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ABSTRACT

A schistosome vaccine would be of great value in controlling schistosomiasis. Exposure of
experimental animals to live gamma-irradiated cercariae (GI) is highly effective and
although not logistically feasible for human vaccination has provided insight into the
immune mechanisms which may facilitate development of defined antigen vaccines.

In mice the radiation attenuated vaccines induce IFN-y dependent immunity
following a single exposure and antibody mediated immunity following repeated exposure.
In order to induce high levels of immunity the irradiated larvae need to survive for 2-3
weeks and to reach the lung stage in order to “arm” the lungs with sensitized cells, but it
has been shown that larval infections with 500 larvae treated with the drug Ro11-3128 at
just 2 days post-infection also results in high levels of immunity but with an apparently
more focal and truncated exposure to living larvae in the skin. The focus of this thesis is to

compare the immune mechanism underlying this Rol1-3128-induced vaccination (RoNI)

(which induced >90% protection) with the GI (which induced 60-70% protection) and with

infections which are both irradiated and drug treated which induce poor levels of immunity

(RoGI) (induced only 30% protection).

RoNI, GI, RoGI and a normal unattenuated infection (NI) all resulted in a Thl
biased response (IFN-y>IL-4) in the skin-draining lymph nodes (SLN), but RoNI and RoGlI
induced enhanced and more prolonged responses. RoNI was unique in causing highly
elevated antigen specific IFN-y responses in the spleen suggesting local but protracted
stimulation of a strong systemic response. Studies in BORAGI1-/- mice (no B or T cells),
[FN-y -/-, ui-MT mice (no B cells) and by in vivo depletion of IFN-y with neutralizing
monoclonal antibody during challenge showed that RoNI 1s mediated almost entirely by
[FN-y mediated mechanisms and antibody is not involved.

Adding Rol1-3128 to cultures containing RoNI-sensitized SLN cells and living
schistosomula enhanced the IFN-y production in the presence of in vitro bone marrow
(bm)-derived DCs suggesting that altered antigen presentation 1s induced by drug treatment.
However, the superiority of Rol1-3128 in inducing immunity compared with other drugs
could not be attributed simply to its ability to induce membraneous blebs as these were also

produced by Roll-3128-treated irradiated schistosomula. Furthermore, there was no

evidence of the drug having a general adjuvant etfect.
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To try to establish how the larval exposure induces the Thl biased response, living

schistosomula were cultured with bone marrow-derived dendritic cells. This had no effect
(up- or down- regulate) on surface activation maker expression (MHCII, CD86, CD40)

even 1f the bm-DCs, were partially activated with LPS or TNF-a. There was also no

cytokine production (IL-12p70, TNF-a, IL-10 or IL-6). However, schistosomula induced a

differential dose-dependent reduction in cytokine production by LPS-activated bm-DCs
(IL-12p70 >IL-6 and TNF-o) but IL-10 was relatively unaffected. Again this was
unaffected by addition of Ro11-3128.

This work indicates that it is possible to induce highly effective Thl mediated
systemic immunity in mice by protracted but local stimulation of the skin/SLN suggesting
that delivery ot defined schistosome antigens by Th1 promoting strategies such as prime-
boosting with heterologous recombinant viruses delivered in the skin would be worth
investigating. There was no evidence that the Thl response to larval infection is caused by
direct action of larvae or larval products on dendritic cells and in fact there was evidence of
an anti-inflammatory etfect, which should be investigated turther at the mRNA level. It 1s
suggested that schistosomula may interact differently with other cells encountered in the

skin e.g. keratinocytes in initiating the Th1 bias.
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CHAPTER 1
INTRODUCTION

1.1 Schistosomiasis - History and Health:

Among human parasitic diseases, schistosomiasis is one of the great endemic diseases

of the tropics and subtropics. It is ranked only second behind malaria in terms of socio-
economic and public health importance. It has been a disease since ancient times. as
reviewed by Grove (1990) and Ouma and Fenwick (1991), who reported that from
hieroglyphic records and from parasitological examination of mummified remains that
human schistosomiasis was endemic in Dynastic Egypt. It was not until 1852, however,
that the adult worms were first discovered from a human body in Cairos’s Kasr ElAini
hospital in Egypt by Theodor Bilharz, a young German pathologist, from whom the
disease took its original name, Bilharziasis, a name which is still occasionally used. A
further 65 years elapsed before the three main human schistosome species and their

complete life cycles were clearly described (reviewed by Taylor, 1994).

According to recent current WHO assessment (WHO website, 2003), the disease 1s
endemic in 74 developing countries, with an estimated 600 million people worldwide
exposed to the risk of infection, while more than 200 million people are currently
infected. Of these, 20 million individuals suffer severe consequences of the disease, and
an estimated 120 million are symptomatic. The disease causes a great deal of morbidity
(1932 thousand disability-adjusted life years, DALYs) and an estimated 20,000 deaths
each year. This mortality is mostly due to bladder cancer or renal failure associated with

urinary schistosomiasis and to liver fibrosis and portal hypertension associated with

intestinal schistosomiasis.

1.2 Causative Agents:

The major forms of schistosomiasis in humans are caused by several different species of
blood flukes which are water borne flatworms (Trematodes) of the genus Schistosoma
Three species are the principle causes of disease in man. Schistosoma haematobium is
responsible for urinary symptoms and disease, Schistosoma mansoni and Schistosoma

japonicum cause intestinal symptoms and hepatosplenic disease.



1.3 Geographical Distribution:

Schistosomiasis 1s a waterborne, snail-transmitted infection. The geographical distribution
of the schistosomes roughly corresponds to the distribution of susceptible fresh water
intermediate snail hosts, which are present in many tropical and subtropical regions.
Snails are found in many different habitats including permanent or semi-permanent
small ponds, marshes, swamps, rivers and streams and large permanent water bodies
such as lakes, dams, 1rrigation channels and rice fields. Those snail hosts are specific for
each species of schistosome. S. mansoni and S. haematobium are transmitted by aquatic
snail hosts of the genus Biomphalaria and Bulinus, respectively, whilst amphibious

snails of the genus Oncomelania transmit S. japonicum (Jordan, Webbe and Sturrock,

1993).

S. mansoni 1s the most widespread species, being prevalent in 53 countries in Africa, the
Middle East, the Caribbean and South America. S. haematobium has a similar
distribution to S. mansoni in the Old World, where it is endemic in 54 countries in
Africa and the Eastern Mediterrancan (WHO, 1993). In Africa, S.mansoni and
S.haematobium often coexist, and mixed infections are common. Apart from a possible
small focus of S. haematobium 1n India, neither S. mansoni nor S. haematobium occurs 1n
central or east Asia. Oriental or Asian intestinal schistosomiasis mostly caused by S

Jjaponicum is endemic in seven countries in South-East Asia and 1n the Western Pacific

Region (WHO, 1993).

