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Immunity

to Schistosomes:

Progress Toward Vaccine

ANDRE CAPRON, J. P. DEssAINT, M. CAPRON, J. H. OuMaA, A. E. BUTTERWORTH

Among the major parasitic infections, schistosomiasis
may be the most promising candidate for human vaccina-
tion. Information about mechanisms of immunity, gained
mainly from experimental models but likely to be relevant
to human infection, indicates a dynamic balance between
protective and regulatory (blocking) mechanisms. Besides
cell-mediated responses leading to macrophage activa-
tion, antibody-dependent cell-mediated cytotoxicity sys-
tems involving precise antibody isotypes and nonlym-
phoid cells (mononuclear phagocytes, eosinophils, and
platelets) appear to be essential effectors of immune
attack. The slow development of immunity in humans
seems related to the production of antibodies that cross-
react with schistosomulum surface antigen and block the
binding of antibodies of the effector isotype. Schisto-
somes that survive in the bloodstream and produce
chronic infections may evade the immune system as a
result of intrinsic changes in membrane susceptibility and
of transient expression of target antigens; at other stages
of the parasite life cycle, cross-reactive molecules may be
secreted that play an essential role in the induction of
immunity. Several schistosome proteins have been charac-
terized as candidates for vaccination. Among these, an
antigen of 28 kilodaltons has been cloned and shown to
be immunogenic in humans and protective in mice, rats,
and baboons.

ic disease affecting 200 million people throughout the world

and responsible for 800,000 deaths per year, according to
recent estimations of the World Health Organization. Infection is
characterized by the presence of adult worms (Schistosoma, class
Trematoda, phylum Platyhelminthes) in the portal and mesenteric
veins of humans and various mammalian species as part of a complex
migratory cycle initiated by cutaneous penetration of infective larvae
(cercariae) shed by infected freshwater snails. The infective larvae
transform into schistosomula in the skin of appropriate hosts and,
over several weeks, develop into sexually mature, egg-laying worms.
It is generally agreed that pathological reactions to schistosome
infection are related to the deposition of numerous parasite eggs in
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host tissues (I). Unlike protozoan parasites such as Plasmodium,
schistosomes are nonreplicating organisms in their vertebrate hosts;
therefore, a partial, nonsterilizing, naturally acquired, or vaccine-
induced immunity can strongly decrease human pathology and
transmission levels in endemic areas.

Among the parasites used as models by immunologists, schisto-
somes have probably provided the broadest experimental approach.
They have illustrated the existence of novel effector and regulatory
mechanisms that may be of interest not only in the field of parasitic
diseases but also as more general immunological processes. Much
interesting work has been done by many different investigators, but
here we offer primarily a personal account of what we have learned
from studying immunological processes in schistosomiasis. We
suggest that an understanding of the basic mechanisms of the
immune response in humans and in experimental animal models is
essential for the development of antischistosome vaccines. Enor-
mous progress has been made during the last decade and, in terms of
human vaccination, schistosomiasis may now be the most promising
candidate among the major parasitic infections.

Immunity in Humans and Experimental
Animals

It has been recognized for many years that a variety of experimen-
tal hosts develop an acquired immunity to schistosome infection
after either a natural primary infection or immunization with
irradiated larvae or, as shown recently, with isolated antigens.
However, the existence of a comparable immunity in humans has
remained controversial. The continued presence of adult worms of a
primary infection, dying at an unknown and possibly variable rate,
makes it difficult to determine the extent to which an individual is
becoming superinfected, and hence the degree of immunity to these
new infections. More important, it is also difficult to distinguish
between immunity and lack of exposure as possible reasons for a lack
of superinfection or of reinfection after treatment. Although several
workers have argued that the decline in prevalence and intensity of
infection observed in older people may be attributable to the slow
development of a partial immunity (2), others have suggested that
the observed effects may be ascribed to changes with age in patterns
of contact with cercariae in water (3).

Recent studies of both Schistosoma haematobium and S. mansoni
infections have helped to resolve this issue (4). In both cases,
investigators studied intensities of reinfection after treatment of
individuals whose frequency and duration of exposure to water from
known infective sites were monitored by direct observation. Al-
though frequency of water contact was found to decline in older
children and adults, this decline was insufficient to account for the
marked reduction with age in intensities of reinfection after treat-
ment. In addition, there was good evidence for the development of
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an age-dependent acquired resistance to reinfection that depends
also on previous experience of infection (5), strongly indicating an
immunological component rather than simply some age-related
physiological change. However, the cellular and humoral compo-
nents of such protective responses remain uncertain. Studies on the
cellular and humoral components of such protective responses have
allowed the demonstration and characterization of a range of
possible effector mechanisms, including a novel effect of eosinophils
(6). A possible role for the eosinophil in mediating immunity to S.
haematobinm infections is indicated by the demonstration of in-
creased eosinophil counts in immune individuals (4). In S. mansoni
infections, preliminary evidence has been obtained for a correlation
of cell-mediated responses to schistosome antigens with resistance to
reinfection after treatment (I), whereas blocking antibodies may

play a role in limiting the expression of immunity in young children,

as discussed below. However, analysis of the role in vivo of the
various mechanisms that have been identified in human infections,
although important, is difficult and time-consuming and is still in its
carly stages. Instead, much information about effector and regula-
tory mechanisms of immunity that may be relevant to human
infections has come from the study of rodent (and to a lesser extent,
primate) models of infection.

