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VACCINE STRATEGIES AGAINST SCHISTOSOMIASIS

A. CAPRON; J. P. DESSAINT; M. CAFRON & R. J. PIERCE

Centre d'Immunologie ¢t de Biologie Parasitaire, Unit¢ Mixte INSERM U167 — CNRS 624, Institut Pasteur,
1 rue du Pr A. Calmette, 59019, Lille Cédex, France

Schistosomiasis, the second major parasitic disease in the world after malaria affects at least
200 million people, 500 million being exposed to the risk of infection. If is widely agreed that
a vaccine strategy which could lead to the induction of effector mechanisms reducing the level
of reinfection and ideally parasite fecundity would deeply affect the incidence of pathological
manifestations as well as the parasite transmission polentialities.

Extensive studies performed in the rat model have allowed the identification of novel effector
mechanisms involving IgE antibodies and various inflammatory cell populations (eosinophils,
macrophages and platelets) whereas regulation of immune response by blocking antibodies has
been evidenced. Recent epidemiological studies have now entirely confirmed in human popula-
tions the role of IgE antibodies in the acquisition of resistance and the association of IgG4
blocking antibodies with increased susceptibility. On the basis of these concepls, several schis-
losome target proleins have been identified and their encoding genes cloned. One of them, a
schistosome glutathion S-transferase (Sm 28 GST) appears as a promising vaccine candidate.
Immunization experiments have shown that fwo complementary goals can be achieved: (a) a
partial but significant reduction of the worm population (up to 60% in rats); (b) a significant
reduction of parasite fecundity (up to 70% in mice and 85% in catlle) and egg viability (up to
80%s).

At least two distinct immunological mechanisms account for these two effects. IgE antibodies
appear as a major humoral component of acquired resistance whereas IgA antibodies appear
as a major humoral factor affecting parasite fecundity. These studies seem lo represent a
promising approach towards the possible immunological control of one of the major human .
parasite diseases through the identification of potentially protective antigens and of the com-
ponents of the immune response which vaccination should aim at inducing.
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Schistosomiasis 1s most extensively ex-
plored, not only because of the high preva-
lence of the infection in endemic areas and its
health consequences, but also because the fas-
cinating biological features of the life cycle
and the characteristics of the infection, associ-
ating permanently resistance and pathology,
constitute a particularly attractive model of a
chrontc transmissible disease. Considered in
terms of biological features the most relevant
to immunology, the life cycle of schistosomes
indeed offers a series of events that promote a

Abbreviations used in this paper — FceRII: IgE Fc Re-
ceptor, type 1I; ADCC: antibody dependent cell medi-
- ated cytotoxicity; IL-1: Interleukin {; IL-4: Interleukin-
4; IFN-y Gamma interferon.

close interaction between the parasite and the
immune system: active cutaneous penetration
of infective larvae and their transformation into
schistosomula, complex migratory cycle 1n the
vertebrate host, intravascular localization and
blood feeding habits of adult worms, egg depo-
sition 1n mucosae, liver, and various tissues,
and prolonged survival in immune vertebrate
hosts. These prominent characters of a verte-
brate infection have elicited numerous immu-
nological research in three major areas: (a)
effector mechanisms of resistance; (b) mecha-
nisms of parasite survival and regulation of
host immune system; (¢) immune mechanisms
of pathogenesis. In each of these research ar-
eas, novel mechanisms have been uncovered,
leading to more general concepts bearing im-
plications far beyond the specific field of schis-



tosomiasis. From rodent models to man, these
studies have allowed promising approaches,
from bench to bedside, towards the possible
immunological control of one of the major
human parasitic diseases, by pointing to which
parasite antigen may induce protection and
which component of the immune response
should be elicited by the immunization sched-
ule.

