the
formation of cellular foci rich in mononuclear cells, including Th cells, around challenge
parasites. These responses are characteristic of a DTH mechanism. Wilson and colleagues
believe that the vast majority of parasite attrition is the result of a non-specific blocking
effect caused by the compact cellular foci which form around the challenge parasite. In
contradiction to this hypothesis, the ablation of IFNg during challenge infection caused
larger pulmonary foci around parasites compared to untreated mice, yet immunity was
almost totally abrogated. However, the foci were less compact and of different cellular
composition, containing increased numbers of eosinophils and multinucleated giant cells
(Smythies et al. 1992). It was postulated that the looser foci were not capable of
preventing parasite migration through the pulmonary vasculature, accounting for the
observed abrogation of immunity. Furthermore, despite the presence of extensive cellular
infiltrates in the lungs of vaccinated mice, ultrastructural studies detected no dead or
obviously damaged schistosomula (Crabtree & Wilson, 1986b). Indeed, the recovery of
parasites from the lungs on days 7, 12 or 17 post-challenge, and their injection into the
superior mesenteric vein resulted in an equal maturation rate irrespective of age. Many of



these parasites would not have matured if left in siru. This suggests that the parasites were
not suffering any cytotoxic damage that would affect their ability to mature.

Conversely, James and colleagues believe that macrophages recruited to the lungs
following vaccination have a direct cytotoxic effect on the challenge larvae. Macrophages
obtained from normal humans and activated with recombinant human IFNg (Cottrel, Pye
& Butterworth, 1989), or recovered from the peritoneal cavity of mice infected with
Schistosoma mansoni (James et al. 1983), are very efficient effector cells in in vitro
killing assays against newly-transformed schistosomula. The process can occur
independently of antibody but is very slow; by 48h targetted parasites displayed massive
internal disruption but the tegument remained intact. Ultrastructural studies of the
interaction between macrophage and parasite in vitro showed contact to occur only
transiently yet changes in the sub-tegumental mitochondria and muscle cells were
observed (McLaren & James, 1985). Thus, unlike granulocyte-mediated killing,
macrophage—-mediated cytotoxicity did not appear to be directed against the surface
tissues of the parasite. The mechanism of macrophage killing is not clear. However, the
macrophage cell line, IC-21 can kill schistosomula in vitro despite its inability to
produce oxygen products associated with the respiratory burst (McLaren & James, 1985).
Thus 1t may be assumed that toxic oxygen radicals and/or H,0, are not responsible for
the manifestations of damage observed. Instead, the role of nitric oxides has been
postulated, since treatment of macrophages with arginase, which inhibits nitrogen oxide
(NO) synthesis, decreased in vitro killing of schistosomula. NO is thought to diffuse
through the membrane and act on enzymes, probably in the mitochondria.

By using a nonliving vaccine to induce substantial levels of resistance to reinfection
(see section 1.9.1), James (1986) demonstrated that sensitisation for cell-mediated
immune responses, including lymphokine production and macrophage activation,
correlated with induction of resistance to Schistosoma mansoni in this model. However,
despite this correlation, using in vitro assays Pearce & James (1986) showed that 3h
schistosomula and 2 and 3 week old worms were susceptible to macrophage-mediated
killing yet 7-10 day old lung~stage larvae, the postulated targets of the effector
mechanism, were not. It has been suggested that schistosomula which persist in the lungs
for 2 weeks or more could become susceptible to direct cytotoxic killing. A situation can
be envisaged in which parasites which are impeded by the cellular foci in the lungs and
have not died from starvation in alveoli, become targets of direct cytotoxic mechanisms.

1.8.4 Role of humoral mechanisms in challenge elimination of parasites

Many studies have described the ability of various sources of antibodies to kill
schistosomula irn vitro in combination with eosinophils, macrophages or platelets
(reviewed by Capron et al. 1982); these have been termed antibody-dependent cellular
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cytotoxicity (ADCC) mechanisms. It appears that only young schistosomula are
susceptible to this killing mechanism since later-stage parasites fail to bind antibodies to
their surface. Various mechanisms were proposed to explain this, including the action of
parasite proteases against bound immunoglobulins, rapid surface membrane tumover, the

inert nature of the secreted outer bilayer of the tegument and the acquisition of host

molecules to mask parasite proteins. The latter explanation is unlikely since parasites
cultured in vitro in a defined medium also became refractory to the effector response

(Dean, 1977; Samuelson, Sher & Caulfield, 1980; Dessein et al. 1981).

An in vivo role for antibodies in parasite elimination was suggested by the ability of
some sera to confer protective immunity upon passive transfer to naive recipients.
However, despite singly-vaccinated mice being highly protected against a challenge
infection, and serum (vaccinated mouse serum; VMS) from such mice being able to
recognise parasite surface proteins (Simpson et al. 1985), the passive transfer of VMS to
naive mice has failed to confer any protection (Bickle et al. 1985; Mangold & Dean,
1986). Conversely, serum from multiply-vaccinated mice was capable of transferring a
degree of resistance, although this was never as great as that shown by the donors
(Mangold & Dean, 1986; Jwo & LoVerde, 1989). Multiple vaccination has been shown
to predispose towards a Th2-type response compared with single vaccination which
Induces a Th1-type response (Caulada-Benedetti ef al. 1991). Thus, multiple vaccination
is likely to result in both quantitative and qualitative differences in antibody titre. Indeed,
Dalton & Strand (1987) showed that while antibodies from VMS were directed against
glycoproteins ranging in M, from >300 to < 10 kDa, antibodies from mice vaccinated
twice were directed predominantly towards high M_ glycoproteins. Such differences may
account for the ability of multiply-vaccinated sera to transfer resistance.

The failure of serum from singly-vaccinated mice to transfer resistance could be
viewed as circumstantial evidence for the importance of cell-mediated immunity in this
model. Unfortunately, adoptive transfers of lymphoid cells from vaccinated donors
(Bickle et al. 1985) or of Thl cell clones (Pemberton et al. 1993) have failed to transfer
resistance. There are various possible explanations for these failures. However, after
prolonged culture in vitro, a Sm28GST-specific T cell line containing primarily Th cells
secreting IFNg and IL-2, conferred approximately S0% protection to recipient mice
(Wolowczuk et al. 1989).

It is possible that two different effector mechanisms occur in singly- and in
multiply- vaccinated mice, a DTH response predominantly in the former and an
antibody-mediated response in the latter. Supportive evidence for such ideas has been
provided by CD4* T cell depletion experiments. As mentioned previously, depletion of
this T cell sub-set can reduce immunity in singly-vaccinated mice by up to 100%.
However, in multiply- vaccinated mice one study demonstrated that resistance was
unaffected following CD4* T cell depletion (Kelly & Colley, 1988) whilst another
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(Vignali et al. 1989), reported up to 70% abrogation of resistance.

1.8.5 A summary of the induction and effector phases of immunity, and implications for

the nature of the relevant antigens

Optimally-attenuated parasites perform two key roles which facilitates their ability
to induce protective immunity. Firstly, through their persistence in the skin-draining

lymph nodes, a site of active antigen processing and presentation, they release
proportionally greater amounts of material than normal parasites and stimulate a

preferential proliferation of T lymphocytes. Secondly, their migration to, and eventual
death in, the lungs recruits a population of schistosome-specific T cells which arms this
organ against a subsequent challenge infection.

When normal schistosomula of a challenge infection reach the lungs of vaccinated
mice, they provoke focal inflammatory responses rich in mononuclear cells, including
CD4* T cells characteristic of DTH. The inflammation appears to function by blocking
the migration of challenge parasites and, IFNg plays a key role via its capacity to act as
an Inflammatory cytokine.

The antigens involved in the induction phase of immunity which promote expansion
of the T cell population are likely to be released from the viable vaccinating parasite,
although it is possible that dead or dying schistosomula also prime immune cells.
However, since the pulmonary effector mechanism in singly-vaccinated mice is T cell-
mediated, it must be triggered by antigen(s) released from intact challenge schistosomula
during the course of their migration. The released antigen(s) must then be processed by
accessory cells and presented in association with MHC class II to the pulmonary T cells
to initiate formation of an effector focus.

1.9 Identification of candidate vaccine antigens

Although live attenuated parasites consistently induce high levels of resistance against
a cercarial challenge infection in mice, rats and primates, their use as a vaccine in humans

1s considered to be too risky for several reasons. Firstly, it would be essential that each
vaccinating parasite was irradiated to such a degree as to prevent egg production. Failure
to achieve this with essentially 100% of the parasites could lead to infection rather than
immunisation. Secondly, there are recurring reports of an association of spinal cord
complications associated with acute schistosomiasis (Neves et al. 1973). For these and
additional reasons, attempts have been made to induce resistance by using non-living
parasite preparations.

