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Abstract
A recombinant antigen vaccine against Schistosoma mansoni remains elusive, in part because the
parasite deploys complex defensive and offensive strategies to combat immune attack.
Nevertheless, research on rodent and primate models has shown that schistosomes can be defeated
when appropriate responses are elicited. Acquired protection appears to involve protracted
inhibition of larval migration or key molecular processes at the adult surfaces, not rapid cytolytic
killing mechanisms. A successful vaccine will likely require a cocktail of antigens rather than a
single recombinant protein. In addition, ways need to be found of keeping the immune system on
permanent alert, either to achieve adequate inhibition of protein function in adults, or because a
trickle of incoming parasites does not amplify the secondary response.

Schistosomes are survivors
That schistosomes persist for years in the potentially hostile environment of the human
bloodstream means they must protect themselves from immune attack and/or actively
intervene to render host responses ineffective. This is akin to medieval warfare, with the
vaccinologist looking for a chink in the parasite’s armour. During childhood, both the rising
intensity of infection and re-infection after chemotherapy [1] indicate that the parasites have
the upper hand. They can successfully establish and mature, with the deposition of eggs in
the tissues initiating pathogenesis and morbidity. After puberty, infection intensity and re-
infection rate are muted, suggesting that a more successful counter-attack is mounted against
incoming larvae. However, a clearly defined mechanism of immunity in humans has proved
difficult to pinpoint [2]. IgE responses to a group of calcium-binding proteins [3] in the
tegument cytosol [4] provide the best correlate of reduced susceptibility in adults, but these
appear to result from the death of worms over an extended period [5]. The dominance of
immune responses to the egg, which shares highly immunogenic and abundant house-
keeping proteins with larvae and adult worms [6], makes more subtle protective responses
hard to identify. Given the paucity of feasible leads from studies on human immunity that
could inform vaccine development, we here consider the passive and active defences
deployed by schistosomes and review the alternative evidence from animal models that
schistosomes can be defeated by immunological attack.
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The shield and the sword
The infective schistosome undergoes a programmed sequence of adaptive developmental
changes during its migration from the skin to the portal system (Box 1), which provide
distinct opportunities for interaction with the immune system. Current research is
illuminating the complexity of both the defensive (i.e. ‘shield’) and offensive (i.e. ‘sword’)
strategies that the parasite deploys.

The external shield
By any criteria, both larval and adult worms in the bloodstream, covered by a syncytial layer
of cytoplasm, bathed in antibodies and plasma proteins, and exposed to passing leukocytes,
ought to be vulnerable to immune attack. The properties of the parasite’s ‘external’ surfaces
that endow it with the ability to evade host responses are summarized in Box 2. In the case
of the tegument, the composition and properties of the membranocalyx are crucial in
shielding the underlying plasma membrane, so it follows that this layer should possess few
exposed proteins to be recognised by the immune system [7]. The coating of host
erythrocyte blood group antigens, most likely held in the membranocalyx by a glycolipid
anchor, could have a protective role in masking parasite proteins, a conjecture that has
proved difficult to confirm by experimentation [8]. By inference, hydrophilic pores should
exist in the membranocalyx to permit access of solutes and substrates to the transporters and
enzymes in the underlying plasma membrane [4, 9, 10]. Whether the shield is a perfect
defence or can be penetrated by antibodies and complement may depend upon the precise
disposition of proteins in the different levels of the surface complex.

The gut epithelium of the parasite (Box 2) is equally exposed to plasma constituents and
leukocytes, so, theoretically, represents a target for immune attack. It has tacitly been
assumed that host proteins are rapidly digested and leukocytes lysed in the acidic hydrolytic
environment of the gut lumen. However, this does not appear to have been tested by reacting
blood constituents with worm gut contents. Owing to the location of the oesophageal glands
(Box 2), their secretions may also serve a protective role by denaturing antibodies and
complement factors as they are ingested.

The internal shield
Host phagocytes are capable of generating toxic oxygen- and nitrogen-based compounds
with the potential to damage and kill schistosome larvae and adults. It was shown 20 years
ago that, whereas newly transformed schistosomula were vulnerable, later stages were much
less susceptible to in vitro killing by products of the oxidative burst [11]. This was attributed
to the presence of antioxidant proteins, levels of which increased progressively as the
intravascular parasites developed [12] [13]. The sequencing of the schistosome
transcriptome and genome affords us a clearer idea of the range of antioxidant activities that
schistosomes possess. The high-level expression of such proteins within the tegument and
gut epithelium [13] implicates them as a first line of defence, providing an internal interface
against immune attack.