1.4 The Life Cycle of Schistosomes:
The complex life cycle of schistosomes (see Figure 1) involves the mammalian definitive

host and the snail intermediate host. The cycle 1s initiated when the free living larvae
(cercariae), shed from the intermediate snail host, locate a mammalian host in the water,
and burrow into the skin epidermis. On entering the mammalian host, the cercariae shed
their tails and form the schistosomula stage of the parasite. The schistosomula then enter
the peripheral lymphatic vessels or the blood venules and are carried via the lungs to the
liver. Based largely on studies in mice, the larvae spend on average 2 to 5 days in the skin
(Miller & Wilson, 1978), after which they penetrate the nearest blood vessel and gain entry
to the blood. Once within the capillary they are rapidly transported by the blood flow to the

[



lungs. Those few (about 10-20%) that penetrated the lymphatics (Wheater & Wilson,

1979) enter the circulation from the thoracic duct. On reaching the lungs, schistosomula
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Figure 1. Life cycle of §. mansoni (taken from Mckerrow and Salter, 2002)

spend 3-4 days (Wilson et al., 1978) crossing the capillary bed of the lungs and are then
carried around the body by the systemic circulation, a proportion reaching the liver as they
circulate with the majority of the parasites reaching the liver by 10-15 days after infection
(Wilson et al., 1986). Here the worms mature and by 6 weeks post infection nearly all
worms have paired before migrating, via the hepatic portal vessels, to either the mesenteric
veins in the case of S .mansoni and S. japonicum or to the vesical plexus around the
bladder and ureters in the case of S. haematobium, where the female begins to produce
eggs. The worms which may live for an estimated 3-7 years in man (Fulford et al., 1995),
remain in copulo with the female laying hundreds (5. mansoni and S. haematobium) to
thousands (S. japonicum) of eggs every day. Many of these eggs are released by the female

parasites within the vasculature; they cross the endothelium and basement membrane of

the vein, and traverse the intervening tissue, basement membrane and epithelium of the



intestine or bladder tissues from where they exit the body via the faeces (S. mansoni and S
japonicum) or urine (S. haematobium). The eggs contain a developing embryo, the
miracidium, which when mature hatches in a suitable fresh water environment and locates
its intermediate snail host. Four to five weeks following miracidial penetration and asexual
reproduction of intramolluscan schistosome parasite life stages, snails will begin shedding
the infective larval stages, the cercariae, which will infect humans and other mammalian
definitive hosts, notably 1n the case of S. japonicum, which is a true zoonosis. Around 50%
of the eggs fail to reach the lumen of the gut or bladder becoming trapped in the wall of the
bladder or ureter or being carried by the blood to other organs notably the liver in the case
of §. mansoni and S. japonicum. These eggs contain live developing miracidia that
produce potent antigens. These are secreted through microscopic pores within the rigid
egg shell and induce the formation of an ‘Egg Granuloma’. This granuloma formation

together with subsequent fibrosis 1s the major cause of schistosome related pathology

(Cheever & Yap, 1997).

1.5 Schistosomiasis — “An Immunopathological Disease”:

The development of the disease is thought to be, to a large extent, due to the nature of
the immune response and its effects on granuloma formation around the trapped eggs
and associated pathologies in target organs (Cheever et al., 2000). Two main clinical

conditions are recognized in S. mansoni-infected individuals- Acute schistosomiasis and

Chronic schistosomiasis.

1.5.1 Acute/Chronic disease:

e Acute Schistosomiais:

In humans, Katayama fever, which is the acute form of schistosomiasis 1s a debilitating

febrile illness that can occur before the appearance of eggs in the stool. It 1s thought
generally to peak between 6 and 8 weeks after the host 1s infected by cercariae (Rabello,

1995). This febrile illness seems to be uncommon in individuals who live in areas that
are endemic for schistosomiasis, and only occurs in individuals who have no previous

history of exposure who become infected after travelling into an endemic area. During
this acute illness, there is a measurable level of tumour-necrosis factor (INF-at) in the

plasma, and peripheral blood mononuclear cells (PBMCs) produced large quantities of



INF-a, interleukin-1 (IL-1) and IL-6 (de Jesus et al., 2002). The PBMCs from patients

with acute schistosomiasis were stimulated by parasite antigen to produce elevated

levels of IFN-y and low levels of IL-5 as compared to PBMCs from patients with

chronic disease, thus retlecting a dominant Thl, rather than Th2 response in the acute

form of the disease (de Jesus et al., 2002).

In mice, the acute prepatent phase of infection is also associated with the antigen-

specific production of Thl cytokines (IFN-y, IL-2 and TNF-a) (Grzych et al., 1991) but
as soon as eggs are produced this switches to a Th2 dominated response, but one in
which there 1s an underlying Thl response (Rutitzky et al., 2001). The inability to
develop a Th2 response to regulate the initial pro-inflammatory response that 1s
associated with acute schistosomiasis is lethal. This was first observed when C57BL/6
IL-4 deficient mice were infected with S. mansoni. These mice suffered from cachexia
and significant mortality on the onset of parasite egg production (Brunet et al., 1997)
eventhough they developed relatively normal hepatic granulomas (although they lacked
an eosinophil component). Their intestines, on the other hand, showed pathological
changes which included non-haemorrhagic lesions on the mucosal surface (Brunet et al.,
1997) that were associated with the inefficient passage of eggs into the lumen (Fallon et
al., 2000b). Analysis of the immune responses of infected IL-4 deticient mice showed

that there was a correlation between elevated levels of nitric oxide (NO) and disease

severity (Brunet et al., 1997).

e Chronic Schistosomiasis:

Chronic disease is graded according to severity. The liver granulomas themselves do not
eenerally affect the liver function, but pathology occurs by blockage ot portal blood flow
(the granuloma is around 100 times the size of the egg itself). In some respects, the
pathology in mice is comparable with that observed in humans (Fallon, 2000). Impairment
of the hepatic blood flow leads to the development of portal hypertension and
hepatosplenomegaly. This may be further complicated by fibrosis, which may progress to
irreversible Symmers’ clay pipe-stem fibrosis caused by calcification around branches of
the portal veins (Lambertucci, 1993). In severe cases portal hypertension leads to the
formation of the collateral circulation, which enables blood to by-pass the liver and carry

eggs to organs such as the lungs, kidneys or central nervous system (CNS) where



granulomas may also form. The collateral circulation can carry blood to thin walled
oesophageal varices which can bleed or rupture causing haematemesis. In the case of
S.haematobium infections calcification of the bladder and ureters can take place leading to

loss of bladder, ureter and kidney function. The immunological basis of this pathology is

considered below.