In the search for a vaccine against schistosomiasis, a vast number of antigens have
been described and to list them all would be beyond the scope of this thesis. Therefore, I
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shall try to concentrate on antigens which have received most attention. Initially, crude
mixtures of parasite antigens from various stages of the life-cycle were tested for their

ability to induce resistance, with moderate success. More recently, as rescarch has
progressed, defined antigens which have been cloned and sequenced have been used;

these will be described later in section 1.9.4.
1.9.1 Induction of resistance by complex non-living parasite preparations

One of the highest protection results achieved with a crude antigen preparation
utilised a cercarial sonicate (Horowitz, Smolarsky & Amon, 1982). Small quantities of
this complex antigen preparation (0.2ug — 2.0ug) adsorbed on alum were able to induce
between 34% and 91% protection in mice against a subsequent challenge infection. The
choice of mouse strain, adjuvant and immunisation protocol (two boosts on days 28 and
70 post-primary immunisation) were chosen to yield high specific IgE levels, a hallmark
of infection by helminth parasites. IgE has been postulated to play a role in resistance to
schistosomiasis, although depletion of IgE appeared to have no effect on the level of
immunity in the irradiated cercaria vaccine model (Sher et al. 1990). The use of complete
Freund's adjuvant instead of alum produced a higher titre of total anti-cercarial
antibodies but low levels of anti-parasite IgE and provided no significant protection to
the mice. In contrast to this encouraging result, immunisation of mice with a cercarial
glycocalyx preparation actually caused a significant increase in the adult worm burden
recovered after challenge infection (Ham, Cianci & Caulfield, 1989).

James and colleagues developed a vaccination regime specifically aimed at
stimulating the cellular arm of the immune response. Either freeze-thawed larvae or
soluble parasite preparations in combination with the adjuvant BCG injected intra—-
dermally into mice resulted in significant levels of protection, with a mean of 51% after a
single immunisation (James, 1985). This has probably become the most consistent
method for inducing significant levels of resistance using a non-living vaccine. Further
characterisation of the immune response following this vaccination regime led to the
identification of the protein paramyosin as an important inducer of the effector response
(see section 1.9.4).

1.9.2 Parasite surface proteins

Since the tegument is in direct contact with the potentially hostile environment of the
host, antigens expressed on the surface of the parasite have been extensively studied.
Furthermore, many immune responses act at the surface of pathogens via antibodies.
These include ADCC mechanisms which have been implicated in parasite killing. Thus,
much time has been invested in the characterisation of tegumental proteins. Two major
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approaches have been taken to analyse such proteins. One method involves the labelling
of surface molecules using extrinsic non-permeant probes, followed by membrane
isolation, gel electrophoresis and autoradiography. The immunogenicity of such labelled
surface proteins can be assessed by immunoprecipitation with various sera from
vaccinated or infected hosts. In the second approach, the target antigens of monoclonal or
polyclonal antibodies which bind to the parasite surfacc have been identified by

immunoprecipitation, affinity chromatography or Western blotting.

The two main surface labelling techniques which have been used by researchers are
the lactoperoxidase (Dissous, Dissous & Capron, 1981) and the lodogen methods (Knight
et al. 1984). Both techniques demonstrated that 6 major polypeptide surface antigens of
Schistosoma mansoni could be precipitated by human or animal infection sera. These
were of M_ 92, 38, 32, 20, 17 and 15 kDa (Simpson & Smithers, 1985; Payares et al.
1985). However, many more surface proteins have been described. Wilson (1987)
compiled a table of 17 proteins which are expressed on the surface of 3h schistosomula
and have been reported more than once in the literature. Such proteins ranged in M_ from
>150 to <20 kDa. Taylor & Wells (1984) detected at least 35 labelled surface
polypeptides of schistosomula after 2-D SDS~PAGE. Of these, not all were precipitated
by a pool of human infection serum, and there was a marked heterogeneity in the
antibody response of infected individuals to the tegument preparation. Additionally, 2-D
SDS-PAGE of ®[-labelled surface proteins resolved 23 polypeptides of which 14 could
be immunoprecipitated by either chronic mouse serum or vaccinated mouse serum.
Proteins of M_32-38 kDa and 20 kDa could be precipitated by either sera (Kelly et al.
1985). Thus, the schistosomulum appears to display a diverse range of surface proteins,
which 1s unusual for a parasite which is in direct contact with an immunologically hostile
environment.

Evidence that schistosomula surface antigens play a role in immunity is provided by
a number of studies which have shown that monoclonal antibodies which recognise such
antigens can often be used to transfer passive immunity. Grzych et al. (1982) produced a
rat monoclonal IgG2a antibody which transferred significant levels of immunity to rats
(53-61%) and which immunoprecipitated surface antigens of M_ 200 and 38 kDa. Zodda
& Phillips (1982) described a mouse monoclonal antibody which conferred 48%
resistance to mice and recognised two proteins of M_ 160 and 130 kDa. More recently,
the antibody was shown to bind to schistosomulum surface antigens of 200, 38, 17 kDa
and weakly to the 20 kDa antigen (Kelly et al. 1986). This poly-specific recognition was
due to the presence of a common carbohydrate epitope. Harn et al. (1985) produced a
protective monoclonal antibody following immunisation of mice with membrane-
enriched extracts of mechanically-transformed schistosomula, which later lead to the
Identification of the vaccine candidate triose-phosphate isomerase (see section 1.9.4).
Bickle, Andrews & Taylor (1986) identified two monoclonal antibodies against surface
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antigens present on schistosomula which reacted with proteins of 32 kDa and 16 kDa and
which conferred significant protection to mice of between 28-70% and 14-58%,

respectively. Furthermore, Smith & Clegg (1985) used two surface antigens of M_ 155
and 53 kDa, isolated from young or adult schistosomes, to vaccinate mice. Following

challenge infection small yet statistically significant reductions in mean worm burdens
were observed compared to challenge control mice. Such results would seem to su ggest
that this line of research is valid. Indeed, most of the promising vaccine candidates
described in section 1.9.4 have been shown to be expressed, at least transiently, on the

surface of the parasite.

1.9.3 Parasite released proteins

Released (i.e. secreted, excreted or shed) proteins of Schistosoma mansoni have
received most attention for their potential as immunodiagnostic markers of infection,
rather than vaccine candidates. In this respect, the majority of work has focused on
proteins released by adult worms, since antigens of the adult worm digestive tract are
recognised by the immune system of the host early after infection. Five proteins
associated with the worm gut have been identified, some or all are thought to be
components of the mucin-like layer shielding the gastrodermal syncitium from low pH
and immune attack (Chappel et al. 1990). Of these antigens, two have received most
attention, circulating cathodic antigen (CCA) and circulating anodic antigen (CAA). Both
show a large molecular weight range of approximately 50 kDa to >300 kDa and partition
in the TCA soluble fraction of adult worms (Deelder et al. 1980). Their presence could be
demonstrated in the vomitus and excretory/secretory antigens of adult worms. Using an
IgG1 monoclonal antibody against CAA in a sandwich ELISA, the level of antigen in
serum of infected patients was found to correlate with faecal egg output (Deelder et al.
1989). Additionally, the lower detection level corresponded to approximately 10 eggs per
gram of faeces. Thus, such antigens are proving valuable in immunodiagnosis of
schistosomiasis.

Much less attention has focused on released proteins, of surface or other origin, as
potential vaccine candidates. Of the few studies which have taken this approach,
vaccination of mice with proteins released by parasites during in vitro culture has met
with limited success. Murrel & Clay (1972) used a complex multiple vaccination regime
to deliver proteins released by adult worms, and achieved 40% resistance. However, the
culture conditions are unlikely to have been satisfactory for normal parasite maintenance
and therefore the released proteins may have been contaminated with a large proportion
of somatic proteins. Conversely, no protection was achieved by immunising mice with
secretions derived from cercariae (Minard, Murrel & Stirewalt, 1977).

However, studies from Capron's group on proteins released from newly-transformed
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schistosomula during 16h of in vitro culture were more promising. Rat IgE directed
against such schistosomula-released proteins (SRP) were cytotoxic for larvae in vitro in
the presence of macrophages, eosinophils or platelets (Auriault et al. 1984a) and
recognised two surface proteins of M_ 26 and 22 kDa. Additionally, a large number of

SRP with a wide M range was recognised by infected rat and human sera (Verwaerde et
al. 1985). IgG antibodies obtained by immunisation of rats with SRP reacted with 3
major schistosomula surface proteins of M_ 38, 32 and 21 kDa. These antibodies
facilitated killing of schistosomula in vitro in the presence of complement or eosinophils.
Active immunisation of rats with SRP achieved between 46% and 83% resistance, whilst
passive transfer of anti~-SRP antisera conferred up to 83% protection (Damonneville et
al. 1986). An important role for IgE in parasite attrition was suggested by the significant
reduction in immunity following IgE depletion of the antiserum. Subsequently, the 26
kDa antigen was found to be the main target of the cytotoxic IgE response. Additionally,
T cell lines specific for SRP passively transferred to naive rats induced an increase in the
IgE response and conferred 46-66% resistance to a challenge infection (Damonneville et

al. 1987).

1.9.4 Vaccine candidates

In 1991, a World Health Organisation report stated that a limited number of vaccine
candidates had reached the stage at which development, with the objective of trials in
humans, might be considered. These included glutathione S-transferase, paramyosin and
triose-phosphate isomerase. It was noted that many additional proteins of potential utility
had been described but were not as well defined as the aforementioned antigens. Table
1.1 lists some of the protection data achieved with these and other promising vaccine
candidates.