Superoxide, the main cause of oxidative stress, reacts with parasite tissues to produce
hydroxyl radicals, and initiates the peroxidation of polyunsaturated fatty acids. Schistosomes
possess four superoxide dismutases [14] to disarm this threat, and three peroxiredoxins to
reduce hydrogen peroxide [15]. Indeed, the parasite redox balance appears skewed towards
the maintenance of a reducing environment, primed against oxidative attack. This is
achieved by a unique multifunctional protein, thioredoxin glutathione reductase, which
keeps the electron donors glutathione and the protein thioredoxin in the reduced state [16].
To repair oxidative damage, schistosomes also possess several glutathione-S-transferases
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and glutathione peroxidases that, among other functions, can salvage lipids by conjugating
their hydroperoxides to glutathione [17]. The effectiveness of the internal interface in
protecting the parasite is apparent from the lack of reports of dead schistosomes either in situ
or ex vivo.

The sword
Recent research indicates that schistosomes do not just adopt a defensive posture but can
also fight back. For example, cercarial penetration into host skin appears to elicit
inflammation, which is regulated to the benefit the parasite [18]. Proteomic analysis is
turning up a variety of novel proteins, both in larval secretions and expressed on the
tegument surface, that may constitute the parasites’ arsenal.

Counterattack by immunomodulation?
Sm16, a cercaria-specific protein [19] with similarities to the human microtubule regulator
stathmin [20], has been ascribed anti-inflammatory properties [21], implying that invading
parasites use it to modify host responses in the skin. However, doubt has been cast on this
function [22] and, instead, a pro-apoptotic action after endocytosis by host cells suggested; it
has recently been shown that Sm16 can inhibit Toll-like receptor signalling by human
leukocytes in vitro [23]. Other intriguing proteins are released by the cercaria as it
transforms into the schistosomulum, including SmKK7 [19] that has homology to
potassium-channel blockers in scorpion venom. Such proteins can inhibit human T-cell
activation by interfering with the calcium influx, and the schistosome protein shows similar
properties in preliminary experiments (G.P. Dillon, pers. commun.). Cercariae also secrete
three sperm coat-domain proteins (SCPa, b and c) [19] that are members of a large family of
wasp venom homologues [24]. Diverse functions have been ascribed to this class of
proteins, most notably from a study of a homologue in the hookworm Necator [25], where
the three-dimensional structure points to similarities with host chemokines, suggesting a
propensity to modify dermal immunity. Finally, a microarray analysis of transcripts highly
expressed in the lung-stage schistosomulum has identified another SCP protein (SPCd) and
Antigen 5 [26]; Antigen 5 has immunomodulatory properties in infections by the tapeworm
Echinococcus [27]; whole-mount in situ hybridisation shows expression of this gene in the
rudimentary gut [28], possibly indicating that the migrating larva is also able to manipulate
host responses. Indeed, recent phylogenetic research has revealed structural similarities
between Antigen 5 and the venoms of various animal species [29].

Subversion of immune attack on the parasite surface?
Recent proteomic analyses have confirmed that antibodies of several isotypes are associated
with the adult parasite surface [4, 9, 10]. Complement factors C3 and C4 have also been
identified, but failure to find C5 to C9 (the elements of the culminating membrane attack
complex [MAC]), suggests that the cascade is inhibited at an intermediate step by parasite or
acquired host factors. It is also surprising that the antibodies and complement factors do not
trigger leukocyte adherence to parasites in blood vessels, although the margination of
leukocytes to the endothelium in proximity to the intravascular parasite confirms that the
host does recognise its presence [30].