1.5.2 The Egg Granuloma:

The cell-mediated delayed-type host granulomatous inflammatory reactions (Boros and
Warren, 1970) that develops around the schistosome egg is composed of eosinophils, T
cells, mast cells, B cells, epitheloid cells, fibroblasts, macrophages, basophils., giant
cells and some neutrophils. Research in mice has shown that the granuloma structure is
influenced by antibodies (Jankovic et al., 1998), chemokines (Park et al., 2001),
cytokines (Cheever et al., 1998), adhesion molecules (Ritter and McKerrow, 1996) and
apoptosis (Lundy et al., 2001; Rumbley et al., 2001). Because of the constant turnover
of cell populations, granulomas change in size during their development and resolution.
Their circumoval localisation and dense cellularity of the granulomas 1solates the egg
from the healthy liver parenchyma thus rendering protection of the host. This concept
was shown from infection studies in T cell-depleted mice (Mathew and Boros, 1986),
thymectomised mice (Domingo and Warren, 1967; Dunne & Doenhotf, 1983; Cheever
et al., 1985), SCID mice (Cheever et al., 1999) and nude mice (Cheever at al., 1989).
where the host is unable to form a well-organised, circumoval granuloma, there 1s
circumoval parenchymal necrosis and the mice die. It has been demonstrated by
Doenhoff et al., (1981) and Dunne and Doenhott, (1983) that certain S. mansoni egg
molecules are highly toxic to liver parenchyma cells, thus confirming that 1t a mature

circumoval granuloma is not formed during S. mansoni infections then these

‘hepatotoxic’ egg antigens can cause extensive liver damage.

1.5.3 What type of immune response do schistosome eggs induce?

The formation of granulomas during murine infection has been shown to be dependent
upon T cell, and specifically CD4+ T-cell, responses (Cheever et al.. 1985, Mathew and
Boros, 1986). Infection of mice deficient for CD4+ T cells (Fallon et al., 2000a) led to a
similar pathological outcome as infected thymectomised, SCID, nude or T cell-depleted

mice, where the granuloma inflammation was abrogated, liver damage took place and



mortality rates increased. In humans, a study of CD4+ T cell-deficient humans (HIV co-
infected) also suggested that CD4+ve T cells are involved in granuloma formation
(Karanja et al., 1997). It had previously been shown that T-cell deprived mice showed
reduced faecal egg output and i1t was reasoned that the granuloma formation was
necessary for this excretion (Doenhoff et al., 1981; Cheever et al., 1999). Similarly the
HIV and schistosome co-infected individuals had a significant defect in egg excretion in

comparison to HIV negative-schistosome positive individuals suggesting that they also

had impaired granuloma tformation (Karanja et al., 1997).

In mice the involvement of CD4+ T cells in pathology has been further defined as a

requirement for the production of Th2 cytokines. A number of studies in mice have

demonstrated that down-regulation in the production of Thl type cytokines e.g. IFNy and
IL-2 and an up-regulation in Th2 cytokines such as IL-4, IL-5 and IL-10 (although not
exclusively a Th2 cytokine), occurs at the onset of egg production (Pearce et al., 1991:
Sher et al., 1991; Grzych et al., 1991). This also appears to be the same 1in human
infections (Parra et al., 1992; Williams et al., 1994; El Rid1 et al., 1997), although
Montenegro et al., (1999) reported that in chronically infected individuals a mixed type-

1/type-2 anti-egg cytokine response can be observed.

Production of IL-4 is crucial for the development of Th2 responses and for the counter-
regulation of Thl responses. IL-4 depletion in shistosome-intected mice or
intravenously egg-injected mice (a commonly used model of granulomatous response
and which synchronous pulmonary granulomas are produced) demonstrated a dramatic
effect in reducing egg-induced granuloma inflammation and the production of the type-
2 cytokines IL-5 and IL-13 (Yamashita and Boros, 1992; Wynn et al., 1993; Cheever et
al., 1994). On the otherhand, administration of recombinant IL.-4 to chronically infected
animals reversed the down-regulated granulomatous response typically observed in later
stages of infection (Yamashita and Boros, 1992). It is clear from the above studies that

[L-4 is, in part, responsible for the generation and maintenance of the type-2 immune

responses.



1.5.4 How do eggs induce the Th2 response?

It was established a long time ago that the egg, rather than the adult worm, could sensitize
cells to induce granuloma formation (Warren and Domingo, 1970). There has been much
recent interest 1n trying to define the molecular basis of the interaction of egg products

with cells of the mnnate immune response resulting in Th2 polarization of the immune

reSponse.

I- Eosinophils and Mast cells:

The ability of eggs themselves to initiate production of Th2-associated cytokines was
demonstrated by Sabin et al. (1996a). Thus, intraperitoneal injection of isolated eggs into
mice rapidly stimulated production by peritoneal exudate cells of 1L-4 and IL-35, early
peritoneal recruitment of eosinophils and a loss of mast cells. The data suggested that egg
derived molecules induce IL-5 release from degranulated mast cells and this IL-5 then
recruits and activates eosinophils which provide the early burst of IL-4 required for
subsequent Th2 cell development. Rumbley et al., (1999) have shown that eosinophils are

the major source of IL-4 1n the granulomas themselves.

1i- Basophils:

Basophils have also been shown to produce IL-4 in direct response to SEA (Falcone et al..
1996). Recently, Schramm et al. (2003) have characterized a factor in 5. mansoni eggs
that could be responsible for the switch to a Th2 response. A protein, which the authors
named IPSE (IL-4-inducing principle from S. mansoni eggs) was 1solated and
characterized. In response to exposure to S. mansoni egg antigen extract (SEA),
basophils degranulate rapidly and release IL-4 and other inflammatory mediators. The

results of functional in vitro assays in which human basophils were incubated with
whole SEA, SEA fractions and recombinant IPSE, and the fact that antibodies raised
against recombinant IPSE inhibited the activation of basophils by SEA, indicated that
IPSE is the sole factor responsible for the basophil-activating etfects of SEA. Further
analysis confirmed that IPSE can bind IgE, indicating that 1t 1s the crosslinking of

receptor-bound IgE that accounts for IPSE-mediated basophil activation.

iii- Dendritic cells (DC):

e In Mice




Much attention has been focussed in recent times on the initial interaction between
microbial products and receptors on dendritic cells which are specialised for sampling
foreign material and initiating appropriate responses. In an elegant series of experiments,
Macdonald and Pearce (2002a; 2002b) showed that mouse derived DCs cultured with
soluble S. mansoni egg antigen (SEA) could be primed such that they can transfer Th2

responsiveness to recipient mice 1.e. splenocytes from such mice given SEA-pulsed DCs

were stimulated in vitro by SEA to produce IL-4, IL-5, IL-13 but not IFN-y. Carbohydrate
components of the SEA have been implicated in this process because LN cells of mice that

received periodate-treated SEA-pulsed DCs produced 6- to 10-fold less Th2 cytokines (IL-
4, IL-5 and IL-10) upon in vitro stimulation with SEA (Faveeuw et al., 2002).

e [n Humans

Studies with Human myeloid DCs have shown the upregulation of OX40L expression (a
factor known to be expressed by the peripheral blood DC and involved in Th2 cell

development [Flynn et al., 1998]), and production of poor levels of IL-12p70, TNF-a and
IL-6 following interaction with SEA upon CD40 ligation (de Jong et al., 2002).
Interestingly, glycan moieties present on egg glycoproteins or glycolipids have also been

implicated in this DC priming for Th2 response.