RELEVANCE OF EFFECTOR MECHANISMS IN
EXPERIMENTAL MODELS TO IMMUNITY IN HU-

MANS

The study of effector mechanisms of ac-
quired resistance in experimental schistoso-
miasis has been marked for many years by a
debate regarding the relevance of the two major
models used, the mouse and the rat. The mouse,
a totally permissive host like humans, has ini-
tially appeared as the most suitable model and
an animal of choice for immunological stud-
ies. Extensive studies have clearly established
the prominence of T cell-mediated immunity
in the acquisition of resistance. In this model
indeed, macrophage activation through its clas-
sical lymphokine-dependent pathway appears
as the essential component of protective im-
munity, while the role played by the antibody
response has remained equivocal and contro-
versial (James, 1986). The existence of anti-
body-dependent cell-mediated cytotoxicity
(ADCC) involving eosinophils and IgG anti-
bodies described in humans by Butterworth
and colleagues in 1974 (Butterworth et al.,
1975), which was not observed in the mouse,
led some groups to consider the use of the rat
as a model in which ADCC could be easily
charactenized. Although this animal model has
an important drawback, since schistosomes do
not reach their complete sexual maturity and
are spontaneously eliminated 3 weeks after the
infection, the strong and prolonged resistance
acqured after worm rejection constitutes an
alternative situation for an analysis of the ef-
fector mechanisms underlying resistance, and
this approach 1s comforted by the demonstra-
tion in the rat model of three immunologic
nallmarks of human response to schistosomes:
11gh production of specific IgE antibodies,
blood and tissue eosinophilia, and existence of
ADCC mechanisms (Capron M. & Capron A.,
1986).

Extensive studies performed in our labora-
tory have provided a detailed analysis of the
humoral components and the cellular partners
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involved in in vitro killing of target schisto-
somula. Two major features of these cytotox-
icity mechanisms have emerged. One, contrary
to other immunological situations where ADCC
has been described, the cellular partners in-
volved are not lymphoid cells but rather bone
marrow-derived inflammatory cell populations:
mononuclear phagocytes, eosinophils, and
platelets. Second, the major antibody isotypes
cooperating with the effector cell are identi-
fied either as IgE for each of the three cell
populations and also in the particular case of
eosinophils as a subclass of IgG with anaphy-
lactic properties, i.e. rat [gG2a (Capron A. et
al., 1975, Capron M. et al.,, 1978; 1981; Jo-
seph et al., 1983).

The interaction of IgE with these inflam-
matory cells led our laboratory and other groups
to demonstrate the expression by a subset of
each of these cell populations of a Fc receptor
of low affinity for IgE, which we named FceR;
(Capron A. et al.,, 1986), a denomination now
extended to IgE Fc receptors borne by subsets
of B and T cells with the alternative name of
CD23 (Delespesse et al., 1988). Genes encod-
ing the FceR,,/CD23 receptor have been cloned
for B cells, and characterized in macrophages
and an eosinophil cell line (Kikutani et al.,
1986; Yokota et al., 1988). The precise mo-
lecular structure of FceR; on eosinophils and
platelets 1s still under investigation since there
1Is only partial antigenic sharing with CD23
(Grangette et al., 1989). The demonstration of
similar FceRy,; on corresponding human cell
populations, besides bringing a new concep-
tual approach of the participation of these cells
in IgE-dependent allergic situations (Dessaint
et al., 1990) indicated that effector mecha-
nisms unravelled in rat schistosomiasis could
also be considered in man. Numerous conver-
gent studies indeed indicated that IgE immune
complexes can induce, both in rats and men,
cell activation and trigger the release of many
cytocidal mediators, including reactive oxy-
gen intermediates, PAF and, in the case of
eosinophils, major basic protein and eosino-
phil peroxydase, all of which could be imphed
in schistosomula killing (Capron A. & Dessaint,
1985). Accordingly, IgE antibody-dependent
cell-mediated cytotoxicity could be confirmed
in human schistosomiasis (Joseph et al., 1978;
Joseph et al., 1983; Capron M. et al., 1984).
The essential question brought by these novel
in vitro ADCC mechanisms was related to the
implication, so far unsuspected, of anaphylac-
tic antibody isotypes, and specially IgE, in