There is some evidence that the host’s complement defence mechanisms may be turned
against it to protect the parasite. The regulatory protein known as decay accelerating factor
(DAF) that protects host cells by blocking formation of MAC, has been detected on the
tegument by immunocytochemistry [31]. Furthermore, proteomic analysis of the tegument
membranes [9] has revealed the analogous murine complement-receptor-related protein y
(Crry) [32]. The complement alpha chain C3c/C3dg fragment has also been identified,
implying covalent linkage of C3 to tegument proteins but subsequent inactivation by
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proteolysis [10]. Perhaps the most exciting observation in the complement context is the
discovery in the schistosome genome of six homologues of human CD59 (which is a potent
inhibitor of the MAC), and the identification of four of them at the tegument surface by
proteomics (S. Braschi and W. Borges, pers. commun.). This group of proteins shows 20–
30% identity with the human counterpart, rising to >40% if conservative amino acid
substitutions are included, and displays the consensus CCXXXCN sequence at the C
terminus. These CD59 homologues appear to be better candidates for complement inhibition
at the tegument surface than schistosome complement inhibitory protein 1 (SCIP-1) [33],
later identified as paramyosin [34], which has not been found in the tegument membrane
proteome [7–9].

A schistosome integrin has been identified in the tegument surface, with homology to
human T-cell immunomodulatory protein (TIP) that affects cytokine secretion by T cells and
has a protective effect in a murine model of acute graft-versus-host disease [35]. Finally,
several unique schistosome proteins (Sm200, Sm29, Sm25, Sm14) of unknown function but
possible external location [10] should not be neglected as potential subverting agents. We
emphasise that the above proteins were all annotated on the basis of their homology with
known or conjectured inhibitory molecules, but functional evidence is required to confirm a
role in immune subversion. The obvious way to tackle questions about protein function
would be targeted gene disruption. Unfortunately, in spite of initial optimism, RNA
interference in schistosomes has not become a routine and reproducible technique, and
germ-line disruption remains elusive [36].

Are there chinks in the parasite’s armour?
We believe there are three animal models where chinks in the schistosomes’ armour are
successfully exploited by an acquired immune response to eliminate the parasite. There
could be other points of vulnerability, but no model has so far identified them. Most is
known about the radiation-attenuated (RA) cercaria vaccine in mice (Box 3) and primates
(reviewed in Ref. [37]). After the murine immune system has been primed by a single
exposure to the vaccine, a large fraction of incoming challenge larvae is eliminated relative
to non-vaccinated controls. Multiple exposures are essential to elicit protection in the
baboon (up to 86% reduction in worm burden relative to controls), the level achieved being
proportional to the number of vaccinations [38]. Protection in the baboon diminished from
72% to 53%, in parallel with antibody titre (Figure 1), when the interval between the last
vaccination and challenge was extended from three to 12 weeks. By contrast, it did not
diminish in mice for at least 15 weeks [39]. However, the level of protection elicited in
baboons is not affected when the vaccine is superimposed on, or given after, drug treatment
of a chronic infection [40]. This means that the dominant response to egg antigens does not
prevent immune priming for protection, in spite of the extent of shared glycan structures
between egg and cercarial secretions [41]. The relevance of the RA vaccine model to
humans has been demonstrated by the successful induction of protection in chimpanzees
[42], but the experiment also suggested that anti-glycan responses were a diversionary tactic
[43], and in no way protective. The baboon and mouse studies have reinforced this
conclusion [44].

There is evidence from one laboratory host, the brown rat, that the pre-adult liver worm is
also vulnerable to attack. Here, the initial infection primes the immune system in a highly
idiosyncratic way so that the worms are rapidly eliminated around 28 days post infection,
while resident in the hepatic portal distributaries of the liver. Finally, recent work in the
rhesus macaque has revealed that even adult worms can be targeted for immune-mediated
elimination [45]. An infection proceeds normally, eggs are produced and egg excretion
commences, but subsequently, over a protracted period, egg excretion falls to zero and
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worms are eliminated in a self-cure process by a mechanism quite distinct from that in the
brown rat. The timing and extent of worm deterioration varies with the individual rhesus
macaque, being first detectable in rapid responders around 12 weeks and it may take 4–6
weeks for worms to succumb.