1.9.4.1 Glutathione S-transferase (Sm28GST)

In terms of vaccine production, glutathione S-transferase (Sm28GST) is the most
advanced, since it has been cloned, sequenced, crystallised and tested for protective
immunity in various animal models. This antigen was first described by Balloul et al.
(19835). Constituents of adult worms were fractionated by SDS-PAGE, and proteins
electroeluted from the gel used to immunise Fischer rats. Three antisera were obtained,
one of which recognised a 28 kDa protein. This antigen could be detected among the in
vitro translation products from adult worm mRNA and among %I surface antigens of
schistosomula. Furthermore, the antiserum could mediate antibody-dependent cellular
cytotoxicity (ADCC) of schistosomula in vitro in the presence of eosinophils. By 1987,
active immunisation of Fischer rats or BALB/c mice with the purified antigen resulted in
significant levels of resistance (Balloul et al. 1987a). Additionally, antiserum raised
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against this antigen conferred passive protection upon recipient rats. In the same year the
anti-28 kDa antiserum was used to screen an adult worm cDNA library. A positive clone

was purified to homogeneity and found to code for a 25 kDa recombinant protein
(Balloul et al. 1987b). Serum from rats immunised with this fusion protein was capable
of inducing up to 80% cytotoxicity of schistosomula in an in vitro ADCC assay in the
presence of normal rat eosinophils. This cytotoxicity could be reduced to 35% by heat-
Inactivation or IgE depletion.

Subsequently, the recombinant protein was found to possess glutathione
S-transferase activity (Taylor e al. 1988). This enzyme is ubiquitous amongst eukaryotic
organisms and performs a series of reactions which are essential in protecting cell
constituents from oxidative attack by oxygen and oxygen-free radicals. The enzyme was
found to be present in the tegument, protonephridial and subtegumental cells.
Additionally, no significant immunological cross-reactivity between parasite and human
and rat GST was observed, an important consideration for vaccine development.

T cells from mice immunised with recombinant Sm28GST (rSm28GST) proliferated
In response to schistosome antigens from different developmental parasite stages, and to
3 rISm28GST-derived synthetic peptides, of which the most significant response occurred
to amino acid residues 24-43 (Wolowczuk et al. 1989). Sm28GST specific Th cell lines
maintained in culture for two months and containing predominantly IL-2 and IFNg
secreting cells (Th1), passively transferred S50% protection to mice. Subsequently, a
peptide (115-131) derived from Sm28GST was shown to have both T and B cell epitopes
and, when delivered as an octameric construction in conjunction with CFA, resulted in
40-50% protection in rats (Wolowczuk et al. 1991). Immunisation of baboons with
1Sm28GST in alum resulted in a significant but very variable level of protection
(Boulanger et al. 1991). In addition to the decrease of worm burden, immunisation could
reduce female worm fecundity by 33% and faecal egg output by 66%.

A monoclonal antibody raised against Sm28GST and which inhibited its enzymatic
activity was shown to recognise the carboxyl terminal amino acids 190-211 and to a
lesser extent the amino terminus residual 10-43. Active immunisation of mice with
amino acid residues 190-211 decreased the worm burden and also tissue egg deposition
and egg hatching. It was postulated that by using both the amino acid residues 115-131
and the N- and C-terminal peptides, a peptidic construction could be produced which
decreased both worm burden and female worm fecundity (Xu et al. 1993). Recently,
vaccination of Zebu cattle with Schistosoma bovis GST was shown to have a small effect

on the worm burden following challenge infection, but decreased faecal egg counts by
56-82% (Bushara et al. 1993).

1.9.4.2 Paramyosin (Sm97)
In 1986, Pearce et al. reported that mice protected against a challenge infection by
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intra~dermal vaccination with a nonliving antigen preparation in conjunction with BCG,
produced antibodies against a single antigen of 97 kDa prescnt in soluble adult worm
preparations. Hybridomas, prepared from such mice, produced antibodies which
recognised the 97 kDa protein on Western blots. Furthermore, the antibodies bound to

regions just below the tegumental and gut syncitia on transverse sections of adult worms.
The purified antigen could elicit DTH in intra-dermally vaccinated mice indicating that it
was also capable of evoking cell-mediated responses. Subsequently, antibodies were
used to isolate a clone from an adult worm lambda gt11 cDNA library. Following
purification and sequence analysis, the protein was found to have homology to
paramyosin, a myofibrillar muscle protein (Lanar et al. 1986).

The internal location of this protein made it distinct from other vaccine candidates
which are expressed, at least transiently, on the surface of the parasite. As such, this
protein would not be available for direct attack by antibodies. It was postulated that the
cell-mediated response could be stimulated by Sm97 molecules released from parasites
as a consequence of normal protein metabolism. Subsequently, when administered at 4~
40ug per mouse, both the native molecule and a recombinant expression product
conferred resistance against a challenge infection (Pearce et al. 1988). Additionally,
lymphocytes recovered from mice vaccinated with Sm97 produced IFNg in response to
living schistosomula suggesting that this protein is released from live parasites.

1.9.4.3 Triose-phosphate isomerase

This protein was defined following the preparation of monoclonal antibodies from
mice vaccinated with detergent extracts of living mechanically-transformed
schistosomula (Ham et al. 1985). The monoclonal antibody M.1 was found to recognise a
28 kDa antigen in all stages of the parasite, and transiently bound to the surface of
newly-transformed schistosomula, therefore it was tested for its ability to transfer
resistance to mice. When administered intra~peritoneally 3-4h prior to challenge
infection, the monoclonal antibody conferred 41-49% protection to mice (Harn et al.
1992). By immunofluorescence on transverse sections of adult worms, the antigen was
found 1n all cells. Amino terminus sequences of tryptic peptides of the 28 kDa antigen
had high (79-87%) sequence homology with the mammalian glycolytic/gluconeogenic
cnzyme triose-phosphate isomerase. Subsequently, the complete coding DNA for
Schistosoma mansoni TPI was isolated (Shoemaker et al. 1992) and confirmed that this
cDNA encoded the 28 kDa antigen recognised by the monoclonal antibody M.1. The
purified native enzyme was shown to function enzymatically in a manner similar to yeast
and mammalian TPI. Addition of the monoclonal antibody to the reaction altered the
catalytic activity of the schistosome TPI. The monoclonal antibody M.1 was found to be
immunologically specific for the schistosome enzyme.
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1.9.4.4 Glyceraldehyde 3~phosphate dehydrogenase (G3PDH)

In a hyper-endemic area for Schistosoma mansoni in Brazil, the ability of
adolescents to resist reinfection, following parasitologic cure with oxamniquine, was
assessed. Subsequently, the subjects were grouped into those with either a low or high
susceptibility to reinfection. The ability of the most resistant group to specifically detect
any parasite antigen was determined (Dessein et al. 1988). It was found that IgG
antibodies from those subjects with a low susceptibility to reinfection preferentially
reacted with a 37 kDa larval surface antigen. Subsequently, this 37 kDa antigen was
cloned and the encoded polypeptide found to have a high amino acid sequence homology
with chicken and human G3PDH (Goudot-Crozel et al. 1989). This protein 1s highly
conserved, therefore regions of low conservation need to be identified for use as a

vaccine in humans.

1.9.4.5 Other vaccine candidates

Strand and colleagues identified potentially protective antigens by comparing the
recognition of proteins by sera from protectively vaccinated mice to that of patently-
infected mice (Strand, Dalton & Tom, 1987). Sera from mice vaccinated with irradiated
cercariae recognised antigens present in schistosomula and adult worms, among them, an
antigen of 200 kDa. A cDNA clone encoding a 62 kDa protein of this antigen was
sequenced and found to have homology with myosins of other species (Amory Soisson et
al. 1992). The recombinant protein presented to mice in the form of proteosome
complexes, with or without the outer membrane protein of meningococcus, resulted in
impressive levels of protection.

A further protective glycoprotein antigen of 68 kDa was isolated from adult worms
by immunoaffinity chromatography using a protective monoclonal antibody.
Immunisation of mice with this antigen induced 30-66% resistance against a challenge
infection without the use of adjuvant (King et al. 1987). Additionally, in a group of
chronically infected Egyptian patients, the antibody response to this antigen showed a
significant negative correlation with intensity of infection (King et al. 1989).
Subsequently, a monoclonal antibody against this protein conferred partial protection to
mice (Blanton et al. 1991) and, by immunoelectron microscopy, was found to bind within
the head and preacetabular glands of cercariae and schistosomula. In adult worms the
protein was found to be widely distributed, being most visible in the gut and tegument.
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1.10 Aims of this study

From the preceding introduction, it should be clear that T cells play a pivotal role in
the expression of resistance in mice vaccinated with irradiated cercariae of Schistosoma

mansoni. Since the pulmonary effector mechanism is T cell-mediated, it must be
triggered by antigen(s) released from intact challenge schistosomula during the course of
their normal biological activities in order to initiate an effector focus. The released
antigen(s) must be processed by accessory cells before presentation, in association with
MHC class II, to the pulmonary T cells. Thus, parasite-released proteins are a source of

potential vaccine candidates.
A large body of information is available about tegumental proteins of schistosomula

and adult worms. Conversely, much less is known about proteins released by
Schistosoma mansoni during maturation in the mammalian host. Although proteins
released by newly-transformed schistosomula have been described previously, most
work examined the secreted proteases, which facilitate skin penetration by cercariae, to
the exclusion of other proteins. No study has analysed the proteins released by
schistosomula up to the lung-stage of development. It is duning this period that the
induction and effector mechanisms of immunity occur in the irradiated cercaria vaccine
model. Therefore, the main aim of this study was to characterise such released proteins.