Mem. Inst. Oswaldo Cruz, Rio de Janeiro, Vol. 87, Suppl. V, 1992 3

mechanisms of protection against metazoan
parasites. The production of monoclonal anti-
schistosome antibodies of the rat IgE and IgG2a
1sotypes led to the demonstration of their high
protective capacity by passive transfer (Grzych
et al., 1982; Verwaerde et al., 1987). Together
with diminished protection passively conferred
by IgE-depleted immune rat serum and abro-
gation of immunity after anti-u and anti-e-an-
tibody treatment of neonate rats (Bazin et al.,
1980; Kigoni et al., 1986), evidence was then
accumulated that IgE, at least in rats, could
have a more beneficial function than being
mainly involved in deleternious allergic mani-
festations.

Although, as discussed above, much in vifro
evidence in human schistosomiasis and in vivo
experiments 1n the rat model argue for a role
for IgE 1n protective immunity to schistosomes,
it was difficult to extrapolate from experimen-
tally demonstrated mechanisms in rats that
harbour schistosome infection for a few weeks
to the situation in endemic areas where human
subjects may be infected for decades. It 1s only
recently that three sets of epidemiological stud-
ies have brought convergent evidence for a
protective role of IgE antibody in human in-
fection. Studying the rate of reinfection after
treatment in a community exposed to S.
haematobium infection in the Gambia, Hagan
et al. have demonstrated a positive correlation
between the specific IgE antibody response to
worm antigen and the acquired resistance to
reinfection. Multiple regression analyses show
in particular that the risk of reinfection is ten
times more likely when IgE antibodies are
absent or in the lowest quintile (Hagan et al.,
1991). Similar findings have been made 1n a
study by Butterworth and ourselves in Kenya
In a community exposed to S. mansoni infec-
tion as well as by Dessein 1n Brazil [personal
communication].

Without excluding the participation of ad-
ditional mechanisms, specific IgE antibody re-
spons¢ appears therefore as a strong correlate
of protective immunity in humans, confirming
the views we have expressed for many years
regarding the novel function of this class of
antibody. The function of IgE antibodies in
triggening clearance of invading schistosomula
may be related to their ability to activate FceR-
positive effector cells in ADCC reactions as
observed in vifro, but other mechanisms can-
not be excluded. Through its classical interac-
tion with FceR -positive mast cells, IgE can

induce the discharge of potent mediators with
strong vascular effects, and some of these such
as PAF can recruit and/or activate eosinophils,
mononuclear phagocytes, and platelets. Besides,
in response to FceR,-mediated activation, mast
cells have recently been found to release vari-
ous cytokines that can stimulate IgE and eosi-
nophil production (Gordon et al., 1990). In
this respect, IgE antibodies may be involved
both in the initiation and effector arms of the
protective response to invading schistosome
larvae.

Two even more general concepts emerge
from these studies of a parasitic model. One
regards the evolutionary significance of IgE
and the reasons of its maintenance at hormone-
like levels 1n normal subjects, which 1s hardly
understandable if only to induce explosive
pathological reactions, but may be related to
its role in defence against metazoan parasites
poorly susceptible to other immune effectors.
This points also to the general significance of
1sotypic selection, which is obviously one of
the key 1ssues 1n our understanding of the regu-
lation of the functional expression of antibody
responses. This mechanism of isotype selec-
tion 1s indeed a prominent feature of the anti-
body response to helminth parasites, and now
appears as one of the major guidelines in the
definition of a vaccine strategy (Capron A, et.
al., 1987; Capron A. & Dessaint, 1988). Re-
cent findings indicate that specific cytokines
control isotype-specific antibody responses,
switch and selection of the IgE isotype being
dictated by the preferential production of
interleukin-4 (IL-4) and suppressed by gamma-
interferon (IFN-y). Thus, the basic question of
the induction and regulation of protective im-
munity to schistosomes has now to be adressed
in terms of how the parasites can stimulate or
prevent T cell responses that lead to the secre-
tion ot specific cytokines.