The rodent models most commonly used have been the mouse
and the rat, and these differ strikingly in their capacity to mount a
protective response against the parasite. They also appear to have
different mechanisms of resistance and have therefore provided
complementary information. The mouse, studied extensively by
many investigators, is a permissive host, allowing the maturation of
adult worms and the deposition of eggs, which subsequently elicit
strong immunopathological reactions. In this respect, the mouse
model has some characteristics in common with human infections.
Chronically infected mice develop a resistance to superinfection; this
resistance was shown to be a consequence of a nonspecific trapping
or shunting of larvae of a challenge infection around areas of egg-
induced pathology (1, 7), rather than a specific immune response to
the larva itself. Since the density of pathology is dependent both on
the worm burden and on the mass of the host, the relevance of this
phenomenon to human infection is not immediately apparent.
Instead, therefore, investigators have concentrated more recently on
the specific immunity that is induced by immunization either with
irradiated larvae (8) or with isolated antigens, procedures that
circumvent the confounding influence of egg-induced pathology.
After such immunization, a specific immunity is expressed that is
associated primarily with cell-mediated responses leading to macro-
phage activation (9), although the demonstration that murine
monoclonal antibodies with specificity for schistosomulum surface

antigens can mediate protection (Table 1) suggests that antibody-
dependent mechanisms may be involved in some circumstances.
Such activated macrophages may kill the larvae at some stage during
their migration to the hepatic portal system, probably later than was
previously supposed: the consensus now is that the main attrition of
schistosomula in immunized mice occurs after their migration
through the lungs (10), by which time they are no longer expressing
surface antigens accessible for antibody-dependent attack, as dis-
cussed below.

In contrast to the mouse, the rat is a nonpermissive host
exhibiting unique characteristics of immunity. Although the course
of parasite migration and the development of the primary infection
are roughly similar in rats and mice during the first 3 weeks, a
dramatic decrease in parasite burden appears in rats approximately 1
month after the infection. After this “self-cure” phenomenon, in
which T cell responses (11) and nonimmune factors appear again
closely interwoven, the rat develops a strong and long-lasting
resistance to secondary infections. Numerous studies in the last 10
years have shown that this high resistance to reexposure is attribut-
able to immunologically mediated pathways and support the view
that resistance is primarily mediated through antibody-dependent
mechanisms. For instance, serum transfer passively confers resist-
ance on naive rats, and contrarily neonatal rats treated with anti—pu
chain antibodies fail to acquire immunity against schistosomes (12).
As far as the humoral response is concerned, rats and humans have
common characteristics: antibody specificity, isotype restriction,
high immunoglobulin E (IgE) antibody responses, and the forma-
tion of blocking antibodies, which may justify the particular empha-
sis we have put on this model.

Protective Immune Response to Schistosomes

Our present concepts concerning the immunology of schistosomi-
asis are largely dependent on the biological characters of the parasite
itself. After skin penetration, the infective larvae (schistosomula)
undergo a complex migratory cycle in the vertebrate host before
they settle, in the case of S. mansoni, in the blood vessels of the portal
and mesenteric system. In this intravascular situation, the adult
worms release a large amount of excretory or secretory material,
which elicits a strong antibody response and which may be found in
the serum and various body fluids in the form of free antigens and
more generally as immune complexes (13). This continuous release
of soluble antigens has important implications in the regulation of
the immune response, both in terms of antigenic competition and as
direct factors of immunosuppression or tolerance. The major role of

Table 1. Protective antigens of schistosomes. S, S. mansoni; Sj, S. japonicum; Sh, S. haematobium; Sb, S. bovis.

Spec- Size . Protection Refer-
1i)cs (kD) Identified by (%) ences
Sm 26 Rat IgE monoclonal antibody 40 to 60 (rat) 82
Wi 26 30 (mouse) 83
Sm 28 (glutathione transferase) Rat and human IgE antibody 43 (mouse) 78, 79
Sh 28 (glutathione transferase) Rat and human IgE antibody 65 (rat) 78, 79
Sb 28 (glutathione transferase) Rat and human IgE antibody 50 (hamster) 78, 79
Sm 28 Rabbit antibody 8
Sm 38 Rat IgG2a monoclonal antibody 53 to 63 (rat)* 39,77
50 to 75 (rat)t 76
Sm 38 Mouse antibody 85
Mouse monoclonal antibody 50 (mouse) 57
Sm 97 (paramyosin) Mouse antibody 60 to 77 (mouse) 86, 87
Sm 130 to 160 Mouse IgG1 monoclonal antibody 88

*By anti-idiotypic immunization.
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antibodies in protective immunity is to induce cytotoxic destruction
of schistosomulum targets, and, although the significance of com-
plement-fixing antibodies is not yet resolved, antibody-dependent
cell-mediated cytotoxicity (ADCC) appears to be the main parasite-
killing mechanism both in rat and human schistosomiasis (14).