Initial work, prior to that described in chapter two, led to the development of a
suitable culture system which supported parasite development to the lung-stage and,
maintained a high level of viability. Once this was achieved, several biochemical
parameters of parasite metabolism were measured. The biosynthetic labelling of parasites
either prior to or post—cercarial transformation, facilitated analysis of the kinetics of
protein synthesis and loss during in vitro culture. Additionally, the proteins released into
the culture medium over a period of 7 days were charactensed following SDS-PAGE
plus autoradiography.

Chapter three describes an in vitro T cell blastogenesis assay which was used to
assess the ability of such schistosomula-released proteins to induce a proliferative
response by lymph node cells recovered from vaccinated mice. A comparative analysis
was carried out in which the proliferative responses induced by soluble, particulate and
released proteins of Schistosoma mansoni and by live schistosomula were tested. It was
hoped that such a study would provide an indication of the potency of released proteins as
T cell immunogens, and hence their potential as vaccine candidates.

Chapter 4 describes the production of two sera, 0-3hS and D4-DS8S, raised in rabbits
against proteins released by schistosomula during the first 3h and between day 4 and day
8 post-transformation respectively. The D4-D8S was produced primarily to screen a
cDNA library. However, both sera were tested for their ability to transfer passive
protection to mice and were also used to identify antigenic moieties in various protein
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fractions of Schistosoma mansoni.

The final aim of the project was to characterise further the proteins released by lung-
stage schistosomula. Since only tiny quantities of such molecules are available, chapter 5
describes the generation and screening of a cDNA library with the D4-D8S. The
identification of recombinant proteins and, initial steps taken towards their
characterisation are described.
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Protein synthesis and release by cultured schistosomula of

Schistosoma mansoni
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SUMMARY

The lung schistosomulum of Schistosoma mansoni is the target of protective immunity in mice singly vaccinated with
irradiated cercariae. Since the effector responses are T cell-mediated, their initiation requires the release of antigens from
the intact parasite,. We have used the technique of biosynthetic labelling with [**S]methionine, before and after trans-
formation of the cercariae, to analyse the kinetics of protein synthesis and release by the schistosomulum. In addition, the
proteins present in the soluble fraction of the parasite and those released during in vitro culture have been characterized.
During a 7-day culture period schistosomula derived from labelled cercariae lost proteins most rapidly within the first 3 h
after transformation. Two proteins of molecular weight 61 and 20 kDa were dominant and may correspond to areas of
proteolytic activity. Analysis of the rate of protein synthesis of schistosomula labelled after transformation revealed four
different phases, which may relate to the developmental processes occurring iz vivo. During the first 24 h, synthesis was
very low, increasing to a plateau and then rising to a peak at day 8; thereafter the rate declined rapidly. Whilst some stage-
specific synthesis of proteins was detected in the soluble fractions of the parasite bodies, the pattern of proteins released
by cultured larvae was remarkably uniform. At least 15 proteins were detected by autoradiography with bands at 61, 45
and 20 kDa being particularly prominent. These proteins merit further study as potential mediators of the protective

Immune respornse.

Key words: Schistosoma mansoni, protein synthesis, schistosomulum, protective immune response.

INTRODUCTION

Vaccination of C57BI1/6 mice with optimally irradi-
ated cercariae of Schistosoma mansoni remains the
most consistent method of inducing a high level of
protective immunity. However, it is still not com-
pletely understood why this vaccination regime is so
successful. Irradiated larvae persist in the skin and
draining lymph nodes for longer than their normal
counterparts, and migrate no further than the lungs
where they die (Mangold & Dean, 1984 ; Mountford,
Coulson & Wilson, 1988). Priming of schistosome-
specific lymphocytes with Thl characteristics takes
place in the skin-draining lymph nodes (Pemberton
et al. 1991; Mountford et al. 1992). The recruitment
of these cells to the lungs, in response to the arrival
and sequestration of vaccinating parasites, is thought
to be an essential feature of immunity in this model
(Wilson & Coulson, 1989; Mountford et al. 1992).
It has proved difficult to pinpoint the precise
developmental stage of the parasite which induces
protective immunity. When irradiated day 8 lung
schistosomula are administered intradermally, they
prove to be at least as immunogenic as irradiated
cercariae (Coulson & Mountford, 1989), implying
that secretions unique to the latter are not the
relevant immunogens. Conversely, irradiated 3 to 4-
week-old schistosomula are much less effective than
skin- or lung-stage larvae (Dean, Cioli & Bukowski,

1981; Sher & Benno, 1982). These observations
indicate that larval antigens expressed within the
first 1-2 weeks after penetration are crucial for the
induction of protection. This conclusion is sup-
ported by experiments in which the time of excision
of skin-exposure sites or draining lymph nodes was
varied (Mangold & Dean, 1984; Mountford &
Wilson, 1990), or the period between vaccination
and challenge altered (Ratcliffe & Wilson, 1992).
Tracking studies have revealed that the majority of
challenge parasites are eliminated in the lungs of
once-vaccinated mice (Wilson, Coulson & Dixon,
1986), following stimulation of a focal delayed-type
hypersensitivity (DTH) response which blocks on-
ward migration (Crabtree & Wilson, 1986; Smythies,
Coulson & Wilson, 1992). Each focal response to a
challenge larva appears to be an independent event,
Since immunity in these mice is cell-mediated, the
antigens must be processed by accessory cells and
presented in the context of MHC class lI, to be
recognized by the antigen receptors on reactive
CD4* T cells. Triggering of an effector response in
the lungs will therefore require the release of antigens
from intact challenge schistosomula. It i1s also
implicit that the vaccinating parasites must release
an identical set of antigens to prime T cells in the
lymph nodes.

The loss of significant quantities of material from
labelled schistosomula in vive has been noted

Parasitology (1993), 107, 265-274 Copyright © 1993 Cambridge University Press
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(Wilson & Coulson, 1986; Mountford et al. 1988),
yet no study has characterized the proteins released
from schistosomula during the period corresponding
to migration from the skin to the lungs. Proteolytic
enzymes released from cercariae upon transform-
ation have been described previously (see review by
McKerrow & Doenhoff, 1988), and the proteins
released by adult worms during ¢n vitro culture have
recently been studied by Lewis & Strand (1991).
The formulation of an efficient medium for the
in vitro culture of schistosomula (Basch, 1981) has
allowed the analysis of many biochemical parameters
which would be impossible to study in vive. This
culture system is capable of supporting worm growth
and development up to the stage of pairing, and
electron microscope studies have detected no obvious
morphological differences between in wvive and
in vitro cultured worms (Basch & Basch, 1982).

Using this system, we have investigated the
kinetics of protein synthesis and loss during 7 vitro
culture of schistosomula up to the lung-stage of
development. For this purpose, two different pools
of proteins were labelled, those synthesized by the
developing cercariae in the snail, and those synthe-
sized by the schistosomula after transformation. The
pattern of proteins labelled in the soluble fraction of
parasites prior to and post-transformation has been
determined. In addition, the subset of proteins
released into the culture medium between trans-
formation and day 7 has been characterized. The
dominant released proteins which may mediate lung-
phase immunity are highlighted.

MATERIALS AND METHODS
Preparation of parasite material

A Puerto Rican isolate of Schistosoma mansoni was
maintained by routine passage through albino
Biomphalaria glabrata and LACA mice. Snails
harbouring a patent infection were induced to shed
cercartae by exposure to bright light. The cercariae
were pooled, concentrated on ice by sedimentation
and mechanically transformed as described by
Ramalho-Pinto et al. (1974). Cercarial heads were
1solated from tails by centrifugation on a discon-
tinuous Percoll gradient (Lazdins et al. 1982).

Parasite culture system

Medium 169 (M169) as defined by Basch (1981) was

used throughout for the culture of schistosomula,
without the addition of human serum or red blood
cells; the absence of the latter prevents transform-
ation of parasites to the liver stage of development.
Medium 169 containing 300 U/ml penicillin,
300 ug/ml streptomycin and 160 zg/ml gentamicin
(Sigma) was used as a wash medium (M169W). This
was supplemented with 19, foetal calf serum
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(M169S; Globepharm) or 20 ug/ml bovine serum
albumin (M169A; Sigma), depending on the ex-
perimental protocol followed. M169S was used when
culture supernatants were not to be collected, as the
excess of proteins contributed by the serum sup-
plement caused distortions on gels. Isolated cercarial
heads were washed 4 times in 10 ml of M169W, and
cultured 1in either M169S or M169A (2000-3000
parasites/ml) in 24-well plates (Corning) at 37 °C
in 3% CO,.