Iv- Suppressor macrophages:

Relatively recently, populations of natural suppressor cells originating from the
granulocyte —macrophage lineage and expressing Grl, CD11b and/or F4/80 have been
described (Angulo et al., 1995; Maruyama et al., 1999; Salvadori et al., 2000). These fall
into two categories: ‘classically activated’ macrophages which are IFN-y dependent and
associated with cancers and viral infections (e.g. Cauley et al., 2000) and ‘alternatively
activated’ macrophages which are IL.-4 dependent and have been demonstrated in mice in
response to implanting the filarial worm Brugia malayi (Allen et al, 1996; MacDonald et
al., 1998).

Two schistosome oligosaccharides, lacto-N-fucopentaose III (LNFPIII) and lacto-N-
neotetraose (LNnT), which are components of SEA molecules were 1dentitied as Th2-
biasing and capable of suppressing Thl responses in vivo (Vellupillal et al., 1997
Okano. et al., 2001). Atochina et al. (2001) showed that a single injection of mice with
a glycoconjugate composed of LNFPIII conjugated to dextran (LNEPIII-dex) rapidly



expanded the peritoneal CD11b+/Gr1+/F4/80 population in a T cell-independent
manner suggesting a direct interaction of the CHO moieties with macrophages. These
cells suppressed the in vitro proliferation of naive CD4+ T cells to primary stimulation
with ant1-CD3 and ant1-CD28 antibodies and the process of inhibition was found to be
NO- and IFN-y-dependent showing that, in contrast to the filariae (Loke et al. 2000),
schistosome eggs stimulate a “classically activated’ suppressor population. Injection of
the structurally related glycoconjugate lacto-N-neotetraose-dextran (LNnT-dex) has also
been shown to expand such suppressor cells and these were able to imprint a Th2

phenotype on naive CD4+ T cells, characterized by lower IFN-y, but increased IL-13
production (Terrazas et al., 2001).

The ability of these helminth-expressed oligosaccharides to induce suppressor
macrophages may also be responsible for the modulation of the host response and
induction of immune anergy as the infection progresses (Atochina et al., 2001). In terms
of the mechanism of action Terrazas et al. (2001) showed that the Grl+ population that
suppressed the proliferative in vitro response of naive CD4+T cells required cell-to-cell
contact (suggesting a receptor-mediated mechanism). Furthermore, the suppressor cells

produced low levels of pro-inflammatory cytokines together with raised IL-10 and

TGF-B but did not lead to CD4+ T cell apoptosis.

1.5.5 Immunopathology following a skewed Thl-immune response:

The host response to schistosome eggs is, most of the time, one that recognises the
destructive nature of these agents and responds in a controlled manner to limit severe
pathology. These responses can lead to fibrotic tissue lesions, but generally do not result
in mortality. Deviation away from this tightly regulated, egg-associated, Th2-dominated

immune response leads to pathologies that are severe and often life-threatening.

In a study undertaken by Mwatha et al. (1998), the immunological responses in S.

mansoni infected-children and adolescents were described. There was no apparent

periportal or hepatic fibrosis in either study group in which individuals were carefully

matched for age, prevalence, intensity of infection and tribal origin. It was found that
children/adolescents who suffered severe enlargement of liver and spleen had

significantly more type-1 associated IFN-a and TNF-a production from antigen-

10



stimulated PBMCs 1n comparison to those who did not develop organ enlargement.
Additionally, high plasma levels of STNFR-I (TNF-a receptor I), sSTNFR-II and ICAM-
I (Intercellular Adhesion Molecule-1) were all significantly associated with
hepatosplenomegaly, whereas individuals who had less severe disease but similar
intensity infections (as assessed by counting the number of eggs in faecal samples) had
more of a Th2 response and low plasma levels of soluble TNFR. These observations

indicated that hepatosplenomegaly, in the absence of severe fibrosis, can be associated

with elevated Thl associated immune responses.

Skewed Thl responses have also been studied in mice. Brunet et al., (1997) showed that
IL-4 deficient mice responded to schistosome infection by generating strongly polarised
type-1, as opposed to type-2 inflammatory reactions. This type-1 inflammatory response

was observed shortly after the onset of egg deposition and was characterised by egg-

specific IFN-y, TNF-a and inducible nitric oxide (1INO) production as well as a rapid
rate of weight loss and ultimately mortality. The granulomas formed around tissue-
deposited eggs in those IL-4 deficient mice were of similar size to control, infected
wild-type mice but hepatic fibrosis was diminished. It was suggested that lesions seen 1n
the gut of the IL4" mice led to bacterial invasion and it was concluded that the
pronounced type-1-mediated inflammatory reactions that developed 1n the absence of
[L-4 in combination with increased systemic endotoxin levels induced a state of
cachexia that led to a rapid mortality. In another study of intected [L4” mice, the

immune response was also biased to a Thl response but the mortality in this study was

less which was attributed to less gut associated pathology (Hoftmann et al, 2000).

Additional studies showed that infected IL-4 deficient mice suffering tfrom increased
mortality rates, had significantly less ex-vivo antigen-specific IL-10 production in
comparison to control infected animals (Brunet et al., 1997). Sher at al., (1991) had
earlier demonstrated that IL-10 was rapidly produced at a time concomitant with egg
deposition and that this cytokine remained elevated into the chronic stages ot disease.
Further studies have implicated IL-10 in regulating inflammatory responses in both
mice and humans. Administration of exogenous IL-10 to infected mice was found to
dramatically decrease the size of granulomas during the acute stages ot disease (Flores-

Villaneuva et al., 1996). Later Wynn et al., (1998) demonstrated that infected [L-10-

[ ]



deficient mice displayed significantly larger circumoval granulomas than control-

infected WT animals. A detailed examination of the immunological characteristics in
these infected IL-10-deficient mice demonstrated that they develop increases in both

type-1 and type-2 immune responses and suffer enhanced mortality (Wynn et al., 1998).

Immune hyporesponsiveness characterizes the chronic stages of many helminth
infections including schistosomiais, and T regulatory (Treg) cells have been implicated
1n this process. The factors controlling Treg as opposed to Thl or Th2 development are
comparatively poorly understood. However, recent studies have implicated TLR2
ligation 1n this process, as schistosome lyso-phosphatidylserine isolated from
schistosome eggs or adult worms was found to condition human DCs via TLR2 to
induce Treg responses (van der Kleij et al., 2002). This might account for the skewing

to IL-10 production and T-cell hyporesponsiveness that i1s seen during chronic

schistosomiasis.