What are the secrets of success?
The RA vaccine in mice and primates

In the wild-type mouse given a single vaccination with irradiated cercariae, the lung-stage
parasite is the pre-eminent target of the effector response, not via an acute lethal cytotoxic
attack but, rather, by slow strangulation (Box 3). Why should this life cycle stage be
vulnerable? On first pass through the lungs, it represents a stationary or slow-moving target
(Box 1) that gives time for a cell-mediated response to develop (Box 3). From the
dependence of the effector response on CD4+ T cells, it can be inferred that the relevant
antigens are surface-exposed or secreted. Furthermore, the intimate contact between the
parasite tegument and capillary endothelium would permit adhesion interactions, as well as
transcytosis of antigen to interstitial spaces. The fact that the parasite is in a confined space
should limit diffusion of secretions, so contributing to the focal nature of the response.
Where antibody is the major component of the protective mechanism, the timing of
successful passive transfer of serum again suggests that the lung-stage parasite is the target
[46]. If the action of antibodies to opsonise or fix complement is ruled out as the likely
effector mechanism by earlier experiments (Box 3), this leaves their neutralising activity
against proteins essential for physiological maintenance or onward migration. Sm29 is one
such candidate, recently demonstrated on the lung schistosomulum surface, and giving good
protection in vaccination experiments [47].

Compared with mice, primates are a ‘black box’ in terms of effector responses. We infer that
the target is a pre-adult stage because challenge parasites are eliminated before they begin
egg laying [38] – cf. the rhesus macaque [45]. As for mechanism, in both chimpanzees and
baboons, the progressively rising antibody titre with each vaccination [38, 42] implicates
IgG. This inference is reinforced by the inverse correlation between a baboon’s titre at
challenge and its worm burden at perfusion [38, 48]. In addition to lung-stage antigens,
secretions from acetabular and head glands during skin invasion might serve as targets for
antibody-mediated protection. However, their diffusion away from the parasite through the
skin matrix could reduce their potential because neither antibodies nor cells would be
focused on the larva, except when it is penetrating a blood vessel wall.

Self cure in the rat
Although it has been suggested that worm elimination in the rat results from a nutritional
deficiency, its delayed occurrence in immunologically compromised animals implicates an
immune effector response [49]. Worm death is preceded by two events: rising levels of
schistosome-specific IgE in the circulation [49] and the recruitment of mucosal-type mast
cells to the peri-portal hepatic tissues [50]. The appearance of specific proteases in the blood
as early as Day 14 is evidence for mast cell degranulation. These sequelae appear to be
unique to the brown rat (Rattus norvegicus), not occurring in the black rat (R. rattus), where
an infection becomes patent [51], nor the laboratory mouse where hepatic mastocytosis is
absent [50]. (The explanation may lie in the brown rat’s predisposition to mount allergic
responses [52].)

Worms located in the portal vessel lumen will encounter both pre-synthesised and de-novo
products of antigen-stimulated mast cells. These could inflict direct damage (e.g. the mast
cell proteases), but a potential effect of the biogenic amines (histamine and serotonin) is
more intriguing. Schistosomes possess a histamine receptor [53] and at least three serotonin
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receptor homologues (www.GeneDB.org) that could mediate hyperstimulation, potentially
via the nervous system, leading to exhaustion and death. An effect of the products
synthesised de-novo, such as prostaglandins and leucotrienes should also not be ignored.
Western blotting has revealed the principal targets of the rat IgE as proteins of 67 and 36–38
kDa in adult worm homogenates, the 67 kDa protein is possibly gut-derived, whereas glycan
epitopes could be responsible for the activity of the 36–38 kDa protein [49]. Once animals
have been sensitised by the primary infection they are strongly resistant to a challenge [54].

Self cure in the rhesus macaque
Rhesus macaques show a wide variation in responsiveness to a primary schistosome
infection, perhaps a reflection of their outbred status. A notable feature of the only recent
study [45] was the strong association between the timing and intensity of IgG production
and adult worm deterioration. There was no evidence for an acute antibody-mediated lethal
hit; instead the mechanism appeared to involve sustained immunological pressure over a
period of weeks to months. This was manifested as a sequence of degenerative changes in
the worms, involving cessation of feeding, starvation and ultimately organ failure. These
conclusions were reinforced by the retarded growth of blood feeding worms during in vitro
culture with rapid-responder serum versus slow-responder or naïve rhesus serum. Earlier
studies demonstrated that, several months after infection, rhesus macaques were able to
resist a challenge almost completely [55]; however, as with the brown rat, nothing is known
about the target stages of this induced protection. As 75Se methionine is no longer available
for parasite tracking experiments, resolution of this problem may depend on the application
of modern in vivo imaging tachniques [56].