Even though the adult worm population represents the major
source of antigenic stimuli, it is totally unaffected by the cytotoxic
response that it elicits, and schistosomula, which rapidly lose their
susceptibility to immune attack, appear during reinfection to be the
privileged target of effector pathways, a phenomenon known as
concomitant immunity (15). In addition to the role of circulating
antigens already mentioned, numerous processes have been de-
scribed that potentially account for this insusceptibility. The worm
membrane, which undergoes a continuous and rapid turnover,
acquires numerous host molecules ranging from various serum
proteins or glycolipids to major histocompatibility antigens (16).
This phenomenon has been considered as an essential escape
mechanism. Although there is evidence that antisera to these host
antigens strongly reduce the survival of the parasite both in vitro and
in vivo, a clear demonstration of the functional importance of such
host molecules in the course of natural infection is still lacking.
However, the acquisition of such host antigens proceeds concomi-
tantly with intrinsic changes in membrane susceptibility to anti-
body-dependent killing (17) and with the loss of expression in the
adult worm membrane of the major target antigens that are
expressed on the schistosomulum surface (18, 19). Moreover, in the
general framework of the modulation of the immune response in
schistosome infection, other mechanisms have been proposed. Fac-
tors of parasite origin, including schistosome-derived immunosup-
pressive factor (SDIF), or those derived from cleavage by parasite
enzymes of host immunoglobulins, such as an anti-inflammatory
tripeptide (20), may contribute to the regulation of effector func-
tions. Finally, there is now much evidence for immune regulation by
antibody isotype and also by idiotype—anti-idiotype interactions in
human and experimental infections, as discussed later.

These complexities of the immune response to schistosomes may
help to explain the partial inefficiency of immune defense leading to
stage-specific susceptibility to immune attack and to nonsterilizing
immunity after either primary exposure or immunization by schisto-
some antigens.

Effector Mechanisms Against Schistosomes

Immunity to reinfection by schistosomes is clearly thymus-depen-
dent, as indicated by the marked reduction in immunity in athymic
animals. Yet, schistosomula do not appear to be susceptible to
cytotoxic mechanisms involving effector cells of the lymphoid
lineage at least in experiments in vitro. Although cytotoxic T cells
can specifically adhere to schistosomula in vitro, they are unable to
kill them (21). This is true even when target parasites have been
collected from infected hosts and thus have acquired the major
histocompatibility products of the host, therefore fulfilling the
restriction conditions for recognition by syngeneic T cells. Lympho-
kine-activated and natural killer cells (22) have been reported to
damage schistosomula in vitro, but the percentage of killing is low,
and these results await confirmation. Moreover, although ADCC
systems appear as potent in vitro correlates of immunity, conven-
tional lymphoid K cells do not seem to be involved. In contrast,
antischistosome antibodies and various nonlymphoid effector cells
have been demonstrated to cooperate both in rats and in humans.

By mixing, in one- or two-step experiments, purified cell popula-
tions from uninfected donors, antibody-containing serum, and
target schistosomula, the cytotoxic killing of the larvae was obtained
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Fig. 1. Protection of
naive rats against schis-
tosome infection by
passive transfer of cells
from immune donors.

Platelets, 8 w
Eosinophils, 4 w
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Purified cell prepara- Lymphoytes
tions were collected Mast cells
from infected rats at 4 Neutrophils e
and 12 weeks after in- 10 0 10 20 30 40 50 60

fection (eosinophils),
at 12 weeks (macro-
phages), and at 8 weeks (platelets). Immunity was assessed in recipient
syngeneic rats after challenge infection by liver perfusion: the percentage of
protection was calculated from the reduction in collected worms in compari-
son with control animals receiving cells from uninfected donors [data from
(27 and 33)].

Protection (%)

with monocytes, macrophages (23, 24), eosinophils (6, 25, 26), and
platelets (27). The exact nature of the cytocidal factor or factors
responsible for damaging the metazoan target in these unusual
ADCC reactions is still under investigation. Each of the three
nonlymphoid effectors produces and releases reactive oxygen inter-
mediates (28). Depending on the cell type, more specialized media-
tors might also contribute to the observed cytotoxicity. Monocytes/
macrophages sensitized with antibodies to schistosome and exposed
to schistosomulum antigen or to appropriate antibodies to immuno-
globulin or F(ab'); fragments therefrom, release lysosomal enzymes
and interleukin-1 (28, 29). Emphasis has also been put on the
schistosomicidal properties of the cationic proteins from eosinophil
granules. Purified major basic protein (MBP) and eosinophil cation-
ic protein (ECP) can damage schistosomula in vitro, and the specific
eosinophil peroxidase (EPO), which is deposited at the interface
between target larvae and eosinophils in the ADCC reactions, might
cause parasite attrition directly or through its enzymatic activity
(30).

One of the major drawbacks of in vitro assays is that they give a
valid but isolated and perhaps oversimplified picture of the compo-
nents of the immune effector mechanisms. The in vivo relevance of
ADCC reactions involving nonlymphoid cells can be supported by
data showing the accumulation of eosinophils and macrophages
around dead schistosomula in immune animals, including monkeys
(31), and by the effect of injecting antisera to eosinophils into mice,
which apparently reduces their level of immunity to a challenge
infection (32). More direct evidence of the effector mechanisms has
been gained in the rat model by passive transfer of cells to naive
recipients (Fig. 1). Nonadherent, eosinophil-enriched and adherent,
macrophage-rich peritoneal cell preparations from immune rats,
injected at the site of exposure to the challenge infection, are able to
confer a significant resistance. Confirming the in vitro findings,
rosette assays have revealed surface-bound immunoglobulins arming
eosinophils and macrophages from the donor rats. In addition, in
vitro sensitization of normal eosinophils or macrophages with serum
from an immune rat also results in the passive transfer of resistance
(33). Likewise, the intravenous injection of platelets from immune
rats confers to normal rats a highly significant degree of protection
27).