Studies in humans confirmed the role of IL-10 in urinary tract morbidity during S
haematobium 1infection (King et al., 2001). IL-10 (and TNF-a) release from egg-

stimulated PBMC cultures was compared in age and sex matched infected children and

adolescents suffering from moderate to severe bladder wall pathology. A significantly
lower ratio of egg-specific IL-10:TNF-a production from PBMC cultures obtained from
the patients with severe bladder wall pathology, suggesting that low IL-10 and high
TNF-oo can correlate with an increased risk of developing severe disease during

schistosomiasis. A recent study examining the correlates of developing severe fibrosis
in adult male populations living in Uganda who were chronically infected with S.
mansoni, also demonstrated that a deficiency in IL-10 was partly responsible (M. Booth

and D.W. Dunne, cited as a personal communication in Hottfmann et al., (2002)).

In an elegant series of experiments Hoffmann et al (2000) compared the responses of
knock-out mice for either IL-4, IL-10 or both cytokines. Infected, IL.-4-deficient mice
displayed type-1 immune responses but made similar levels of 1L-10 and lived just as

long as infected WT animals, whereas animals deficient in both IL-10 and IL-4 suftfered

100% mortality by week 8 post-infection and showed a strongly polarized Thl

response. Rapid cachexia, abundantly produced IFN-y and TNF-a. elevated
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hepatotoxicity, minimal fibrosis and increased splenic iNO production were all

detectable in the IL-10/IL-4 doubly deficient mice.

Despite the more severe pathology induced by a marked shift towards Thl responses, it
has been demonstrated 1in mice that promoting a Thl response to the egg by immunizing
with egg antigens plus IL-12 can result in lower Th2/Thl cytokine response to eggs
following infection with a resultant reduction in fibrosis and mortality (Wynn, 1995). It has
been suggested that this might form the basis of a defined anti-pathology vaccine but

clearly this 1s a risky strategy in a genetically diverse human population.

1.5.6 Immunopathology following a skewed Th2-immune response:

The above series of experiments (Hoffmann et al, 2000) also included mice strongly
polarised to Th2 responses. Infected animals deficient in both IL-10 and IL-12,
compared to WT mice, produced 10 times the amount of antigen-specific type-2-
associated 1L-4, IL-5 and IL-13 during the acute stages of schistosomiasis. All of the
type-2 polarised, IL-10/IL-12 doubly deficient animals also lost weight at the onset ot
schistosome oviposition (~ 5 weeks post-infection) and over 50% succumbed to death at

12 weeks post-infection. The increased mortality was directly related to overproduction

of the pro-fibrotic cytokines IL-4 (Kovacs, 1991) and IL-13 (Chiaramonte et al., 1999)
as well as to diminished levels of the anti-fibrotic cytokine, IFN-y (Czaja et al., 1989).

This increased ratio of pro-/anti-fibrotic mediators was confirmed by ¢cDNA microarray
analysis and resulted in the deposition of significantly more hepatic collagen 1n the
livers of infected IL-10/IL-12 doubly deficient mice and ultimately death, in a high
proportion of animals (Hoffmann et al., 2000; Hoffmann et al., 2001). From these
investigations a link was made between the development of unregulated type-2 immune

responses and severe, fibrosis-related immunopathology contributing to enhanced

mortality rates during schistosomiasis.

In humans, the vast majority of all schistosome-infected humans do not develop severe
hepatic morbidity, but a minority (2.5-5%) of individuals will develop quite severe
hepatosplenomegaly and immunopathology related to fibrosis. These severely il

dividuals are not necessarily the most heavily infected. but have usually harboured the
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disease for the longest period of time. Ultrasound measurements have confirmed that
the progression of hepatic and periportal fibrosis develops with age. This has been
observed 1n S. japonicum-infected patients where more severe fibrosis was observed in
older individuals as compared to young individuals (Olds et al., 1996). This age/fibrosis
relationship was also confirmed in cross-sectional studies in Uganda and other
investigators® studies in S. mansoni endemic areas (Hoffmann et al.. 2002). These
findings suggest that individuals who go on to develop severe fibrotic-related

hepatosplenomegaly later in life are a subgroup of the infected population that fail to

resolve their initial low-grade hepatic lesions.

In an analysis of pedigrees in the Sudan, in an area where S mansoni is endemic.
Dessein and colleagues found that severe hepatic fibrosis (as identified by ultrasound)
was more likely to occur in certain families (Dessein et al., 1999). A codominant major
gene, known as SMZ2, was shown by segregation analysis to be responsible for the
observed familial distribution of hepatic fibrosis and portal hypertension. ‘Informative’

families, which had multiple cases of severe fibrosis, were used to map SM2 to 6q22-

q23 — a region that contains the gene that encodes IFN-y receptor 1 (IFN-yR1) (Dessein
et al., 1999). One interpretation of these data is that mutations in IFN-yR1 that lead to
loss of function of the receptor are associated with a lack of effectiveness of IFN-y in

suppressing fibrogenesis. As IFN-y 1s a potent anti-fibrotic cytokine (Czaja et al., 1989),
segregation of 6q22-q23 among severely fibrotic individuals suggests that these infected

people cannot counter-regulate the pro-fibrotic activities of IL-4 and IL-13.

A more recent study carried out in Uganda 1s reported to provide firm evidence linking
high IL-4 and IL-13 levels with chronically infected adult male and female individuals,
respectively, suffering from severe fibrosis (M. Booth and D.W. Dunne, cited as a

personal communication in Hoffmann et al., (2002)). The combination of defective

[FN-y signalling with improperly balanced type-2 cytokine regulation leads to an
environment suitable for collagen synthesis. hepatic and periportal fibrosis, and elevated
morbidity and mortality. From existing evidence, this type of immunopathology
becomes manifested fully only after years of exposure to schistosome parasites and/or

abnormal host responses, which may be more often observed during the chronic stages

of disease.
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[n summary this balanced Th2 granulomatous response to the egg is host protective despite

Inducing immunopathology, but a shift in the balance in either the Thl or Th2 direction

can cause even more severe disease.

1.6 The Control of Schistosomiasis:

Major factors associated with the spread and intensification of schistosomiasis are its
links with water development projects, particularly construction of dams, man-made
lakes and irrigation schemes, since these are often sites of population immigrations for
farming and fishing. Control of schistosomiasis has been attempted for many years, and
has usually been based on a mixture of measures directed against the snail hosts and
chemotherapeutic treatment of man, together with environmental management and
public health measures. However, in many developing countries the use of these methods
and their integration within suitable control programmes is limited by economic

constraints, and chemotherapy remains the mainstay of schistosomiasis control (Savioli et

al., 2004).