Using immunoproteomics, gut digestive enzymes, tegument surface hydrolases and
antioxidant enzymes were identified as targets of IgG in the high-responder animals [45]. In
view of the long time taken for worms to expire, it was speculated that the mechanism did
not involve opsonisation, complement fixation and cytolysis. More plausibly, the role of IgG
appears to depend on its potential blocking or stimulatory properties. Thus, antibodies that
neutralise the function of tegument and/or gut proteins involved in nutrient uptake could
lead directly to starvation. Conversely, antibodies stimulating signalling receptors could
trigger hyperactivity, leading to exhaustion of reserves. A third possibility is that targeting of
antioxidant proteins culminates in progressive worm damage that is eventually fatal.

Can we replicate any of these mechanisms in a vaccine?
It is clear from the foregoing account that schistosomes have evolved complex strategies that
enable them to survive in the mammalian host. In order to defeat them, the vaccinologist
will have to be equally cunning.

How do we identify the antigenic targets?
Secreted and/or surface-exposed proteins appear to be the key immunogens mediating
protection, and post-genomic technologies now permit us to identify their full range in
larvae and adults [36]. The adult inventory is more advanced [4, 9, 10] not least because
mature worms provide abundant material, compared with schistosomula where additional
identities are needed especially from structures such as the head gland. There is no simple in
vitro screen to evaluate vaccine potential, so protein expression for direct testing of
protection in an animal model is essential – i.e. ‘reverse vaccinology’ [57].

Vaccine testing raises another fundamental question – is there a single ‘magic bullet’ or
must we hit a number of targets to disable the worm? The ‘magic bullet’ is preferable from a
commercial vaccine viewpoint because of the expense of generating multiple recombinants.
However, the animal models suggest that targeting multiple functions is more likely to
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achieve worm elimination, thereby requiring administration of a cocktail of antigens. For
example, if the three phosphohydrolases located at the external surface of the adult tegument
[10] have overlapping substrate specificities, is it necessary to inhibit all of them to a high
degree to achieve an effect on the worm’s fitness?

How to prime the immune system?
The dependence on IgE and mast cells for worm elimination in the rat presents a significant
obstacle to replication in a human vaccine. It is difficult to envisage how anaphylactic
antibodies might be elicited to specific schistosome antigens, but not to bystander
environmental immunogens, with immunopathological consequences [49]. Moreover, the
selective recruitment of mast cells to the human liver poses another challenge. Ironically the
small number of IgE targets detected by immune rat serum [49] might be the nearest
approximation to a ‘magic bullet’ yet described!

The mechanisms operating in two other animal models offer more promise. The most
effective anti-larval mechanisms elicited by the RA vaccine (in mice) involve cell-mediated
immunity. They rely on the generation of CD4+ effector/memory cells with a T helper cell
type 1 (Th1) phenotype, and their recruitment to the lungs [37]. In seeking to emulate such
cell-mediated mechanisms, we need to bear in mind that, even with the RA vaccine under
the most favourable conditions, there are limits to protection. Taking each parasite as an
independent event, the important stochastic element setting the limit may be the frequency
of specific responder cells recruited to the pulmonary parenchyma. It is likely that a parasite
needs to interact with more than one Th cell to generate an effector focus. However, it is
also likely that a ceiling to Th cell expansion and recruitment will result from the co-
induction of T regulatory cells (Tregs) that produce inhibitory cytokines.

If we accept that the alternative anti-larval mechanism elicited by the RA vaccine relies
upon the neutralising activity of antibodies, not cytolysis, then the titre achieved by
vaccination becomes paramount. It is not known what percentage of the activity of crucial
parasite molecules would need to be inhibited to prevent migration. The key here may be to
develop strategies that elicit long-lived plasma cells to maintain titre [58]. Correctly folded
proteins are a likely requirement to elicit neutralising antibodies against conformational
epitopes, which may be essential for inhibition of function. As secreted and membrane
proteins often possess several disulphide bridges, they may need to be produced in the more
demanding eukaryotic systems to ensure this.

Emulating the anti-adult mechanisms employed by the rhesus macaque could have
therapeutic as well as prophylactic properties. As the mechanism appears to rely on
antibody-mediated protection, the same considerations about persistent high antibody titre
apply, irrespective of the specific target(s). In this case, key questions include: what level of
neutralising activity needs to be achieved to disable an adult worm over an extended period?
And, how many targets need to be hit?