Assessment of parasite viability and maturation

The viability of schistosomula throughout the cul-
ture period was assessed by scoring the percentage
which were motile, and by means of a ‘T'rypan blue
dye exclusion test. Viability on day 3 and day 7 was
also tested by culturing 3 different aliquots of
schistosomula for 4:5, 9 or 20 h in 10 m! of M169A
containing 100 xCi [**S]methionine. Subsequently,
the TCA-precipitable cpm/parasite were deter-
mined. A linear increase in the incorporation of
1sotope into proteins with time indicated that there
was no downturn in metabolism. The ability of
tn vitro-cultured schistosomula to mature in vivo was
determined by their surgical transfer to the superior
mesenteric vein of naive mice (Coulson & Wilson,
1988). The experiment was performed with hand-
counted day 7 and day 12 schistosomula and
aliquotted samples of day 7 larvae. Five weeks later,
adult worms were recovered by perfusion of the
hepatic-portal system and counted to determine the
percentage maturation.

Radio-tsotope labelling of parasites

In order to identify proteins synthesized by the
developing cercariae prior to transformation, snails
previously screened for their ability to yield a large
number of parasites were labelled with [*®*S]methio-
nine (20 uCi/snail; NEN; specific activity
1186 £#Ci/mmol) in 1 m! of pond water/snail for 5 h,
according to the method of Wilson & Coulson
(1986). Labelled cercariae were obtained 5 and 7 days
later (shed I and Il respectively), transformed, and
cultured as described in the experimental design.
Following centrifugation at 150 g for 60 s, parasite-
free culture supernatants were collected at pre-
determined times.

To label those proteins synthesized after trans-
formation, schistosomula were first cultured in
M169S for defined times, washed 4 times to remove
any dead parasites and serum proteins, and cultured
in approximately 10ml of MI169A containing
200 uCi [*S]methionine for a defined period, as
described in the experimental design. Schistosomula
were then washed and chase-cultured in M169A, or
pelleted and used to obtain a soluble protein fraction.
Culture supernatants were collected at various times
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and then passed through a 10DG desalting column
(Bio-Rad) to remove any unincorporated [**S]methi-
onine.

Preparation of culture supernatants and
schistosomula for analysis by SDS-PAGE and
autoradiography

Culture supernatants were concentrated to 500 xl in
a stirred ultrafiltration cell containing a 3 kDa cut-off
Diaflo membrane (Amicon), under N, at a pressure
of 40 psi, and stored at —80 °C. Soluble proteins
were released from larval bodies by sonication
(21 kHz at 65 yum amplitude) for 90 s. Soluble and
particulate material was partitioned by centri-
fugation for 1 h at 105000 g and 4 °C. The soluble
sonicate was recovered and stored at — 80 °C. Most
of the secretory proteins should be a subset of the
soluble fraction, although proteins of membrane
origin may be absent. Conversely, many soluble
proteins, for example cytoplasmic enzymes will not
be secreted and their appearance in the culture
medium would be an indication of leakage from dead
or dying parasites.

Proteins in the culture supernatants and soluble
fractions were separated under reducing conditions
by SDS-PAGE on 6-169, density gradient gels.
Gels were fixed, stained with Coomassie R-250,
impregnated with the fluorographic reagent Amplify
(Amersham) and then dried. Labelled proteins were
visualized by autoradiography following exposure of
gels to Hyperfilm-8 max (Amersham) for 4-6 weeks.

Analysis of samples by substrate gel electrophoresis

Substrate gel electrophoresis was carried out
essentially as described by Lockwood et al. (1987).
Briefly, culture supernatants and soluble protein
fractions were diluted in sample buffer without
dithiothreitol and loaded, without prior boiling, onto
9% acrylamide gels impregnated with gelatin to a
final concentration of 0-29%. After electrophoretic
separation, the gels were washed briefly in distilled
water and then for 2 x 30 min in 2'5 ¢/, Triton X-100.
Gels were incubated for 48 h at 37°C in 01 M
glycine-NaOH, 5 mm CaCl,, pH 9, stained in Coo-
massie blue and then destained to allow visualization
of areas of proteolytic activity.

Experimental design

Pre-transformation labelling. The loss of [**S]methi-
onine labelled material from schistosomula was
monitored throughout the 7-day culture period.
Replicates of 10 cercariae, cercarial tails, or schisto-
somula (O h, 3 h, 24 h and day 7) and § ul aliquots of
the corresponding culture supernatants, were
applied to glass microfibre filters (Whatman). These
were dried and, after addition of scintillant, counted
in a liquid scintillation analyser (Packard).
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In order to obtain proteins for analysis by
SDS-PAGE and autoradiography, schistosomula
derived from shed 1 of the labelled snails were

cultured for 7 days in M169A, At 3h and 24 h,
parasite-free culture supernatants were removed, the
schistosomula resuspended and cultured in fresh
medium. On day 7, the culture supernatant was
removed and then the 0-3 h, 3-24 h and 24 h-day 7
supernatants, concentrated as described previously.
The schistosomula were used to yield a day 7 soluble
fraction. Cultures of parasites from shed 11 were
terminated at 24 h to yield a soluble protein fraction.
Post-transformation labelling. (i) Kinetics of protein
synthesis during development. Separate aliquots of
newly-transformed schistosomula, derived from a
single pool of cercariae, were pulsed with [3®*SImethi-
onine for 24 h on consecutive days (up to day 10). At
the end of the 24 h pulse-period, schistosomula were
washed 6 times in 10ml of M169W to remove
unincorporated isotope. The incorporation of
[**SImethionine into proteins of schistosomula was
assessed by measuring the TCA-precipitable cpm.
Replicate samples of 50 washed schistosomula in
200 ul of M169W were lysed by sonication, and
protein precipitated by the addition of 600 ul of 15 2,
TCA. After 15 min on ice, the lysates were applied
to individual glass microfibre filters (Whatman),
washed with 159 TCA, dried and counted. The
background radioactivity from 200 x4l of the final
wash medium was determined and subtracted from
the value of the parasite lysates. (ii) Analysis of
released and soluble proteins. Schistosomula derived
from a single pool were divided into 7 or 8 equal
aliquots and cultured in M169S for periods ranging
from 0 to 7 days, after which they were washed 4
times and pulsed with [>**S]methionine in M169A for
24 h. The culture supernatant was removed after
centrifugation, and the number of parasites in each
culture determined. Soluble proteins were prepared
from the larval bodies, whilst culture supernatants
were treated to remove unincorporated isotope (as
described above), and then concentrated. All samples
were analysed by SDS-PAGE and autoradiography.
(i11) Continuous 7-day labelling. A single pool of
schistosomula was cultured in approximately 10 ml
of M169A containing [**S]methionine for 7 days. At
the end of this period, the culture supernatant was
removed and treated as described previously. The
number of parasites in the culture was determined
and the larval bodies used to yield a soluble protein
fraction for analysis by SDS-PAGE and auto-
radiography, in comparison with the culture super-
natant. (iv) Pulse-chase labelling., In order to in-
vestigate the kinetics of labelled protein loss, schisto-
somula derived from a single pool of cercariae were
divided into 3 equal aliquots, and cultured in M169S
prior to labelling. Each culture was pulsed with
[>*SImethionine in M169A for 24 h on days 3, 6 or
10. The pulse supernatant was then recovered, the
19.2
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parasites washed extensively to remove any un-
incorporated label, and chase-cultured for 4 days i1n
M169A. An aliquot of approximately S00 schisto-
somula was taken immediately after the 24 h pulse

period and 2 and 4 days later and the TCA-
precipitable cpm/parasite determined.

RESULTS

Viability and maturation of schistosomula throughout
the culture period

To ensure that the proteins detected in the culture
medium were products released from live schisto-
somula and not material leaked by dead or dying
parasites, viability was monitored by several
methods. Following a 7-day continuous culture
period in M169S (without any washes), approxi-
mately 959, of parasites were motile and excluded
Trypan blue. Viability was slightly lower in M 169A,
and therefore M 169S was used in preference, except
where the presence of serum would interfere with
analysis of proteins by SDS-PAGE. Most deaths
occurred during the first 2—4 days when the parasites
were much less motile, less elongate and more fragile
upon centrifugation than at later times. From day 5
onwards, the schistosomula began to elongate and
became much more motile. When schistosomula
were cultured for 7 days and then pulsed for 4-5, 9
and 20 h, they incorporated 2:8+0-15, 5891026
and 13-6240-66 cpm/parasite respectively, i.e. a
linear increase with time (data not shown). An
identical experiment using day 3 schistosomula
produced a similar linear increase but with a lower
level of incorporation.

When hand-counted schistosomula were trans-
ferred to naive mice after 7 or 12 days of in vitro
culture, 70-3 and 866 9%, respectively were recovered
as adult worms by perfusion 5 weeks later. When day
7 larvae were aliquotted for transfer, to avoid a
biased selection, 74-2 9%, matured in vivo.