These in vivo or ex vivo experiments are fragmentary, but they
have confirmed, in experimental infections, a biological role for the
three cell populations identified by in vitro assays both in experi-
mental and human schistosomiasis, although the final test of
relevance has to come from human studies. These experiments have
also demonstrated the participation in immune defense against
metazoan parasites of hitherto unsuspected effector cells such as
eosinophils and platelets.

Besides the killer cell, another essential factor of these unusual
ADCC systems is the class and the specificity of the antibody. In the

ARTICLES 1067



rat model, normal mononuclear phagocytes, eosinophils, and plate-
lets each acquire cytotoxic capability against schistosomula when
incubated with unheated serum collected from rats resistant to a
challenge infection, that is, a few weeks after the self-cure of their
primary infection. Heat-inactivation of serum from immune rats
abolishes the ADCC at this time of the infection, and it cannot be
restored by the addition of fresh complement. Absorption by
antibodies to the various rat isotypes or by schistosome antigen has
clearly identified the essential participation of IgE antibody in the
cytotoxicity mediated by macrophages, eosinophils, and platelets.
This can be confirmed by the opposite experiment, showing that
aggregated, nonschistosome-specific myeloma E protein inhibits
cytotoxicity by each of the three cell types exposed to unheated
serum from immune rats (23, 25, 27). A more positive proof of an
IgE antibody—dependent cell-mediated killing has been obtained by
the use of a rat IgE monoclonal antibody against schistosomula,
which can turn normal rat macrophages, eosinophils, and platelets
into potent cytotoxic effectors (34).

A hallmark of infection by helminth parasites is the massive
production of IgE. By using rat e chain—specific antibody in a
radioallergosorbent test (RAST)—elution technique or by inducing
passive cutaneous anaphylaxis, high levels of IgE antibodies to
schistosomes have been detected in serum from immune rats at the
time when IgE antibody—dependent cytotoxicity can be induced,
antischistosome IgE being found both as free antibody and in
immune complexes (35). Circumstantial evidence for the involve-
ment of IgE antibody in protective immunity was available from the
observation of a direct connection between the resistance of various
animal species to the parasite and their level of production of
reaginic (IgE) antibodies (36). Evidence has also been obtained by
injecting neonatal rats with antibodies to e chain, which suppress
their IgE responses and reduce their immunity to schistosomes (37).
Further evidence of IgE involvement has been obtained by transfer
of serum from immune rats: selective depletion of IgE significantly
decreases the ability of such serum to confer passive immunity (14),
and, in contrast, injection of the IgE monoclonal antibody to
schistosomes (which triggers ADCC in vitro) confers on naive rats
significant resistance to a challenge infection (34) (Fig. 2). It should
be noted also that in the cell transfer experiment reported above,
cytophilic IgE was detected on macrophages, eosinophils, and
platelets from 8 week—infected donors, and these cells passively
protected the naive recipients (27, 33).

Since other antibody isotypes are also produced during infection,
their participation has also been investigated. In the case of macro-
phage and platelet-mediated cytotoxicity, however, only IgE anti-
body has been shown to be involved (34). With eosinophils,
experiments with serum from rats infected from 5 weeks onward
have allowed the identification of two distinct ADCC mechanisms.
After 8 weeks of infection, the necessary participation of IgE
antibody in eosinophil-mediated cytotoxicity was clearly identified.
During the early period of immunity, however, heat-inactivated rat
serum could trigger eosinophils to kill schistosomula, and the
responsible antibody was identified by absorption or inhibition
experiments as IgG2a (38). This isotype, which is the major IgG
subclass of the rat and has anaphylactic activity, can be detected by
rosette assays on the surface of eosinophils at the early stage (4 to 6
weeks after infection) of immunity. At this period, such IgG2a-
bearing eosinophils but no other cells can passively confer resistance
(33). Conversely, selective IgG2a depletion of serum from rats
infected for 6 weeks significantly reduces the passive transfer of
resistance (14). A confirmation has been provided by the use of a rat
IgG2a monoclonal antibody to schistosomes, which triggers normal
rat eosinophils to kill schistosomula in vitro and passively confers
protection in vivo (39) (Fig. 2). Indirect support for the essential
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Fig. 2. Protection of
naive rats against schis-
tosome infection by
passive transfer of anti-
body. Naive rats re-
ceived either immune
rat serum (8 weeks af-
ter infection) or rat } . - - § .
monoclonal antibody -20 0 20 40 60 80
of the indicated iso- Protection (%)

type. Immunity was as-

sessed in recipient rats after challenge infection by liver perfusion: the
percentage of protection was calculated from the reduction in collected
worms in comparison with control animals receiving normal rat serum
(slashed bars) or nonschistosome-specific monoclonal immunoglobulin of
the corresponding isotype (solid bars) [data from (12, 34, 39, 40)].