All the above considerations point to a task of some magnitude before a schistosome vaccine
can become a reality. Our thoughts on the problems that need to be solved are summarised
in Box 4. On a personal note, after nearly 30 years research on schistosome vaccines, we
still hope that a magic bullet akin to the Taenia onchosphere antigens [59] will be found by
serendipity. Experience tells us that more likely, the laudable goal will require a ‘long
march’.
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Box 1. The potential intra-mammalian schistosome targets for immune
attack

Human infection is initiated by entry into water containing free swimming cercariae,
which locate and attach to the skin surface. In the absence of human data, the principal
features of the individual life cycle stages in the mammalian host that might serve as
targets for immune attack are summarised, based on experimental data from hamsters and
mice.

Skin

• Initial penetration of cercariae is facilitated by release of acetabular gland
secretions containing enzymes and immunomodulators [19, 60] into the
epidermis. After entry, transformation to the schistosomulum involves shedding
and replacement of the tegument membranes; whether this acts as a diversionary
tactic is unclear. Head gland secretions are used for the later phase of migration
[61].

• Apparent obstacles include: basement of epidermis; dermal extracellular matrix;
and blood vessel wall.

• Kinetics of migration: Mean duration of stay in epidermis, 53 hours; in dermis,
18 hours, of which time taken to penetrate a venule, 8+/− 1 hours (Figure Ia, Ib;
[62]).

• The parasite should represent a stationary or slow-moving target for the immune
system, but dermal migration is possible in three dimensions. Replacement of
the parasite surface during transformation in vitro provides a brief window for
antibody binding, but vulnerability to cytotoxic mechanisms is lost within 24
hours.

• No convincing parallel in vivo studies of mass parasite death in the skin.

Lung and systemic organs

• Schistosomula are delivered to the pulmonary vasculature by venous blood
flow, in a semi-quiescent metabolic state with no cell division, or consumption
of erythrocytes apparent [63].

• Apparent obstacles include: narrow capillaries – to cope with these, the
schistosomulum becomes very elongate and thin and loses its mid-body spines
(Figure Ic) to facilitate passage along the lumen. Fragile capillary walls - as a
result some larvae blunder into an alveolus from which return to the
bloodstream is difficult (this may be the principal mechanism by which
migrating parasites are ‘lost’).

• Kinetics of migration: arrival in the lungs between Days 2 and 7. Mean time for
first passage through pulmonary capillary bed estimated as 3–6 days and for
subsequent passes ~ 30–35 hours; the schistosomulum provides a stationary or
slow-moving target for immune attack. Transit times through systemic organs
and splanchnic (visceral) capillary beds of 11–16 hours and 7–9 hours,
respectively [64–66].

Portal system

• Parasites traverse the splanchnic capillary beds to reach the portal system and
transform in the intra-hepatic distributaries into blood-feeding, growing
juveniles (Figure Id).
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• Apparent obstacles include: the hepatic ‘filter’ that traps schistosomula in the
liver but is not completely efficient. It is qualitatively different from other
vascular beds and may reflect partly the architecture of portal sinusoids and
partly the unique composition of portal blood.

• Kinetics of migration: Arrival between Days 7 and 21, followed by a three-week
stay in the portal vessels, before mating and migration up the mesenteric veins
to the intestine walls. Adult pairs resident but peregrinating in the distal portal
system thereafter; this may explain why they are not a target for immune attack.

In a naïve permissive host, the proportion of penetrant cercariae that reaches maturity
ranges from 30% in mice to 65% in rhesus macaques [67] and 80% in baboons; once in
the portal system survival seems assured.

Box 2. Life in the blood stream: the schistosome structures that comprise
the parasite–host interface

The major epithelial surfaces that constitute the adult schistosome’s interface with its
mammalian host are the tegument (outer surface) and the gastrodermis (gut lining),
together with their secretions. The tegument, in continuous contact with the bloodstream,
is actually a syncytial layer (Figure Ia), connected to numerous cell bodies that lie
beneath the peripheral muscle layer [7, 68]. Its surface has a multilaminate appearance
that, according to our working model, comprises a normal plasma membrane overlain by
an external secreted membranocalyx. It has been demonstrated by proteomic studies [4,
10] that transporter proteins and enzymes are located in the plasma membrane, whereas
the membranocalyx, of predominantly lipid composition with few identified
macromolecular constituents, acts as a shield against immune attack. The
membranocalyx is derived from multilaminate vesicles, produced in the subtegumental
cell bodies and exported to the syncytium where they fuse with the bounding plasma
membrane at the base of the pits to release their contents [7].