By using T cell subset-specific monoclonal
antibodies in mice and rats, Phillips et al. have
brought evidence that depletion of Cdd4+ T
cells decreases the level of resistance to chal-
lenge as well as antibody, delayed-type hyper-
sensitivity, and eosinophilic responses, but
ncreases morbidity in mice, Conversely, deple-
tion of CD&+ T cells reduced susceptibility,
indicating that this lymphocyte subset had a
suppressive effect on CD4+ cells (Phillips et
al., 1987a, b). In the mouse where the division
of CD4+ T cell clones into IL-2 and IFN-y
producing Thl and IL-4 and IL-5 producing
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Th2 subsets is advocated, it has been shown
that CD4+ T lymphocytes from S. mansoni-
infected animals secrete high levels of IL-4
and IL-5 but no IL-2 or IFN-y in response to
parasite antigens (Scott et al., 1989). Although
IL-5 production, which 1s particularly involved
in the regulation of eosinophil production,
continues after the peak in IL-4 responses
(Grzych et al., 1991). It should be stressed that
we do not fully understand the stimuli that
control the production of a particular subset of
cytokines by T cells. It is moreover difficult to
extrapolate observations on the preferential in-
duction of a precise T cell subset from mice to
men, since most human T cell clones do not
appear to segregate into specific profiles of
interleukin secretion (Pahard et al., 1988). 1t is
nevertheless already clear that the net ratios of
cytokines produced may play complex roles is
promoting or blocking protective immunity and
immunopathological aggression of the infected
host.

REGULATORY MECHANISMS THAT CONTROL
THE EXPRESSION OF HOST-PROTECTIVE IMMU-

NITY

Immune responses to schistosomes are char-
acterized by their marked complexity and in-
tertwining of host-protective and parasite-pro-
tective components. The very fact that schis-
tosomiasis 1s a chronic infection indicates that

the worms have the possibility to suppress or
evade host-protective immune response, and

many experimental observations have un-
ravelled the diversity of their evasion tactics
(Capron A. & Dessaint, 1989). From an im-
munological standpoint, the regulation of on-
going responses can be considered at three
levels.

A first senies of mechanisms responsible
for the partial immunity observed in schistoso-
miasis is regulation of the protective response
at the level of immune recognition. Natural
infection and immunization of mice lead to
the production of anti-idiotypic antibody cas-
cades that result in a down-regulation of the
expression of cellular and humoral immune
responses to the parasite. Auto-anti-idiotypic
responses have been shown to suppress re-
sponses to discrete antigenic epitopes and the
expression of specific antibody idiotypes or T
cell clonotypes (Phillips et al.,, 1990). Con-
trariwise, anti-idiotypic immunization by pro-
tective antibodies has been demonstrated to
induce protective immunity (Grzych et al.,
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1985). Thus, 1diotypic regulation can represent
an efficient regulatory mechanism that, pro-
gressively during the course of a chronic in-
fection, tums on or off the lymphocyte clones
involved in the development of protection.
Likewise in chronic human schistosomiasis, an-
tibodies to egg antigens have been found to
trigger anti-1diotype specific suppressor T cells
differences i1n antibody idiotypes among pa-
tients suggest that idiotypic regulation of re-
sponsiveness to egg antigens plays a role in
determining the severity of the disease
(Montesano et al., 1989).

Again at the level of specific recognition
by T cells, induction of suppressor T cells in
mice infected by S. japonicum appears to de-
pend on the presentation of parasite antigens
by I-E major histocompatibility complex mol-
ecules (Stavitsky, 1987). The role played by
antigen presentation 1in determining T cell re-

sponsiveness is also shown in humans, HLA-
DQ and DR (Hirayama et al., 1987).