Although Oxarnnjquine 1s still used 1n some areas for the treatment of S. mansoni and
Metrifonate for the treatment of S. haematobium, Praziquantel, the major drug of choice, is
able to eliminate all species of schistosome infections. Thus, the main problem with
control programmes which rely upon chemotherapy 1s the cost. Although Praziquantel is a
comparatively cheap drug, in areas of high transmission a high rate of reinfection after
chemotherapeutic cure among young children means that re-treatment 1s often required at
frequent intervals, thus, long-term funding needed for such control programmes can be
difficult to sustain (Dunne et al., 1995). Added to this 1s the growing concern regarding the
possible development of drug resistance which has been shown for Oxamniquine in South

America (Coles et al., 1986) and experimentally in mice with praziquantel (Fallon and

Doenhott, 1994).

While highly effective drugs are available for treatment, schistosome parasites continue
to cause significant morbidity and mortality in the human population. This 1s due in part
to the failure of previously infected individuals to develop resistance against the parasite

until the mid teenage years. A major focus of schistosomiasis research 1s to develop an
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effective anti-schistosome vaccine that will be effective in children and so significantly
reduce the incidence of severe disease. With this aim in view there have been extensive
studies into the nature of the immune response to schistosomes in both humans and
experimental animals. In addition numerous parasite antigens have been identified as
potential vaccine candidates (Bergquist and Colley, 1998). In the following sections the
evidence for naturally occurring immunity in man and for immunity in experimental

animals 1s considered along with the current understanding of the status of vaccine

development.

1.7 Immunity in Humans:

I'wo groups of individuals have been identified as manifesting immunity to
schistosomiasis 1nfection in the field. Those that are demonstrably resistant to
reinfection after chemotherapeutic treatment of existing infections, and those that
appear to have developed natural resistance to infection named ‘Endemic Normals’
(EN). The former differ from the EN in that they harbour infections of some level of
intensity but their level of resistance to reinfection with schistosomes prior to treatment
cannot be determined. Most work has been done on resistance after chemotherapy but

reference will be made where relevant to the studies of ENs.

1.7.1 Age-intensity patterns:

In infected populations resident in schistosomiasis endemic areas, children carry the

heaviest parasite burdens (Fisher, 1934). As measured by the increase in egg output

(which indicates a build up in the number of established adult worms) intection
intensities rise in early childhood, peak around the age of 12 years, and then rapidly
decline (Mutapi, 2001). It was originally thought that this was entirely due to the fact
that children, on average, tend to have more water contact than either adults or the very
young (Warren, 1973). However, alternative possibilities were that adults may have
lower innate susceptibility, or enhanced protective immunity either due to long-term
exposure to infection or to an age-dependent ability to develop appropriate immune
responses to infection (Butterworth, 1990). More recent studies of populations in which
the infection had been recently introduced (reviewed by Gryseels, 1994) demonstrate

that similar age-intensity profiles develop relatively soon after the start ot exposure
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Indicating that it 1s age per se more than duration of exposure that is responsible for the

lower infection intensities in the adults (Polman et al., 1995; van Dam et al.. 1996).

1.7.2 Resistance after chemotherapy:

In order to investigate the relative importance of water contact and immunity several
important studies have been conducted in which infected people of different ages were
chemotherapeutically cured and their reinfection rates monitored along with their level

of water contact. In this way water contact could be controlled for.

Such studies on S. mansoni in Kenya (Butterworth ef al., 1984; Butterworth et al., 1985)
1dentified a group of children classed as resistant because they had high water contact but
low rates of reinfection and a group of susceptible children which become heavily
reinfected following treatment. Comparison of the data for these two cohorts demonstrated
that the average age of the resistant group was 13 and that of the susceptible 11 which
indicated the operation of age dependent factors that prevent reinfection. Demeure et al.
(1993) took a similar approach and concluded that although water contact was a major

factor in intensity of infection 1t could not explain the patterns adequately.

Fulford et al., (1996) looked at data from a number of studies and showed that the peak
in intensity of re-infection occurred at a very consistent age followed by a sharp decline.
The data on water contact for several areas showed generally higher contact for the
younger age groups but the distribution was much more spread and clearly did not
mirror the age intensity pattern. Furthermore, in a study of a fishing community in
Uganda, the pattern of observed contact with water known to contain infected snails was
greater in adults than in children (Fulford et al., 1996). Despite this, six months after
treatment, the Ugandan community showed a peak of reinfection intensity at about ten
years of age, which fell away to a much lower level by the age ot twenty (Kabateriene et
al.,1999). In a recent study by Scott et al., (2003), of 5 recently infected villages in
northern Senegal there was evidence that a person’s age, sex and place of residence

determines water contact behaviour, but none to suggest that exposure has an influence

on the relationship between these factors and intensity of infection.
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So overall water contact 1s obviously a major influence on infection intensity especially

in the young but other factors also play a major role among which immunity has been

proposed to play a role (Butterworth et al., 1992).

1.7.3 Immune Mechanisms involved in immunity in vivo:

1.7.3.1 Humoral responses:

A study of S. haematobium infection in Gambia first demonstrated that the level of IgE
antibodies, mainly against adult worms, increased progressively with the age of the
patient and so was related to resistance to reinfection after chemotherapy in that specific
[gE was high 1n the adults and low in the children (Hagan et al., 1991). The levels of
IgE alone however could not explain the pattern of reinfection intensity but when IgG4
and IgE were considered together a better correlation was seen. IgG4 also increased
with age up to late childhood but then declined in the teenage children. The lowered
reinfection intensity correlated with high IgE but lowered [gG4 and 1t has been
suggested that the IgG4 might act to block a protective action of IgE (perhaps involving
ADCC/blocking antibodies against the larval stages — see section 1.7.6.). So 1t 1s when
the IgG4 production declines that the protective effect of IgE appears. The intluence of
IgE and the reciprocal effect of IgG4 in immunity to S. mansoni reintection has also

been reported in several independent investigations carried out in Africa and Brazil

(Dunne et al., 1992a and 1992b; Demeure et al., 1993; Rihet et al., 1991; Caldas et al..
2000).