Rat IgE mAb
Rat IgG2c mAb

Rat IgG2a mAb

Immune rat serum

role of an anaphylactic antibody isotype has been provided by the
observation that another rat monoclonal antibody specific for the
same surface schistosomulum antigen as the protective IgG2a
monoclonal, but of the nonanaphylactic IgG2c subclass, can neither
induce eosinophil-mediated killing nor passively confer protection
(40).

It is of interest in this context that in human schistosomiasis, IgE
ADCC against schistosomula has also been demonstrated. Human
infection is indeed associated with a strong IgE antibody response,
and as much as 1 pg of specific IgE may be found per milliliter of
serum as free antibody and in immune complexes (41). In the
presence of IgE-rich serum from infected individuals, human mono-
cytes or baboon peritoneal macrophages, human eosinophils, and
human platelets (24, 26, 27) damage schistosomula in vitro. As in
the rat model, human eosinophils, but not monocytes or platelets,
can be activated into cytotoxic effectors by IgG antibody from
human serum, although the subclass involved is unknown (6).

These findings in experimental and human infections, pointing to
the key role of anaphylactic antibodies in defense against schisto-
somes, have led to a reevaluation of the general biological signifi-
cance of anaphylactic antibody responses hitherto considered only in
the context of allergy. The late appearance of IgE in phylogeny and
the complex immunological network controlling its production, as
well as the high rate of evolution of the € chain, suggest that nature
has selected for the continuous existence of this fifth class of
immunoglobulin. If so, then a major biological function of IgE and
anaphylactic antibodies in general might well be to represent an
essential participant in the complex response to parasitic infections
(Fig. 3), and a number of clinically significant allergic responses to
environmental antigens may reflect the inappropriate activation of
immunologic circuits or effector pathways ordinarily initiated by
helminths, and which confer resistance to infections against which
other effector mechanisms appear to be of low efficiency.

These novel interactions between IgE antibody and non—mast cell
or nonbasophil populations also raise the possibility that hitherto
unsuspected receptors for IgE might exist on such cells. Investiga-
tions by our group and several others have now unequivocally
established that subpopulations of monocytes, macrophages, eosin-
ophils, and platelets from rodents and humans carry specific IgE Fc
receptors (23, 26, 27, 42). The determination of their binding
parameters has allowed their distinction from those on mast cells
and basophils (FceRI), and we have proposed that they may be
designated FceRIIL. The lower affinity of FceRII for monomeric IgE
might explain why IgE-immune complexes isolated by ultracentrifu-
gation from infected rat or human serum were found to be more
efficient than free IgE antibody to schistosomes at inducing cell-
mediated schistosome killing (24, 43).

Another indication of the distinct nature of the receptors for IgE
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Eosinophil Schistosomulum

Fig. 3. Effector mecha-
nisms against schisto-
somes. Effector. cells
so far identified by
in vitro assays are
cosinophils, platelets,
and monocytes/macro-
phages. These cells are
activated into cytotox-
ic effectors by antibod-
ies to schistosomes of
the appropriate isotype
and by several lymphokines secreted by activated T cells. Most of these in
vitro cytotoxic mechanisms have been demonstrated both in rats and
humans. C', complement.

Macrophage

Lympho-
4 Kines

Platelets

on mononuclear phagocytes, eosinophils, and platelets has been
provided by the use of polyclonal and monoclonal (BB10) antibod-
ies to the receptor. These antibodies bind similarly to the receptors
of these cells and inhibit their interaction with IgE, contrary to
antibodies specific for mast cell/basophil receptors. Polyclonal or
monoclonal (BB10) antibody to FceRII has been shown to induce a
marked inhibition of IgE antibody—dependent cytotoxicity by mon-
ocytes/macrophages, eosinophils, and platelets (26, 27, 34), a clear
indication of the triggering function of FceRII in ADCC against
schistosomula.

The selectivity of the signals delivered to the cell through the
FCeRII is demonstrated in the case of platelets, which produce
oxygen metabolites but do not release serotonin upon IgE-depen-
dent activation, whereas the reverse is found after exposure to IgG
(44). Likewise, in IgG-dependent reactions, eosinophils liberate
significant amounts of their granule proteins, including ECP; but
after activation by complexed IgE (or IgG2a in the rat), these cells
release predominantly EPO, MBP, and platelet-activating factor
(paf-acether), whereas ECP is hardly detected (45). Another possi-
bility that may account for this apparent selectivity of the response
to anaphylactic and nonanaphylactic immunoglobulin isotypes
might be related to the existence of specialized cell subpopulations.
A particular subset of human eosinophils, characterized by its low
density on metrizamide gradients, which preferentially expresses
FceRII and bears cytophilic IgE, has been shown to release EPO
and paf-acether by IgE-dependent activation, together with a prefer-
ential capacity to kill schistosomula in vitro (26, 45).