The gastrodermis [69] of the blind-ending, tidal gut (Figure Ib) comprises a single layer
of epithelial cells with lamellate extensions (Figure Ic) that display both secretory and
endocytic activity at the luminal surface. This surface is covered by a glycocalyx [70]
that might act as a barrier to antibody binding. Proteomic analysis of gut contents
vomited by worms has revealed the presence of hydrolases and lipid-transport proteins of
lysosomal origin, in accord with the acidic pH at which digestion operates. In addition,
circum-esophageal glands (Figure Id) lying at the extreme anterior of the gut release
secretions that may lyse erythrocytes as blood is ingested. An unusual protein known as
Antigen 10.3 [71] expressed in the oesophageal glands [28] is a candidate for this
process.

Box 3. Characteristics of the radiation-attenuated vaccine in mice

Detailed information on the mechanisms of immunity elicited by the radiation-attenuated
(RA) vaccine has been derived from studies primarily in the high-responder C57/Bl6
strain mouse (for a 1997 review, see Ref. [37]; only later papers are cited here).

Priming

• Maximum protection after a single vaccination is achieved when cercariae
receive an optimum dose of radiation that restricts parasites to the skin, its
draining lymph nodes, and the lungs. A comparison of the gene expression
patterns of irradiated with normal parasites has revealed deficiencies in receptor
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signaling pathways and cytoskeletal gene expression that accord with the altered
migratory capacity [72].

• Prolonged residence of attenuated larvae in the skin-draining lymph nodes
provokes intense lympho-proliferation. Direct contact is made between resident
dendritic cells and the tegument, implicating surface antigens as vaccine
candidates (Figure Ia).

• CD4+ T cells with T helper cell type 1 (Th1) characteristics enter the circulation
and are recruited to the pulmonary parenchyma, where they arm the lungs
against a challenge with normal larvae. Administration of recombinant IL-12
with the RA vaccine enhances Th1 reactivity and drives protection to very high
levels (>90%).

• Multiple vaccinations enhance Th2 responses and the antibody-mediated
component of protection, although passive transfer of protection is never high,
except with serum from mice lacking the interferon gamma receptor
(IFNγR−/−), where antibody production is not constrained by Th1 feedback
[73].

Effector response

• In the singly vaccinated mouse, challenge parasites travelling through the lungs,
in intimate contact with the vascular endothelium (Figure Ib), attract an
inflammatory focus of T cells and monocytes that builds up over several days
(Figure Ic) and might terminate their migration. The production of IFNγ and
tumor necrosis factor alpha (TNFα) by cells of the inflammatory focus [74] in
response to parasite antigen is essential to the functioning of this effector
response.

• Parasites trapped within a focus show an absence of surface damage and some
are deflected into alveoli. The ability of sequestered parasites to mature, when
transferred experimentally to the portal vein of a naïve animal, confirms their
viability, revealing that the effector mechanism acts to block migration and not
through eliciting an acute lethal hit.

• Less is known about antibody-mediated mechanisms in multiply vaccinated
animals. However, successful induction of protection in FcRγ-chain-deficient
[75] mice and in complement-C3-depleted mice again implies that the effector
mechanism does not involve an acute lethal cytolytic hit.

Box 4. The long march to a schistosome vaccine

• Research on in vivo models has revealed that schistosomes are undoubtedly
vulnerable to immune attack, provided that an appropriate response is mounted
by the host. The challenge is to replicate such a response in humans, who seem
poorly equipped to eliminate schistosomes under conditions of natural infection,
with a vaccine strategy. However, significant obstacles remain that require
systematic and intensive attention if we are to succeed.