The influence of age itself rather than duration of infection on specitic IgE levels was
studied in a population of very recent immigrants to an endemic area in Kenya (Naus et
al.. 1999) and it was concluded that the development of such IgE was dependent on age
but also influenced by the intensity of infection. The way in which antibody 1sotypes are
affected by age and exposure was also investigated by Naus et al.. (2003). They
analysed the specific antibody 1sotype responses (IgA, IgGl, IgG2, 1gG3, IgG4. IgE,
[gM) against S. mansoni worm and egg antigens in relation to age, sex and faecal egg-
count, in a Ugandan community where adults are heavily exposed to infection through

the fishing economy, but where infection intensity. as measured by egg counts, is higher
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In males across all ages. Even though the duration of water contact on a daily basis is
similar in the 2 sexes, they are involved in different activities that may carry different
risks of infection (Kabateriene et al., 1999). Using statistical analysis, Naus et al. (2003)
showed that 1n both sexes within this fishing Ugandan community most anti-S. mansoni
worm antigen responses (anti-SWA) increased with age, whereas anti-SEA (anti-S.
mansoni egg antigens) decreased with age, especially after puberty. IgG1, 1gG4, IgE
ant1-S.mansoni worm antigen and [1gG4 anti- S. mansoni egg antigen responses were
independently higher 1n males, whereas IgG2-SEA responses were independently
higher in females. The significant effects of sex on isotype responses to adult worm
antigens may be partly because of different levels of cumulative exposure. The fishing
activities of males may expose them to more cercariae than females over a period of
years, and thus the cumulative exposure to schistosome antigens may vary substantially

between the sexes (Naus et al., 2003).

1.7.3.2 Which antigens are recognised by “‘protective” antibodies?

There has been interest in trying to identify which antigens may be preterentially
recognised by putatively protective antibody isotypes. IgE responses to a 22.6kDa adult
worm antigen has been identified as correlating with immune status (Dunne et al., 1997,
Webster et al., 1996). Although there is a focus on IgE as a potentially important
effector isotype in immunity in humans there is data implicating other antibody types.
[nvestigations in Kenya and Senegal have shown an association between IgA anti-
Sm28GST and the age-dependent decrease in egg excretion in infected individuals
(Grzych et al., 1993). Also, resistance to reinfection with S. mansoni has been
associated with higher levels of IgG reactivity to a 37 kDa larval surface antigen
(Dessein et al., 1988). These observations suggest that expression of immunity 1s not

simply determined by the balance ot IgE and IgG4, but might include the participation

of other mechanisms.

Antibody class switching to IgE is controlled by IL-4, a key cytokine and marker of Th2
responses (Janeway et al., 2001) and so the identification of IgE as a possible mediator

of resistance after chemotherapy in humans focuses attention on the Th2 component of

the immune response.
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1.7.4 Other evidence for Th2-mediated effector functions in resistance after

chemotherapy:

1.7.4.1 IL-5 correlates with resistance to reinfection:

A longitudinal study of cellular responses of infected individuals in Kenya before and
after treatment showed a clear negative association between the proliferative responses
to adult worm- and schistosomulum-stage antigens and subsequent reinfection intensity
in older individuals (the resistant group), who also had significantly higher levels of IL-
S 1n tissue culture supernatants of in vitro-stimulated cells than did younger individuals
(the susceptible group) (Roberts et al., 1993). IL-5 1s produced by Th2 cells and as it 1s
responsible for eosinophil production/action this suggested a role for eosinophils 1n
human immunity in vivo. In fact earlier studies had suggested that resistance to S.

haematobium in humans was related to high eosinophil counts (Hagan et al., 1985).

1.7.4.2 Genetically “resistant’” individuals make high Th2 responses:

The acquired immune responses that have been associated with resistance to reintection
after chemotherapy are all of the Th2 type, characterized by high secretion of IL-4, 1L-5
and IgE and high numbers of eosinophils (Roberts et al, 1993; Medhat et al., 1998;
Hagan et al., 1991; Dunne et al., 1992a; Rihet et al., 1991; Hagan et al., 1985).This
conclusion is supported by genetic studies that demonstrated, by segregation analysis,
that a major gene (SM1), which regulates the ‘intensity of infection” phenotype. can be
linked to a gene region located on chromosome > (5q31-q33), which encodes IL-4, IL-
5. IL-9 and IL-13 cytokines involved inTh2 responses (Abel et al., 1991; Marquet et al.,
1996). Most strikingly schistosome antigen-specific T cell clones derived from
homozygous resistant individuals produced 10-1000 fold higher levels of IL-4 and IL-5
compared with clones from homozygous susceptible individuals but comparable levels
of IFN-y (Rodrigues et al., 1999). This clearly implicates Th2 responsiveness controlled

by the SMI gene in natural resistance to schistosomes even 1n the absence of any

treatment induced responses.
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Apart from this clear polymorphism in relation to Th2 responsiveness there have been
other studies implicating genetic diversity in relation to recognition of specific
schistosome antigens. Studies in Brazilians and Kenyans infected with S. mansoni have
suggested that there 1s some genetic restriction with regards to the ability of the host to
recognize ditferent epitopes, to mount a specific immune response and to produce an
isotype profile against the same antigen. Thus, Bethony et al., (1999) studying S
mansoni egg positive siblings from different families demonstrated that there was
significant familial resemblance for all IgG subclasses and IgE levels directed against
adult-stage antigens (Smp20.8 and SmpS50). Amongst both egg positive and egg
negative siblings only IgE and IgG4 isotypes showed familial resemblance to an egg-
stage antigen (Smp40). In Kenya, anti-schistosome IgE responses were restricted to
only a tew people whose immune system recognized a limited repertoire of antigens
(Dunne et al., 1992b). Although no genetic basis has been established for the Kenyan

results, they are still consistent with at least some genetic restriction of host immuno-

competence and antigen recognition.

1.7.5 Immune Mechanisms demonstrated in vitro:

1.7.5.1 Eosinophil / IgE-mediated ADCC:

Studies performed in vitro have demonstrated that human ettector cells: eosmophils,
macrophages and platelets are able to kill freshly transformed schistosomula in the
presence of complement and / or antibody (Butterworth et al., 1975; Joseph et al., 1983;
Joseph et al., 1985). Regarding antibody-mediated cellular cytoxicity both the IgG (Anwar
et al., 1979) and IgE (Capron et al., 1984) fractions of human infection sera have been

shown to be capable of opsonising the schistosomula for killing but Igk/eosinophils is a

particularly potent combination (Dunne et al., 1993).

1.7.6 Blocking antibodies:

Using blood samples taken from children deemed either resistant or susceptible to
reinfection, Butterworth ef al., (1985) examined the antibody response to the
schistosomula, adult and egg stages of the parasite as well as measuring eosinophilia. No

positive correlation between resistance and the levels of antibody or number of eosinophils




was detected but negative correlations were observed between the levels of antibody raised
against the egg stages and resistance to reinfection (Butterworth ef al., 1987) and it is now
suggested that the development of human immunity requires the down regulation of

antibodies which are capable of preventing the cytotoxic action of others i.e. blocking

antibodies.