The prominent role played by IgE and more generally anaphylac-
tic antibody in defense against schistosomes does not exclude the
participation of alternative effector mechanisms or the contribution
of other activating pathways. Investigations made mainly in the
mouse model have shown that newly transformed schistosomula
were killed in vitro by macrophages activated as a consequence of
the infection. Analysis of this mechanism has led to the demonstra-
tion that lymphokine-activated macrophages have strong schistoso-
micidal capacities, and the genetic factors controlling such macro-
phage effector function against schistosomes have been evaluated
(9). This finding might be related to the resistance induced in mice
by various immunostimulants like bacille Calmette-Guérin. Howev-
er, BALB/c mice that are protected after administration of irradiated
cercariae but not by nonliving larval or adult worm antigens plus
mycobacterial adjuvant show no obvious defect in delayed-type
hypersensitivity reaction at the time of challenge (46). In rat
schistosomiasis, however, a strong depression of delayed-type hy-
persensitivity reactions, which are usually correlated with macro-
phage activation by T cell-derived lymphokines, is observed at the
very period of acquisition of resistance (47). Experiments with
polyclonal or monoclonal antibodies have also suggested the partici-
pation of complement components in eosinophil-mediated cytotox-
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icity and the involvement of the complement receptor type 3 (CR3)
of FceRII* low-density eosinophils (48). Complement components
have been reported either to trigger eosinophil attack nonspecifically
or to act in synergy with IgG antibodies (49). Other non—antibody-
dependent factors, including several cytokines, contribute to the
induction or potentiation of eosinophil cytotoxic capacity (50).

Control of the effector activity of platelets might depend also on
several lymphokines found in conditioned medium from mitogen-
activated T cells or antigen-specific T cell lines. In the case of human
lymphocytes of the cluster of differentiation 4 (CD4"), several
molecules with potentiating activity have been identified, including
y-interferon and tumor necrosis factor . In contrast, CD8" cells
release a 20-kD platelet activation—suppressive lymphokine (51).
The cytotoxic activity of platelets against schistosomula, which is
triggered by specific IgE antibody, can therefore be modulated by
balance between lymphokines with antagonistic activities, reflecting
the balance between regulatory CD4" and CD8" T cells.

Finally, we should stress that the parasite itself, or its metabolic
products released in the host, contribute to negative or positive
regulation of the effector mechanisms of immunity, for instance, by
activating complement at its surface, by excreting proteases or
inhibitors of lymphocyte proliferation or of mast cell degranulation
(19), and more generally by potentiating IgE responses (34).

Collectively, these studies indicate that schistosome-specific T
cells can stimulate or modulate numerous effector mechanisms
against schistosomes. Immunity to reinfection appears thus to be a
multifactorial process involving several antibody isotypes, comple-
ment components, T cells, and various effector cell populations not
necessarily acting together at a given time, and with relative
contributions of the effector pathways varying according to the host
species.

In human S. haematobium infections, the expression of resistance
has been found to be associated with both raised peripheral blood
eosinophil levels and the presence of antibodies with specificity for
adult worm antigens. Studies on resistance to S. mansoni infections
have revealed a more complicated picture (4, 52). In an attempt to
understand the slow development of resistance during childhood,
blood samples have been taken from a group of 129 children, aged 9
to 16 years, before treatment with oxamniquine and at various
intervals after treatment, and the levels of various immune responses
have been related to subsequent susceptibility or resistance to
reinfection. Initially, it was anticipated that the continued suscepti-
bility of the younger children would be attributable to the lack of
one or more potentially protective responses that developed slowly
among the older individuals. However, no evidence has been
obtained that supports this simple hypothesis. All of these heavily
exposed subjects, including the younger children who remained
susceptible to reinfection after treatment, have shown a range of
potentially protective immune responses including, for example,
high levels of IgG antibodies mediating eosinophil-dependent kill-
ing of schistosomula in vitro, or IgE antibodies capable of triggering
ADCC by monocytes, eosinophils, and platelets. Thus, the possible
modulation of putative effector mechanisms in the course of the
infection had to be investigated.

Blocking Antibodies and Expression of
Immunity

Evidence for the selective production of defined antibody classes
during the course of experimental schistosome infection in rats, as

already mentioned, raised questions about the function of isotypes
not directly implied in killing mechanisms. It was first shown in rats
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that the decrease in immunity observed at certain periods of
infection is not related to a sharp decrease in antibody production,
but is concomitant with the appearance of non-anaphylactic IgG
subclasses. It was later shown that a representative IgG2c monoclo-
nal antibody can prevent the capacity of an IgG2a monoclonal
antibody both to induce eosinophil-dependent killing of schistoso-
mula in vitro and to confer passive protection in vivo. The concept
of blocking antibody was supported by the observation that the
IgG2c monoclonal antibody can inhibit the recognition by the
IgG2a monoclonal antibody of the carbohydrate moiety of a major
surface glycoprotein of schistosomula described as gp38 (40). A
similar observation was made in the mouse model: greater binding
to the schistosomulum surface of antibodies to carbohydrate epi-
topes, including those expressed on gp38, was demonstrated with
serum from chronically infected mice than with serum from animals
immunized with irradiated cercariae (53).