• Pinpointing proteins with strong protective capacity is a key task and reverse
vaccinology provides the route. The advent of genome [76], transcriptome and
proteome information now permits characterisation of the full complement of
proteins expressed at the interface between parasite and mammalian host and
thus accessible to the immune system in the live parasite. This is very much
‘work in progress’.
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• There appears to be no substitute for expression of antigenic targets as
recombinants (to date the short-cut represented by DNA vaccines has not lived
up to its promises). The same goes for the trialling of antigens in the mouse and
ultimately primate models, primed, boosted and given a percutaneous cercarial
challenge. No in vitro correlate of protection has emerged, or indeed appears
feasible, given the nature of the protective mechanisms that we espouse. In this
context, a potential pitfall for antigen trials is that if protection requires
responses to a cocktail of antigens, then the normal practice of testing one at a
time is unlikely to bear fruit. .

• Different rules are likely to apply for vaccines designed to elicit anti-larval
versus anti-adult immunity. We contend that the absence of parasite replication
after invasion to amplify secondary responses (cf. microbes or viruses), plus the
trickle nature of schistosome infection delivering only minute quantities of
larval antigen, mean that memory recall of vaccine-induced protection is likely
to be weak or non-existent. We conclude, therefore, that vaccination for anti-
larval immunity will need not just to prime the requisite responses but also to
maintain them in a ‘ready to go’ state for months to years. For anti-adult
immunity targeting abundant gut or tegument antigens, boosting should occur
naturally as worms mature (they get bigger and produce antigen continuously),
hopefully before egg production gets under way. Vaccination would still need to
generate high antibody titres, but there would be time for memory to be
activated.

• This raises a final question about the adjuvant needed to elicit the strong
responses that will eliminate the tenacious schistosomes. It appears unlikely that
conventional adjuvants such as aluminium hydroxide will do the trick, so more
experimental products or live vectors will need to be employed, thus raising
drug regulation issues that might impede field trials or implementation.
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Figure 1.
Antibody responses to cercarial secretions in baboons receiving five exposures to irradiated
cercariae at 4 week intervals before challenge with normal cercariae at 3 or 12 weeks after
the last vaccination [38]. The saw-tooth response reveals that persistent antigenic pressure is
needed to increase IgG titre. When that is removed, it rapidly falls, and with it the level of
protection. This decline is one reason why we have not sought to emulate malaria
researchers [77] by advocating the development of the irradiated cercaria vaccine for human
use.
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Figure I.
Micrographs of key larval stages. (a) Skin schistosomulum ex vivo after transformation from
the cercaria, illustrating the dense spination; (b) skin schistosomulum exiting the dermis by
penetrating a blood vessel (V) using head gland secretions; (c) lung schistosomulum (cf. part
a) showing extension of the body and loss of spination to faciliatate transit through capillary
beds; (d) juvenile liver worm with black haematin pigment in the caecum (C) revealing the
start of feeding on erythrocytes and increase in body mass. Scale bar = 20 µm (a,c,d), and
50µm (b).
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Figure I.
(a) Diagram showing the main features of the syncytial tegument. The plasma membrane is
overlain by a secreted membranocalyx that acts as a physical barrier to antibody binding and
complement fixation, and is formed from the contents of multilaminate inclusions in the
tegument cytosol. (b) Diagram showing the main features of the gut epithelial monolayer
that is active both as secretory layer, and in the absorption of nutrients. (c) Stereoscan
electron micrograph of a starved worm reveals the lamellate nature of the gut epithelial
surface extensions; scale bar = 2 µm. (d) The location of the oesophageal glands astride the
posterior oesophagus revealed by whole mount in situ hybridisation of Antigen 10.3 mRNA
that encodes the only protein currently known to be synthesised there [28]; scale bar = 50
µm.
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Figure I.
(a) Dendritic cell (DC) grazing on the surface of an attenuated schistosomulum (S) in a skin-
draining lymph node primes the immune system for a Th1 response. (The tissue was not
post-fixed in uranyl acetate to stabilise the membranocalyx.) Scale bar = 1 µm. (b) Intimate
contact between the schistosomulum tegument (T) and pulmonary capillary endothelium
(EN) may facilitate transfer of surface proteins to the interstitial spaces as vesicles (V)
mediating transcytosis are evident at the luminal surface. Bar = 0.25 µm. (c) Challenge
schistosomulum (S) in the lungs of a vaccinated mouse surrounded by an inflammatory
focus largely composed of lymphocytes and monocytes. A pleural infiltrate (P) is also
evident on the lung surface. The focus impedes migration and deflects some larvae into the
alveoli, rather than killing them by cytolytic mechanisms. Scale bar = 50 µm.
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