Pre-transformation labelling

Kinetics of protein release during development. The
rate of labelled protein loss, determined over a 7-day
period, 1s illustrated in Fig. 1. Upon transformation,
32 % of the total cercarial cpm were lost with the tail,
whilst a further 16 %, was released into the medium
over the first 3 h of culture. During this period, the
mean rate of labelled protein loss was 549, of the
total cercarial cpm/h. This rate decreased markedly
to 0-2%/h between 3 and 24 h, and to 0-:0779%/h
between 24 h and day 7. Only 299% of the total
cercarial counts remained associated with the
schistosomula by day 7. This compares to a figure of
16% for day 7 ex wvivo schistosomula (data not
shown). At each sampling time, the sum of the
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Fig. 1. Analysis of the distribution of labelled proteins,
in the cercaria, larval body (), tail (B) or culture
supernatant (£]) derived from schistosomula during

in vitro culture. The results are expressed as a mean
percentage of the cercarial cpm+8.E. The values are
from 10 experiments for cercariae, O h body, tail, 3 h
body and 0-3 h supernatant, 5 experiments for 24 h
body and 3-24 h supernatant, and 3 experiments for the
7-d body and 24 h-day 7 supernatant.

supernatant and larval body counts is approximately
equal to the body counts of the previous sampling
time indicating the accuracy of the balance sheet.
Analysis of soluble and released proteins. The pattern
of labelled proteins in the soluble and released
fractions was analysed by electrophoresis followed
by autoradiography; a representative example 1is
shown in Fig. 2. The proteins released between
0-3 h and 3-24 h showed qualitatively stmilar band-
ing patterns. Two proteins of M, 61 and 20 kDa
were the most dominant, and could be detected
within 2 min of transformation (data not shown).
Unique to the first 24 h, were 2 proteins of M, 47 and
43 kDa, while minor proteins of M, 90, 88, 70, 38
and 28 kDa (arrowed) were released only after 24 h.
Many proteins with M, similar to those in the
culture supernatants were also detectable in the 24 h
or day 7 soluble fractions. However, the 61 and
20 kDa proteins were enriched in all 3 culture
supernatants; indeed, by day 7 the 20 kDa protein
was barely detectable in the soluble fraction. A
number of proteins in both the 24 h and day 7
soluble fractions, most of which were < 20 kDa,
were not released during the 7-day culture period.
Proteolytic activity in the soluble and released
protein fractions was analysed on gelatin substrate
gels (data not shown). In both -3 h and 3-24h
culture supernatants areas of proteolytic activity in
the region of 61 and 20 kDa were visible, yet only a
low level of activity was present in the 24 h soluble
fraction. No proteolytic activity could be detected
when 24 h—day 7 supernatants were analysed, despite
two proteins of M, 61 and 20 kDa remaining domi-
nant on SDS-PAGE gels throughout this period.

Post-transformation labelling

Kinetics of protein synthesis during development. The
rate of [¥*S)methionine incorporation into TCA-
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Fig. 2. Autoradiograph of electrophoretically separated
soluble (S) and released (R) proteins, derived from
schistosomula labelled prior to transformation. The
equivalent of 10000 cpm was run down each lane of the
gel. The autoradiograph was developed after 4 weeks
exposure to the gel.
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Fig. 3. Rate of protein synthesis by schistosomula
pulsed for 24 h with [**S]methionine at 24 h intervals.
Values represent the mean cpm/schistosomulum/h + s.E.

precipitable material of schistosomula, following a
24 h pulse on consecutive days, was determined over
an 11-day period (Fig. 3). An initial lag phase of
approximately 24 h occurred during which there was
only a low level of protein synthesis. There was then
a rise to a plateau phase which lasted for 2-3 days,
followed by a further increase in the rate of synthesis
which reached a peak on day 8. The rate then
declined rapidly so that by day 10, the level was
similar to that seen between days 2 and 4. The peak

J6Y

(kDa)
200 —

h—

Fig. 4. Autoradiograph of electrophoretically separated
proteins of the soluble fraction of in vitro-cultured
schistosomula following a 24 h pulse on successive davs.
The equivalent soluble protein from 4000 schistosomula
was run down each lane of the gel. The autoradiograph
was developed after 4 weeks exposure to the gel.

rate of protein synthesis was 11'5 times greater than
within the first 24 h after transformation. A similar
profile of the rate of protein synthesis was seen 1In
repeat experiments (n = 3). However, the timing of
the peak and subsequent rapid decline of synthesis
varied by 24 h either side of the result shown here.
Analysis of soluble proteins. A one-dimensional
separation of labelled proteins present 1n the soluble
fraction of schistosomula pulsed for 24 h on suc-
cessive days, 1s shown 1n Fig. 4. T he intensity of the
banding patterns of this subset of parasite proteins to
a degree mirrored the observed rate of protein
synthesis (cf. Fig. 3). Few proteins were synthesized
during the first 24 h, yet the two most dominant, of
M_ 28 and 20 kDa, were synthesized at a higher rate
during this period than at subsequent times. Several
minor proteins were only synthesized within the first
24 h, while other proteins of M_130, 110, 97, 70, 43,
42, 38 and 32 kDa (arrowed) showed stage-specific
synthesis at later times. T he most prominent of these
were of M_ 97 and 38 kDa, the former of which was
synthesized predominantly on days 6 and 7, and the
latter only between days 3 and 6.

Analysis of released proteins. Schistosomula of dif-
ferent ages released a complex mixture of proteins
into the culture medium during a 24 h pulse (Fig. 5).
As would be predicted from the rate of 1sotope
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Fig. 5. Autoradiograph of electrophoretically separated
proteins released by in vitro-cultured schistosomula
during a 24 h pulse. The equivalent protein released
from 6000 schistosomula was run down each lane of the

gel. The autoradiograph was developed after 4 weeks
exposure to the gel.

incorporation (Fig. 3), few newly synthesized pro-
teins were detectable in the culture supernatant
within the first 24 h. At later times, more than 15
proteins were released into the culture medium,
ranging in M_ from < 20 to > 100 kDa, the two
most dominant being 45 kDa and 20 kDa. During
this latter period, there were few qualitative differ-
ences in the banding patterns, with the exception of
two minor proteins of high M, and one of 23 kDa,
which were not released until dav 3.

Analysis of soluble and released proteins following a
conttnuous labelling for 7 days. The cumulative re-
leased and soluble proteins derived from schisto-
somula continuously labelled for 7 days are shown
in Fig. 6. There were marked differences between
the banding patterns of proteins in the soluble
fraction and in the culture supernatant. The most
dominant proteins in the latter had M_ of 61 and
20 kDa. The 61 kDa protein was not detectable in
the soluble fraction, and the 20 kDa protein was
highly enriched in the culture supernatant, compared
to the soluble fraction.

Pulse-chase labelling of parasites. Schistosomula were
pulse-labelled on days chosen to correspond to
different phases of protein synthesis. The loss of
parasite-associated labelled protein was then fol-
lowed over a 4-day chase period (Fig. 7). As predicted
from the results in Fig. 3, there was differential
incorporation of isotope into TCA-precipitable
material of parasites at each time point (i.e. the
parasites pulsed on day 6 incorporated more isotope
than those pulsed on days 3 and 10). However, the
percentage loss of cpm showed little difference. In
each case, more than 509, of the cpm, associated

53
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- :
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?..-l

14 —

S R
Fig. 6. Autoradiograph of electrophoretically separated
soluble (S) and released (R) proteins of schistosomula
following a continuous 7-d labelling. The equivalent
protein from 10000 schistosomula was loaded onto gels

and separated by SDS-PAGE. The autoradiograph was
developed after 4 weeks exposure to the gel.

Pulse Pulse Pulse

Percentage of 0 h post-pulse cpm
on
o

o

5 10 15
Time (days)

o

Fig. 7. Rate of loss of parasite-associated labelled
protein following a 24 h pulse on day 3, 6, or 10 and a
subsequent 4-d chase. Results are expressed as a mean
percentage (n = 3) of the cpm/parasite immediately after
the 24 h pulse +S.E.

with the parasite immediately after the pulse, was
lost during the chase period.

When the pulse and chase supernatants were
compared by SDS-PAGE and autoradiographv

(data not shown), essentially the same pattern of
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proteins was seen in each. The most dominant
proteins were of M, 61, 45 and 20 kDa, the latter
becoming less prominent with time.

DISCUSSION

In order to characterize proteins released by
developing schistosomula #n vitro, it is obviously
important that essentially 1009, of parasites are
viable and develop normally. Several criteria were
used to confirm that the culture system was capable
of supporting a high level of parasite viability and
did not impair maturation. The linear increase in the
incorporation of [**S]methionine into schistosomula
proteins was a good indication that there was little, if
any, parasite death or loss of anabolic activity
throughout the pulse period. Additionally, surgical
transfer of day 7 or day 12 tn vitro-cultured worms to
naive mice resulted in maturation rates comparable
to, or better than, those reported by Coulson &
Wilson (1988) for ex vivo worms of identical ages.
Randomly chosen (aliquotted) day 7 worms were
equally as capable of maturing as hand-picked
schistosomula indicating that our results were not
biased by the selection procedure. Thus, we con-
clude, that 12 days of in vitro culture have no effect
on the ability of larvae to mature i vivo.

Cercariae, labelled during development in the
snail, lost 329, of their total cpm with the tail upon
transformation, a value identical to that reported by
Wilson & Coulson (1986). These workers also found
that during development of labelled parasites in vivo,
89 % of the total cercarial cpm had been lost by day 7,
compared to the value we report of 71 9, after 7 days
of in vitro culture, There are a number of possible
explanations for this disparity. Firstly, development
is known to occur slightly faster in vivo than in vitro
(Basch, 1981). Secondly, the environment in vivo is
probably more hostile than that in vitro, and a higher
rate of protein turnover is likely, due to repair
processes. Thirdly, secretion of some proteins may
require a stimulus such as a change in O, tension or
nutrient levels, or the physical pressure of squeezing
along a blood vessel; these stimuli may not be
present in vitro. Finally, this study used [**S}methi-
onine to label parasites whereas Wilson & Coulson
(1986) used [*Se]lmethionine. However, after 7 days
of 1n vive culture [**S]methionine-labelled parasites
lost 849, of the total cercarial cpm compared to the
89 % reported by Wilson & Coulson (1986). This
suggests that the use of different isotopes does not
account for the disparity of labelled protein losses
in vitro and in vivo.