The possibility that a similar phenomenon might be important in
humans was indicated initially by the observation that susceptibility
to reinfection after treatment is significantly correlated with the
presence of high levels of antibodies with specificity for egg
antigens, including a major egg polysaccharide (K3) that bears
carbohydrate epitopes that are also expressed on the young schisto-
somulum (52). This leads to the hypothesis that, during early
natural infections, the main immunogenic stimuli are carbohydrate-
rich antigens released from eggs (present in greater mass than either
the larval or adult stages). Such antigens elicit antibody responses
that cross-react with schistosomulum surface antigens and block the
binding of antibodies of an “effector” isotype against the same or
sterically adjacent epitopes. In support of this hypothesis, it was also
found that susceptibility to reinfection is associated with the pres-
ence of antibodies that inhibit the binding to a major gp38
schistosomulum surface antigen of the monoclonal IgG2a antibody
with specificity for a carbohydrate epitope described above (39). In
addition, IgM antibodies isolated from the sera of various individ-
uals directly block the eosinophil-dependent killing of schistosomula
mediated by IgG antibodies from the same sera, and IgM antibodies
with specificity for schistosomulum surface antigens are present in
higher levels in the young, susceptible children than in the older,
resistant subjects (54). More recent experiments with the same
human sera have also demonstrated a role for IgG2 antibodies to

_ egg antigens in mediating the blocking effect. Such antibodies cross-
react primarily with carbohydrate epitopes, both on the surface of
the schistosomula and in the antigenic material, largely polysaccha-
ride in nature, that is released during the transformation of the
cercaria after penetration of the skin (55). There is also evidence that
other IgG isotypes against the same antigens may mediate protec-
tion, as revealed by an inverse correlation with susceptibility to
reinfection after treatment: the isotype involved and its specificities
remain to be determined (55). Although isotype restriction of
protective and blocking antibodies is clear in rats and possibly in
humans, such restriction is not evident in mice (56, 57). The
production of blocking antibodies does not appear, however, to be
restricted to carbohydrate moieties, and recent evidence suggests
that IgG4 antibody to peptide epitopes is highly correlated with
susceptibility.

The main message from these studies is that in schistosomiasis,
and possibly in other chronic transmissible diseases, blocking anti-
bodies are important components of the expression of immunity and
that the definition of immune versus susceptible populations might
rely more on the identification of potential markers of susceptibility
than on putative indicators of protection (34).

Along with the production of blocking antibodies, other mecha-
nisms might contribute to the regulation of the expression of
immunity. Idiotype—anti-idiotype interactions might influence on-
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going immune responses in conditions of chronic infection, with
continuous exposure of the host to the many antigens presented by
adult worms, their excretory or secretory material, and soluble egg
antigens. Indeed, the development of chronic murine infection with
S. mansoni was shown to be correlated with production of anti-
idiotype antibody related to soluble egg antigen (58). Increasing
concentrations of IgG1 specific for idiotypes of antibodies to soluble
egg antigen were also detected in mice infected with S. japonicum,
and these anti-idiotypic antibodies were shown to be highly sup-
pressive of granuloma formation in vivo. This suppressive activity
could be confirmed with an anti-idiotypic IgG1 monoclonal anti-
body (59). These network interactions related to the reactivity to
soluble egg antigens from schistosomes have also been characterized
at the T cell level. Anti-idiotypic T lymphocyte responses to
antibodies against soluble egg antigens were indeed detected both
during active human infection or in former schistosomal patients
(60) as well as in the L3T4", Lyt-2"~ subpopulation of mice with
chronic S. mansoni infection (61). Evidence for the regulatory
function of such anti-idiotypic responses can be drawn from the
identification of anti-idiotypic suppressive T cells that modulate
egg-induced granuloma formation (62). Cross-reactivity between
egg and schistosomulum stages (52, 63) suggests that these observa-
tions, made in the study of immune regulation of granulomatous
inflammation around schistosome eggs, might also be relevant to
the control of resistance or susceptibility. Anti-idiotypic responses
were indeed shown in the control of expression of resistance to
murine infection with S. mansoni (64). Accordingly, waning of
resistance during chronic murine infection was attributed to the
modulation of macrophage activation by suppressive T lymphocytes
of the Ly-17, Lyt-2* phenotype (65). Furthermore, in vivo deple-
tion of Lyt-2* cells was shown to augment resistance and decrease
morbidity in infected mice (66) while depletion of L3T4™" T cells in
mice (66), or W3/25" T cells in rats (67), produced opposite
changes. However, whereas T cell clones specific for soluble egg
antigen augmented granuloma formation around eggs in mice (68),
various T-cell lines or clones specific for schistosomulum antigens
conferred a significant level of protection by passive transfer as well
as enhanced the production of antibodies in rats (69).

As for the antibody response, therefore, both the specificity and
the T cell subset activated by schistosome antigens appear essential
factors of the function of T cells in the control of resistance,
susceptibility, or granulomatous hypersensitivity. An additional
factor to be considered is antigen presentation, and indeed changes
in resistance induced by nonliving vaccine were found to depend
strongly on the route of antigen administration (70).

Resistance, granulomatous hypersensitivity, and morbidity due to
schistosomes appear thus as distinct although interrelated compo-
nents of the immune response (1), and it was feared that a strong
immune response elicited against developing schistosomes could, in
increasing immunopathology, have adverse consequences. Indica-
tions of stage-specific immunity and the demonstration that the
control of the intensity of the infection leads to decreased rather
than enhanced granulomatous hypersensitivity and egg-induced
morbidity (66), together with similar findings in primates (71), are
strong indications that vaccination in schistosomiasis would result in
decreased morbidity.