A second series of mechanisms that con-
trols the expression of protective immunity is
regulation of T cell proliferation. Disturbed T
cell function in mice infected by S. japonicum
has been related to decrecased responsiveness
to IL-1 (Yamashita et al., 1987). Parasite-de-
rived factors may be directly involved in such
unresponsiveness. In particular, adult schisto-
somes have been shown to release a low
moiecular weight inhibitor capable of selec-
tively blocking T cell proliferation (Mazingue
et al.,, 1987). Besides, schistosome eggs in-
jected to infected or vaccinated mice do sup-
press their IFN-y response attributed to Thl
cells (Pearce et al., 1991). Since IFN-y inhibits
proliferation of mouse Th2 cells and IL-10
reciprocally inhibits Thl cells, the expression
of resistance in mice might reflect the balance
in CD4+ Thl and Th2 cell clones, and this
balance could be modified not only by their
reciprocal regulatory influences, but also di-
rectly by the parasite itself (Scott et al.,
1989).

Finally, another mechanism that regulates
the expression of protective immunity stems
from isotypic regulation itself. Evidence for
the selective production of defined antibody
classes during the course of experimental schis-
tosome infection in rats raised questions about
the function of other isotypes shown not to be
directly mmplied in killing pathways. The de-
crease 1n immunity observed at certain periods
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of the infection in rats indeed is not related to
a sharp decrease in antibody production, but is
concomitant with the appearance of non-ana-
phylactic IgG subclasses. A representative
IgGG2c monoclonal antibody was shown to in-
hibit the capacity of an IgGG2a monoclonal
antibody both to induce eosinophil-dependent
killing of schistosomula in vitro and to confer
passive protection in vivo. The concept of
blocking antibody was supported by the obser-
vation that this IgG2c antibody can inhibit the
recognition by the protective IgG2a antibody
of the carbohydrate moiety of a major surface
glycoprotein of schistosomula described as
gp38 (Grzych et al., 1984). Blocking antibod-
ies could also be characterized in murine
schistosomasis (Omer-Ali et al., 1988).

The possibility that a similar phenomenon
might be important in humans infected by S.
mansoni was first indicated by the observation
that susceptibility to reinfection after treatment
of schoolchildren is significantly correlated with
the presence of high levels of antibodies that
inhibit the binding to the major gp38
schistosomulum surface antigen of the protec-
tive monoclonal IgG2a antibody. In addition,
IgM and IgGG2 antibodies isolated from the
sera of various individuals directly block the
cosinophil-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 chil-
dren than in the older, resistant subjects (Gor-
don et al., 1990; Khalife et al., 1986). More
recently, analysing the isotypes of the anti-
body response to a recombinant protective
protein (Sm28/GST) and its derived synthetic
peptides, we found a significant correlation
between susceptibility to reinfection to S.
mansoni 1 humans and the increased produc-
tion of IgG4 antibodies to this protective schis-
tosome antigen and its defined B cell epitopes
(Aurnault et al., 1990). Consistently, in the
framework of his studies on resistance to S.
haematobium infection, Paul Hagan has also
shown a clear correlation between IgG4 anti-
body response to schistosome antigens and
increased susceptibility to reinfection (Hagan
et al., 1991).

Collectively, the main message from these
studies s that in human schistosomiasis block-
ing antibodies are important components of
the clinical expression of acquired resistance
at 1ts early stages, and afterwards, clinical

expression of immunity is positively correlated
to the presence of detectable IgE antibody
responses to schistosomes. Such indications are
obviously in the heart of the design of defined
anti-schistosome vaccine,

CONCEPTUAL BASIS OF A VACCINE STRATEGY

Considered as a whole, these observa-
tions and the confrontation of studies in
experimental models, particularly the rat, and
in infected humans point to three major mes-
sages.