The most rapid release of proteins, labelled in the
developing cercariae, occurred during the first 3 h of
culture. The cercarial glycocalyx, shed at this time,
1s composed of glycoprotein (M, 5x 10®kDa;
Caulfield et al. 1987) too large to enter electro-
phoretic gels. However, it is possible that some of the
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macromolecules detected in the 0—~3 h culture super-
natants are derived from it. During the 0-3 h period,
the most dominant polypeptides on SDS-PAGE
reduced gels were of M, 61 and 20 kDa. T'wo bands
of proteolytic activity against gelatin, had similar
molecular weights but it is not possible to confirm if
they are identical because of the different electro-
phoretic conditions. Marikovsky, Fishelson & Arnon
(1988) described two serine proteases of M, 60 and
28 kDa which were secreted by transforming cer-
cariae, predominantly within the first 30 min. They
showed that these enzymes play an important role in
skin penetration and shedding of the cercarial
glycocalyx. Other secreted proteases of M, 25 kDa
(Landsperger, Stirewalt & Dresden, 1982), 30 kDa
(McKerrow et al. 1985) and 47 kDa (Chavez-
Olortegui, Resende & Tavares, 1992) have been
described, and may be involved in skin penetration
and transformation. Proteins of M, 61 and 20 kDa
were also prominent in the 24 h-day 7 culture
supernatant, yet no proteolytic activity could be
detected. This suggests that there is more than one
protein migrating to the same position in the gel or,
less likely, that some developmental regulation of the
proteases 1s occurring. Keene et al. (1983) noted the
absence of proteolytic activity after 24 h and showed
that secretion of enzymes from the preacetabular
glands was complete by this time. Furthermore,
Cousin, Stirewalt & Dorsey (1981) described empty
and shrunken acetabular gland cells and ducts of
schistosomula within 1h of skin penetration,
although artificially transformed cercariae were
found to release their contents more slowly. It is
possible that secretion occurs more slowly tn vitro
due to the absence of short-chain fatty acids which
are found on the skin, and are known to stimulate
release of proteases from the acetabular glands
(McKerrow et al. 1983). Most of the proteins
released within the first 3h of culture are also
detectable in subsequent culture supernatants. How-
ever, there appears to be some stage-specific release
of proteins over the 24 h-7-day period. These
proteins may originate in the head gland, a structure
which persists from the cercariae, and the secretions
of which facilitate penetration of blood vessel walls
by schistosomula (Crabtree & Wilson, 1985).
Protein synthesis after transformation was meas-
ured in vitro by pulsing cultures with [**S]methi-
onine for 24 h periods. This pulse duration was
chosen as a compromise between incorporating
enough label into proteins to allow their detection by
autoradiography, whilst minimizing the potential
catabolism of the proteins within parasite tissues.
The procedure under-estimates the rate of synthesis
because some proteins are released from the body
during the pulse period. However, our methods
permitted these secreted proteins to be characterized.
The rate of protein synthesis can be divided into four
different phases over an 11-.day period. During the
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first 24 h after cercarial transformation, a very low
rate of protein synthesis was measured; a result
which has been reported previously (Nagai et al.
1977; Yuckenburg, Poupin & Mansour, 1987;
Blanton & Licate, 1992), and presumably occurs
because the parasite utilizes proteins pre-synthesized
in the cercariae for the transformation process
(Hockley & McLaren, 1973). Blanton & Licate
(1992) noted that this lag phase was due, not to a
paucity of mRNA, but to a post-transcriptional
block on translation. This block was reversed over
time and allowed the expression of available mRNA
species. Heat-shock proteins are produced during
the first 6-8 h of transformation (Yuckenburg et al.
1987; Blanton & Licate, 1992) and could prevent
protein synthesis; as their expression decreases the
block on synthesis would be reversed. The increasing
rate of synthesis up to day 8 corresponds to the
period over which parasites reach the lungs and
undergo the adaptive changes necessary for intra-
vascular migration (Wilson et al. 1978). The
subsequent decline in synthesis to the level seen
between days 2 and 4 may represent a quiescent
phase in development. Such a phase was postulated
by Lawson & Wilson (1980) on the basis of
biochemical analysis, and may indicate that the
parasite has acquired all the adaptations necessary
for migration to the portal system.

Autoradiographic analysis of labelled proteins
present in the soluble fraction of the larval body
revealed some stage-specific synthesis, which may
correspond to the physiological changes occurring
during schistosomulum development. One such
change is the appearance of homogeneous bodies,
which are specific to the lung-stage (McLaren et al.
1978); their secretions may help to minimize friction
between parasite tegument and pulmonary endo-
thelium (Crabtree & Wilson, 1986). Other workers
have shown stage-specific synthesis of proteins,
employing a very similar labelling protocol to our
own but fractionating an homogenate of the whole
worm body using 2-D SDS-PAGE (Yuckenburg
et al. 1987).

During development to the lung-stage, schisto-
somula, labelled after transformation, released at
least 15 proteins of diverse M.. The distinct banding
pattern of the soluble fraction compared with the
culture supernatant, derived from schistosomula
continuously labelled for 7 days, provides strong
evidence that the proteins in the latter are true
secretions, not molecules leaked from dying para-
sites. Among the proteins released within most
culture periods, three of M, 61, 45 and 20 kDa are
dominant (the 61kDa protein is often poorly
visualized due to the ballooning effect caused by the
BSA additive in the culture medium). Since all three
bands are present in the sequential 24 h pulse
supernatants from day 1 to day 7, we conclude that
these proteins are synthesized and released over
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most of the developmental period. The bands at 61
and 20 kDa coincide with major proteins released
from the cercariae during transformation. However,
unlike the latter they do not correspond to regions of
proteolytic activity and may therefore represent
completely different proteins. We are currently
attempting to address this question using 2-D
SDS-PAGE, but are limited by the amount of
labelled secretion available for analysis.

This is the first report to characterize proteins
synthesized and released by schistosomula during
development to the lung-stage. Many proteins of
diverse molecular weight were identified in the
culture supernatants. These molecules released
within the lymph nodes draining the vaccination site
must serve as inducers of the primary protective
response, and in the lungs of vaccinated mice as
initiators of the cell-mediated effector mechanism
elicited by challenge larvae, The ability of these
released proteins to stimulate proliferation by lymph
node cells recovered from protectively vaccinated
mice, will be reported 1n a later publication. In order
to make further progress in understanding their
biological role for the parasite, and their interaction
with the host immune system, an abundant supply of
purified proteins is required. With this in mind, we
are currently screening a larval ¢cDNA lbrary,
constructed in the lambda ZAP vector to identify
recombinants coding for released proteins.
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CHAPTER THREE

The proliferative responses of lymph node cells to
antigenic fractions of larval Schistosoma mansoni,

and to live schistosomula.
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3.1 Introduction

The importance of skin-draining lymph nodes, in the induction of resistance against
Schistosoma mansoni, has been demonstrated previously by their excision prior to
vaccination or by administering irradiated parasites intravenously, thus by-passing this
site; in both cases immunity to a challenge infection was greatly reduced (Mountford &
Wilson, 1990; Coulson & Mountford, 1989 respectively). It is likely that the skin-
draining lymph nodes are the main site for the priming of schistosome-specific T cells,
an event which is essential to the induction of protective immunity (Constant et al. 1990).

Since lymphocytes are important for the development of resistance in the irradiated
cercaria vaccine model, it is pertinent to ask whether their degree of proliferation in
response to parasite antigen(s) correlates with the immune status of the host. Proliferation
of lymphocytes in vitro in response to the presence of protein confirms two related facts,
firstly that the macromolecule is immunogenic and secondly that lymphocytes have been
sensitised to it previously. Several studies have used mouse strains which develop
differential levels of resistance after vaccination, and tested the ability of lymphocytes
recovered from lymph nodes or spleens of such animals to proliferate in response to
crude antigen preparations (James, Labine & Sher, 1981; Lewis & Wilson, 1982b). No
correlation was found between the immune status of the animal and its ability to respond
to the antigen preparation. Similarly, Colley et al. (1977) found no statistical correlation
between the intensity of schistosome infection in human patients (determined by eggs per
gram of faeces) and the degree of cell-mediated reactivity, assessed by lymphocyte
proliferation, to soluble preparations of either eggs, cercariae or adult worms. However,
interpretation of such studies can be hindered by the complex nature of the antigen
preparation. For example, it has been reported that schistosomes contain material which
can non-specifically inhibit (Dessaint et al. 1977; Camus et al. 1981) or promote
(Auriault et al. 1984b) lymphocyte proliferation.