Molecular Targets and Prospects for Vaccine

The multifactorial components of potential effector mechanisms
against schistosomes might lead to the prediction of a correspond-
ing diversity in the expression of target antigens. In fact, immuno-
precipitation of surface-radioiodinated molecules has shown that S.
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mansoni schistosomula display at their outer surface a limited
number of antigenic components. The importance of a group of 30-
to 40-kD antigens has been demonstrated during infection of
various animal species, including rats, mice, monkeys, and humans
(72). One of the major immunogenic components of this group of
antigens is the already mentioned gp38, defined by the protective rat
IgG2a monoclonal antibody (73). The corresponding epitope is also
characterized on a 115-kD molecule in the excretory/secretory
products of adult worms (18), thus providing a molecular support
for concomitant immunity in schistosomiasis. This epitope is also
expressed not only on high molecular weight components of
cercariae and miracidia (eggs), but more strikingly in the intermedi-
ate host, Biomphalaria glabrata (73, 74). Confirming our early
observations of the existence of common determinants between
schistosomes and their intermediate hosts (75), it was possible to
show that this surprising cross-reactivity could be related to an
oligosaccharidic structure, the phylogenic origin of which has been
found in the hemocyanin of an ancestral marine mollusk named
Megathura crenulata and commonly known by immunologists as
keyhole limpet hemocyanin (KLH) (76).

The evidence that the carbohydrate moiety of the schistosomulum
gp38 or its cross-reacting homologs at other parasite stages could
elicit both protective and blocking antibodies led us to consider two
different strategies for the use of this major immunogen as a
potential vaccine. First, anti-idiotypic antibodies were produced
against the protective IgG2a monoclonal antibody, and such inter-
nal image-bearing anti-idiotypes were shown to induce strong
protection in rats (77). Since the potential use of such an idiotypic
vaccine in humans appears limited at present, advantage has been
taken of the cross-reactivity between the schistosome antigens and
KLH to induce protection by KLH-immunization (76) and to
purify and to define the chemical structure of the KLH oligosaccha-
ride. Knowledge of the precise structure of this protective carbohy-
drate may allow the production of synthetic oligosaccharides bear-
ing the protective epitope but lacking the blocking determinant(s),
which would constitute an original model for the study of the
isotype-epitope relation.

The cloning and expression in Escherichia coli of the complemen-
tary DNA encoding for a 28-kD antigen (P28) has recently been
reported and the full sequence of the protein determined in collabo-
ration with Transgene. The recombinant protein induces similar
levels of protection as the purified native protein in rats, mice, and
hamsters (78-80).

One of the major interests of this protective antigen is the
existence in P28 of epitopes cross-reactive not only with two other
human schistosome species, S. haemarobium and S. japonicum, but
also with the bovine parasite S. bovis. This has encouraged us to
undertake immunization experiments in cattle, which have already
demonstrated the good immunogenicity of the recombinant P28
expressed either in E. coli or in yeast.

More recently, in two series of immunization experiments in

baboons, a mean protection of 40 percent (which is quite significant -

in this animal model), with individual levels rising up to 80 percent,
could be obtained. Although rather large individual variations in the
protection induced by immunization can be observed, the present
results seem quite promising and have allowed us to undertake
larger experiments in order to optimize the potential use of such a
candidate vaccine.

The response to this highly protective antigen in rats and baboons
also included a strong production of IgE antibodies, which could
induce in vitro cytotoxicity by platelets and eosinophils. Naturally
infected humans exhibit a marked response to the recombinant P28,
including a major IgE antibody response (81). The recent use of
synthetic peptides constructed from the P28 sequence has shown
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that human IgG4 antibodies, which are strongly correlated as
mentioned above with susceptibility to reinfection, can also be
produced (81).

Although a good candidate for immunization, P28 is only one of
several antigens that have been characterized and cloned in several
laboratories (Table 1), some of these being found protective in mice
or rats (57, 82-88).

Although it would be unreasonable to claim at this stage that a
potential vaccine against human schistosomiasis is now available,
major progress has been made in the identification and biosynthesis
of protective molecules, and evidence for their immunogenicity in
humans has been obtained.

Concluding Remarks

It is now clear from studies both in experimental animals and in
humans that immunity to schistosomes cannot be anything other
than multifactorial. In this respect, the demonstration of both
protective and regulatory (blocking) mechanisms has led to more
general concepts that might be applicable to other chronic transmis-
sible diseases: antibody isotype selection, effector function of minor
antibody classes or subclasses, production of blocking antibodies,
and effector function of nonlymphoid cells. Such studies have also
revealed that integral membrane components might not necessarily
be the sole targets of immune response in the case of infections
characterized by their chronicity and partial immunity. Recent
evidence that a highly protective antigen of schistosomes, the P28, is
not an integral membrane protein but is an enzyme excreted by the
parasite and transiently expressed at the surface of schistosomula
(79) points to the essential role that could be played by excretory
and secretory antigens in the induction of immunity. Because many
parasites including schistosomes occur in the vertebrate hosts at
various developmental stages, it is likely that cross-reacting mole-
cules expressed at these various stages, but with different locations
on or in the parasite, are more suitable candidates for the perma-
nence of effector mechanisms that are the components of concomi-
tant immunity than the stage-specific antigens. The recent observa-
tions made both in experimental and human schistosomiasis provide
at least one explanation for the slow development of immunity in
humans, although not necessarily the only explanation, and they
offer some hope that an approach to vaccination with recombinant
peptides as described above, or synthetic neoglycopeptides, may
prove successful.
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