The first relates to the selection of poten-
tially protective antigens. A major emphasis
has been given 1n the past to the identification
In various parasites of stage-specific antigens,
but as far as schistosomiasis is concerned,
increasing evidence arising from experimental
studies in laboratory animals or epidemiologi-
cal surveys in human populations supports to
the onginal views of Smithers and Terry and
their description of concomitant immunity
(Smithers & Terry, 1969). The molecular ba-
sis of concomitant immunity obviously implies
that identical or cross-reactive epitopes are
expressed at various stages of the parasite life
cycle. Common antigens or common epitopes
on both the adult stage of schistosomes, as the
major stimulus of the protective immune re-.
sponse, and on invading schistosomula as the
privileged targets of its expression appear thus
as essential components for the induction of
an optimal protection. In this respect, the se-
lection of antigens or cross-reactive epitopes
common to several stages, rather than stage-
specific molecules, has to be favoured (Capron
A. & Dessaint, 1988).

The second message concerns the respec-
tive roles played by surface versus excretory-
secretory molecules in the induction of a pro-
tective immune response. Although the effi-
ciencies of effector mechanisms, either cellu-
lar or humoral or both, implies the accessibil-
ity of surface-associated molecules, consid-
ered 1n terms of their immunogenicity in ex-
perimental infection or in natural human in-
fection, schistosomula integral membrane pro-
teins do not necessanly represent the optimal
vaccine candidates, contrary to excreted-se-
creted proteins. It i1s striking in this respect
that by using antibody probes from immunised
or infected animals and humans, the majority
of over thirty different schistosome genes so
far cloned, encode proteins which are either



enzymes or non surface structural proteins
which are transiently expressed on the worm
surface.,

Finally, the concept of isotype selection
which we have developed since 1976 appears
as an essential factor for the expression of
optimal resistance to reinfection both in ex-
perimental models and in humans. As men-
tioned above, the dynamic balance in chronic
schistosomiasis between effector and blocking
antibody isotypes against the same molecule
appears to account for the vanable expression
of immunity. Among effector antibody isotypes,
IgE and IgA appear to act on different func-
tional targets of the parasite. The optimal in-
duction through immunisation of the appropri-
ate antibody isotype is therefore of primary
importance to the success of any vaccine
strategy. Our approach towards this goal is,
however, presently hampered by our limited
knowledge of the basic immunological mecha-
nisms drniving isotype selection, and by em-
pirical criteria in the choice of appropriate
adjuvants.

ADVANCES TOWARDS VACCINE STRATEGIES
AGAINST SCHISTOSOMIASIS

On the basis of these concepts, we have
developed during the last five years extensive
protective molecules against schistosomiasis.
By using rat monoclonal or polyclonal anti-
body probes of defined isotypes, selected for
their protective activity by passive transfer ex-
periments in rats, several molecules have now
been selected.

The first schistosome protective molecule
to be 1dentified was a glycoconjugate described
as gp38, the target antigen of a rat anti-S.
mansoni monoclonal IgG2a antibody isotype
shown to be strongly cytotoxic in vitro in an
ADCC system involving eosinophils, and
highly protective by passive transfer (Grzych
et al., 1982). Studies of the glycoprotein indi-
cated that the protective epitope was expressed
on its carbohydrate moiety. An anti-idiotype
vaccine, based on the production of an Ab,
monoclonal antibody to the IgGG2a monoclonal,
bearing the internal image of its epitope, con-
ferred a significant degree of protection to im-
munized rats (Grzych et al., 1985). The
glycanic epitope could be characterized, be-
sides schistosomula surface gp38 molecule, in
adults on a 115 kDa non-surface glycoprotein
that 1s excreted by the worm, as well as in
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cercariae (at 130 kDa), miracidia (30-300 kDa)
and even in the intermediate snail host
Biomphalaria glabrata (Dissous & Capron A.,
1983; Dissous et al., 1986). This glycanic struc-
ture was also expressed in various fresh water
snails and in the hemocyanin of an ancestral
marine mollusc, Megathura crenulata, well
known by immunologists as keyhole limpet
hemocyanin (KLH). The KLH oligosaccharide
has been purified and shown to exert a strong
protective activity against schistosome infec-
tion in rats (Grzych et al., 1987).