Furthermore, certain experimental parameters can complicate results. James (1981)
used lymph node cells recovered from mice with chronic infections. Such mice would
have been exposed to three different life-cycle stages of the parasite, therefore
lymphocytes derived from them would display a broad cross-reacting spectrum of
antigen recognition. Vieira et al. (1987) analysed the proliferative response of peripheral
blood mononuclear cells, from patients with chronic intestinal schistosomiasis, to live
schistosomula. Unfortunately, by the end of the culture period most of the parasites had
died, therefore the proliferative response could not be assigned exclusively to parasite-
released proteins. The use of an isolated protein, or at least a defined preparation with a
restricted number of molecules would allow easier interpretation of results from such
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experiments.
There is a large body of information available on the antibody responses of

vaccinated mice to specific parasite proteins fractionated from complex antigenic
mixtures, utilising SDS-PAGE and immunoprecipitation or Western blotting (Simpson,
James & Sher, 1983; Simpson et al. 1984, Simpson et al. 1985; Richter & Hamn, 1993).
Similar techniques have also been applied using serum from human patients (Taylor &
Wells, 1984; Roberts et al. 1987; Dessein et al. 1988). However, there are relatively few
reports which describe T cell responses to fractionated parasite proteins. The specificity
of an animal's T-cell repertoire can be investigated by electrophoretic separation of
complex antigenic mixtures and subsequent transfer to nitrocellulose. This circumvents
the need to purify each polypeptide species (Lamb, Ohehir & Young, 1988). Despite the
usefulness of this technique, technical problems such as the difficulty of transferring
sufficient quantities of antigen to the solid support can result in failure to 1dentify
potentially important proteins (Rothbard & Lamb, 1990). Alternatively, Mountford &
Wilson (1993) separated antigenic mixtures by high performance electrophoretic
chromatography (HPEC) prior to analysis in T cell proliferation assays. Utilising this
approach, they were able to fractionate relatively crude parasite protein mixtures into
samples of limited antigenic composition. Each sample was then analysed for its ability
to induce proliferation of, and cytokine production by, lymph node cells recovered from
vaccinated mice. This allows both the immunogenic potential of the small number of
proteins present in each fraction to be assessed, and their ability to induce a Thl or Th2
type response, important considerations for vaccine design against schistosomiasis.

As detailed in section 1.7.5, comparable levels of immunity can be achieved
following either percutaneous (p.c.) vaccination of C57Bl/6 mice with irradiated
cercariae, or by intra-dermal (i.d.) vaccination with day 8 schistosomula derived from
irradiated cercariae (Coulson & Mountford, 1989). By using p.c. or i.d. vaccination
protocols and lymphocytes extracted from the main skin-draining lymph nodes (axillary
and cervical respectively) on day 5 post-vaccination, an attempt has been made to
simplify the experimental design to facilitate easier interpretation of the results. In the
previous chapter, the proteins present in the soluble fraction of, and those released by,
schistosomula up to the lung-stage of development were anaﬁlyscd. Since we believe
released proteins, whatever their origin, to be important in both induction and effector
phases of immunity, the aim of this work was to examine the ability of this sub-set of
parasite proteins to induce proliferative responses in lymphocytes recovered from
protectively vaccinated mice. In addition, the responses to soluble and particulate parasite
protein fractions and live schistosomula were analysed. The soluble preparation was used
because many secretory molecules are likely to constitute a sub-set of this fraction,
whereas shed proteins, such as membrane fragments, are more likely to be present in the
particulate fraction.
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3.2 Materials and methods

3.2.1 Parasite culture medium

Two media were used consecutively for the cultivation of parasites. Medium 169
defined by Basch (1981) and adapted by Harrop & Wilson (1993) was used because of its
ability to support a high level of parasite viability. This medium was supplemented with
antibiotics alone (M169W) or with foetal calf serum (1%; M169S) to serve as a wash
medium or parasite culture medium respectively. For the final 24h of culture, parasites
were transferred to RPMI (RPMI-1640; Flow laboratories) containing 1% foetal calf
scrum (FCS; Globepharm 1td, Esher, Surrey, U.K.), penicillin (200U/ml), streptomycin
(100ug/ml) and 2mM L-glutamine (designated RPMI/1). Over a 24h period, this medium
maintained a high level of parasite viability (>95%).

3.2.2 Preparation of parasite material

A Puerto-Rican isolate of Schistosoma mansoni was maintained by routine passage
through LACA mice and albino Biomphalaria glabrata. Snails, harbouring a patent
infection, were induced to shed cercariae, the parasites concentrated by sedimentation at
4°C and then mechanically transformed as described by Ramalho-Pinto et al. (1974).
Resulting schistosomula were isolated by centrifugation on a discontinuous 40-70%
Percoll gradient (Lazdins et al. 1982; SIGMA) and washed 4 times in 10ml M169W.
They were then resuspended in M169S and cultured in 24-well plates (Corning) for
defined periods of time at 37°C, 6% CO,. Such parasites were used either directly in
lymphocyte blastogenesis assays or to yield culture supernatants, soluble and particulate
fractions. In order to obtain these samples, schistosomula, derived from a single pool of

cercariae, were divided into 7 equal aliquots and cultured in M169S for periods ranging
from 0 to 6 days (see Fig. 3.1), after which they were then washed 6 times and cultured
for 24h in RPMI/1. At the end of this period, the parasite suspension was centrifuged
(150g for 60s), the culture supernatant removed and the number of parasites in each
culture determined. Culture supernatants were concentrated to 1ml in a stirred
ultrafiltration cell, containing a 3 kDa cut-off Diaflo membrane (Amicon), under N,ata
pressure of 40 psi. Culture medium which had not been exposed to parasites was treated
In the same way and served as a negative control (medium blank) in proliferation
experiments using released proteins. Soluble proteins were released from larval bodies by
sonication (21 kHz at 6.5um amplitude) for 90s, and partitioned from particulate material
by centrifugation for 1h at 105,000g, 4°C. The particulate material was then resuspended
in RPMI/10 (RPMI containing 10% FCS, penicillin (200U/ml), streptomycin (100ug/ml),
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Fig. 3.1. Generation of culture supernatants,

soluble and particulate parasite fractions.
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2mM L-glutamine and 5x10~M 2-mercaptoethanol). Soluble and particulate protein
fractions and those released by schistosomula during in vitro culture were filter-sterilised

and the protein content of the soluble fractions determined by the Bradford assay. Both
soluble and particulate fractions were reconstituted to 1ml with RPMI/10. All fractions

were stored at —=20°C until required. Schistosomula to be used directly in proliferation
assays, were cultured in M169S for defined times, washed 6 times in RPMI/10 and
aliquoted into flat~bottomed 96-well microtitre plates in 100ul RPMI/10. In experiments
using live larvae, soluble or particulate fractions, unconcentrated RPMI/10 was used as a

medium blank (no antigen control).

3.2.3 Vaccination regimes

Two vaccination regimes were used, percutaneous (p.c.) and intra~dermal (i.d.). The
former involved the exposure of anaesthetised mice (Wilson & Coulson, 1986) to 500
cercariae, attenuated with 20 krad. of gamma radiation from a ®’Co source (Department
of Radiobiology, Cookridge Hospital, Leeds), via the shaved abdomen. For i.d.
vaccination, attenuated day 8 parasites were recovered from the lungs of vaccinated mice
by mincing and incubation (Wilson and Coulson, 1986). Resulting lung-stage
schistosomula were washed in M169S and samples of 300 were injected in 1541 M169S
into the dermis of the mouse pinna (Coulson & Mountford, 1989).

3.2.4 Preparation of responder lymphocytes and antigen presenting cells (APC)

Responder lymphocytes were obtained by the surgical removal of the axillary lymph
nodes from p.c. vaccinated mice and the cervical lymph nodes from i.d. vaccinated mice,
S days after exposure to parasites. Single cell suspensions were obtained by teasing
lymph nodes apart with sterile forceps. Cells were washed and resuspended in RPMI/10.
Irradiated splenocytes were used as a source of APC. These were prepared by removing
spleens from naive mice and exposing them, whilst on ice, to a }3’Cs source for 30 min.
The irradiated spleens were pressed through sterile stainless steel mesh and then washed
in RPMI/10. The number of lymph node cells and splenocytes was determined, using a
haemocytometer, and adjusted to 2 x 10%m! for the former and 4 x 105/ml for the latter.

3.2.5 Assay of lymphocyte proliferation

Responder cells (10°/well) recovered from either p.c. or i.d. vaccinated mice and APC
(2 x 10°/well) were cultured for S days (37°C, 6% CO,) in either 200ul RPMI/10 alone
(or the relevant medium blank), or in the presence of live parasites, released proteins
isolated from live larvae, soluble or particulate parasite proteins. Since the parasite-
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released proteins were collected in medium containing FCS, a protein estimate could not
be made. Therefore, in experiments which used released proteins, proliferation was
expressed per number of parasites from which the material was derived. Additionally, it
was difficult to obtain an accurate protein estimate for particulate protein and so
proliferation in response to these samples was also expressed in the same way.,

Each well received 18.5 kBq *H-thymidine (specific activity 185 GBg/mmol,
37MBg/ml; Amersham) for the final 18h of culture, and the incorporation of isotope into
cellular DNA was measured, after harvesting (cell harvester, ILACON), by liquid
scintillation counting. Results are expressed as mean ¢.p.m. (+S.E.M.) for triplicate
samples. In all experiments, wells containing APC but no responder cells were included
to control for *H-thymidine incorporation due to the irradiated splenocytes. Additionally,
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