The existence of antibodies able to block in vitro ADCC were initially described by
Grzych et al., (1982, 1984) using monoclonal rat IgG2a, which had Fc receptors on
eosinophils and IgG2¢ which did not. Monoclonal antibodies of the IgM isotype which are
able to block in vitro killing of schistosomula by immune human serum and eosinophils
have also been described (Dunne er al., 1987). Evidence that blocking antibodies are raised
during a natural infection of humans was provided by Khalife et al. (1986) who
demonstrated that the in vitro killing of schistosomula by the IgG fraction of sera taken
from infected individuals was abolished by prior incubation of the larvae with the [gM
fraction. The levels of IgG2 in human sera have also been shown to correlate negatively
with resistance to reinfection (Dunne et al., 1987; Demeure et al., 1993). As [gG2 like
[gM, 1s raised 1n response to carbohydrate epitopes it has been suggested that antibodies
raised against carbohydrate epitopes on the egg prevent the binding of effector antibodies
directed at cross reactive epitopes upon the surface of the schistosomula and may in part
account for the lack of immunity seen in younger children (Khalife et al., 1986; Dunne et
al., 1987).

The killing of schistosomula with eosinophils and IgE 1s not affected by prior incubation
with IgM (Khalife et al., 1986) and suggests that IgE recognises difterent epitopes to these
blocking antibodies. However, as discussed above there 1s an in vivo correlation between
resistance and a high IgE response coupled with a low IgG4. It has therefore been
suggested that the onset of immunity may represent an immunoglobulin class switch which
is caused by the involvement of different T cell cytokines (Hagan et al., 1991). Like the
[eM and IgG2 isotypes which block the IgG cytotoxic killing of the schistosomula, IgG4
may block IgE mediated larval killing. Although the target antigens for any such ADCC
operating in vivo are not known, IgG4 levels in serum of infected Kenyan

schoolchildren against the recombinant glutathione-S-transterase (GST) of S. mansoni

were found to be significantly greater in the susceptible group than in the resistant

eroup (Auriault et al., 1990).
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1.7.7 Why does intensity of infection/intensity of reinfection after treatment peak

In early teens and then rapidly decline?

1.7.7.1_The influence of puberty:

In the studies of resistance to reinfection following treatment reviewed by Fulford et al.
(1998), marked declines in reinfection rate occurred at a very consistent and narrow age

range corresponding to the age of puberty. It is suggested (Fultord et al., 1998) that a
number of physiological non-immunological responses could account for the
ditferences in susceptibility between children and adults such as changes in skin-
thickness, body fat, size of the animal, and circulating schistosomicidal factors. In
addition steroid hormones such as dehydroepiandrosterone (DHEA) which rise during
puberty and have been implicated in immune responsiveness, might be involved in
development of the protective anti-schistosome immune response. In mice, the age-
associated hormonal factors, such as testosterone and DHEA have also been implicated
as putative schistosomicidal compounds (Nakazawa et al., 1997; Fallon et al.. 1998). It
has been recently reported that testosterone is directly toxic to larval schistosomes i
vitro (Fantappie et al., 1999). It was shown in earlier studies that even juvenile mice, as

well as hamsters, are more susceptible than adult animals to schistosome infection

(Purnell et al., 1966).

1.7.7.2 History of infection:

[t has also been proposed that acquired immunity develops as a function of cumulative
exposure (duration and frequency) to parasite antigens (Woolhouse & Hagan, 1999).
There have been several studies on the influence of infection history on immune
responses before treatment (Butterworth et al., 1988; Mutapi et al., 1997). It was
reported that acquired immunity develops quicker in exposed individuals in areas of
high-transmission than in those areas of lower transmission because the population is
exposed to a higher level and a greater diversity of antigens in a high transmission area
(Mutapt et al., 1997). From studies performed in Zimbabwe, Mutapi et al., (1997)
showed that the humoral responses also develop quicker and reaches higher levels in

areas of intense transmission compared with those in areas of low transmission.



Inspite of this evidence of a relationship between exposure and development of
resistance, the fact that the age of peak intensity does not vary much (Fulford et al.
1996) and the fact that similar age-intensity profiles become established in newly

established foci (Gryseels, 1994) emphasise the overriding importance of age per se in

relation to development of resistance.

1.7.8 Does treatment induce/enhance immunity in humans?

In recent years 1t has been suggested that, in the treatment/reinfection studies. rather
than simply removing the worms to allow assessment of pre-existing resistant
(putatively immune) status, the drug-induced killing of the worms in vivo resulted in

antigen release and so served to boost and/or alter the immune response in a way that

might enhance immunity.

1.7.8.1 Antibody responses:

A recent study of anti-schistosome Ab responses in Zimbabwean children treated with
either Praziquantel (PZQ) or Oxamniquine (OXAM) by Mutap1 et al., (2003)
demonstrated a significant increase in the proportion producing anti-S.mansoni SEA

[gA, IgE and IgG3 post treatment while the proportion producing IgGl and IgG4

decreased.

There are also significant differences in the type of immune responses in children and
adults following chemotherapy (Grogan et al.,, 1996). Two studies that compared
children with adult immune responses showed that the immune response profile in
treated children was similar to that in untreated adults (Grogan et al., 1996; Mutap: et
al., 1998). For example, in Gabonese children (5-10 years old) infected with S.
haematobium, the levels of IgE and IgG4 antibodies against (adult worm antigen and
soluble egg antigen) schistosomes increased significantly following treatment - 1n
contrast to the adult immune responses, which remained unchanged (Grogan et al..
1996). In Zimbabweans infected with S. haematobium, children produced a
predominant IgA response betore chemotherapy. Following treatment. all children
switched from IgA to IgG1 (production against egg and worm antigens (Mutapi et al..

1998). Hence, their post-treatment Ab profile became similar to that of untreated adults.
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Earlier studies on the interaction ot PZQ with schistosomes reported modifications in
the cell proliferative responses (Ottesen et al., 1978). These modifications have been

reported to remain for >1 year (Naus et al., 1998; Satti et al., 1996) and confer some

resistance to re-infection (Dunne et al., 1992a; Roberts et al., 1993).

1.7.8.2 Cellular responses:

In a re-infection study by Mduluza et al. (2003), an attempt was made to show the
cytokine profiles that appear before treatment and the change in the period following
treatment with PZQ. Cytokine profiles were compared, in this study, of individuals from
two areas with difterent transmission patterns for Schistosoma haematobium 1n
Zimbabwe. Before treatment, both infected and uninfected groups showed low and
similar ratios, respectively, of IL-4:IFN-y, IL-5:IFN-y and IL-10:IFN-y, while IFN-y
was high 1n the infected individuals. After treatment the non re-infected individuals had
higher levels of IL-4, IL-5 and IL-10, while the infected had high levels of IFN-y. The
results indicated that the cytokine balance determines, in part, susceptibility or
resistance to S. haematobium infection with Th-1 responses dominating during infection

and the Th2 responses dominating post treatment and 1n uninfected individuals.

Suggestions about how the treatment might affect the immune response include
increased antigen release and reduction in immunosuppression by loss of antigen
stimulation. Praziquantel (PZQ) treatment has been shown to damage the adult
schistosome tegument (Andrews, 1985). This treatment also <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>