Following these initial studies, the genes
encoding several schistosome proteins have
been cloned in our laboratory, among which
one of them, initially named P28 (Balloul et
al., 1987b), appears as a very promising vac-
cine candidate. After its successful cloning in
collaboration with Transgene, P28 was identi-
fied as a glutathione-S-transferase (GST) (Tay-
lor et al., 1988), and distinct in its molecular
structure of a GST recently cloned from a S.
Japonicum cDNA hbrary (Davern et al., 1987).
Sm28/GST has been expressed in various vec-
tors, wincluding E. coli, Saccharomyces cere-
visiae, and the vaccinia virus. Vaccination
experiments performed with the highly puri-
fied native protein indicated a level of protec-
tion close to 70% in rats, 50% in the mouse
and 1n hamsters. Immunization performed with
the recombinant protein in the presence of
aluminium hydroxyde in hundreds of rodents
confirmed the 1initial results and led to a mean
of 60% protection in rats and 45% in mice
(Capron et al., 1987; Ballou! et al., 1987a:
Balloul et al., 1987b). On this basis, several
vaccination experiments were undertaken in
baboons and a very significant protection, up
to 80%, could be obtained in some animals.
However, a large degree of individual varia-
tion was noticed and the mean protection ob-
served was 42% (Capron A. et al., 1987
Boulanger et al., 1991).

Durning these experiments, our attention was
drawn to the existence, even in the very par-
tially protected animals, of a significant de-
crease in the size and volume of egg granulo-
mas in the liver, whereas a mean reduction of
68% of fecal egg output per female worm and
per day was noticed. Similar observations were
made in the monkey Patas patas immunized
against §. haematobium infection, and a marked
difference was shown between immunized and
control animals in terms of urinary bladder
lesions using ultrasound tomography.
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The optimization of our vaccine strategy
can now be summarized as follows:

a) Considering the operational importance
of a single shot vaccine we have demonstrated
in rats that a single injection of 25 micrograms
of Sm28/GST 1n the presence of alum or BCG
could induce levels of protection equivalent to
the multidose schedule; (b) We have attached
particular importance to the comparison of B
and T cell epitopes of Sm28/GST recognized
after immunization and by schistosomiasis
patients. Extensive studies have allowed the
identification of several major epitopes com-
mon to rats, mice and men. The identification
of a particular sequence, 115-131, as a major
helper T cell epitope involved in the induction
of the IgE antibody response has led to the
construction of an “octopus” (8 copies of the
sequence coupled to a lysine core) which 1s
highly immunogenic and protective (Auriault
et al., 1990); (c) In order to understand the
role played by the enzymatic function (GST)
of Sm28/GST, we have produced a monoclonal
antibody that inhibits the enzymatic activity.
Results obtained both in vifro and ir vivo In-
dicate that, together with a significant protec-
tion against challenge (6Q%), a dramatic re-
duction 1n egg laying and egg viability is con-
ferred by this neutralizing antibody. In con-
trast, another protective monoclonal antibody,
but which does not inhibit the enzymatic ac-
tivity, had not effect on egg production; (d)
On the basis of this information, a major
emphasis has now been given to the effect of
immunization with Sm28/GST on egg laying
and viability. We have now established that
besides its protective activity against challenge
infection, vaccination with Sm28/GST strongly
affects parasite fecundity and egg viability. In
order to optimize this effect, the possible syn-
ergy between immunization and Praziquantel
treatment has been explored, since chemo-
therapy and host-immunity appear to synergize
in the destruction of schistosomes (Brindley &
Sher, 1987). The immunization followed by
Praziguantel treatment leads to both an increase
In resistance to reinfection and to a dramatic
decrease (94%) in egg viability, whereas a 70%
reduction 1in the number and surface density of
liver granulomas is observed; (e) Immune ef-
fector mechanisms underlying the effect of
immunization on worm fecundity have been
explored. Whereas protection against challenge
tnfection s mainly IgE-mediated, evidence has
- been obtained that IgA antibodies play a sig-
nificant role in reducing worm fecundity and

egg viability. These findings have been re-
cently substantiated by the observation in hu-
man populations of a significant correlation
between the IgA response to Sm28/GST and
its derived peptides and the acquisition of im-
munity, as assessed by the decrease in parasite
egg output. Recent results obtained in cattle
schistosomiasis confirm that a major effect of
immunisation with schistosome GST is to very
significantly reduce egg output and egg viabil-
ity. In the framework of immunization experi-
ments performed in Sudan i collaboration with
M. Taylor (LSHTM) and A. Bushara (Veteri-
nary Faculty Khartoum), it was indeed shown
that the vaccination of calves with S. bovis
GST led to a dramatic reduction in egg pro-
duction (83%) and acquisition of resistance to
a lethal infection.

We have attempted, in this review mostly
based on the work performed in our laboratory
during the last 15 years, to show how exten-
sive analysis of effector and regulatory mecha-
nisms of the immune response to schistosomes
in a model, the rat, relevant to human
schistosomiasis, might lead in a near future to
a promising approach towards a vaccine against
one of the major human parasitic diseases.

In a disease where the humoral compo-
nents of the immune response appear to play -
a significant role, the understanding of the
distinct functions played by the various anti-
body isotypes that are produced i1s crucial. If
one accepts the view that dniving appropriate
1sotypic selection or preferential isotype in-
duction 1s a major goal to achieve, appropriate
ways of optimal immunogen presentation by
the rational use of adapted adjuvants obviously
represent key issues. On the basis of all these
experiments and of the recent epidemiological
itnformations confirming the views which we
have expressed for many years regarding the
protective role of IgE and the relevance to
man of the rat model in which these mecha-
nisms have been estabhished in vitro and in
vivo, we are now encouraged to move to phase
I human trials, which will be undertaken dur-
ing the next few months.

REFERENCES

AURIAULT, C. H.; GRAS-MASSE, R. J.; PIERCE, A.
E.; BUTTERWORTH, I.; WOLOWCZUK; CA-
PRON, M.; OUMA, J. H.; BALLOUL, J. M,;
KHALIFE, J; NEYRINCK, J. L; TARTAR, A;
KOECH, D. & CAPRON, A., 1990. Antibody re-



sponse of Schistosoma mansoni infected human
subjects to the recombinant P28 glutathione-S-trans-
ferase and to synthetic peptides. J. Clin. Microbiol.,
28: 1918.

BALLOUL, J. M.; GRZYCH, J. M,; PIERCE, R. J. &
CAPRON, A., 1987a. A punfied 28,000 dalton pro-
tein from Schistosoma mansoni adult worms pro-
tects rats and mice against experimental schistoso-
miasis. J. Immunol., 138: 3448.

BALLOUL, J. M.; SONDERMEYER, P.; DREYER, D.;
CAPRON, M.; GRZYCH, J. M.; PIERCE, R. J;
CARVALLOQO, D.; LECOCQ, J. P. & CAPRON, A,,
1987b. Molecular cloning of a protective antigen of
schistosomes. Nature, 326: 149.

BAZIN, H.; CAPRON, A.; CAPRON, M.; JOSEPH, M.;
DESSAINT, J. P. & PAUWELS, R., 1980. Effect of
neonatal injection of anti-u antibodies on immunity
to schistosomes (Schistosoma mansoni) in the rat.
J. Immunol., 124: 2373.

BOULANGER, D.; REID, G. D. F.; STURROCK, R. F,;
WOLOWCZUK, I.; BALLOUL, J. M.; GREZEL,
D.; PIERCE, R. J.; OTIENO, M. F.; GUERRET, S.;
GRIMAUD, J. A.; BUTTERWORTH, A. E. &
CAPRON, A., 1991. Dual expression of protection
against experimental Schistosomiasis mansoni in
mice and baboons immunized with the recombinant
SM28GST. Parasite Immunol., 13: 473.

BRINDLEY, P. J. & SHER, A., 1987. The chemothera-
peutic effect of praziquante] against Schistosoma
mansoni is dependent on host antibody response. J.
Immunol., 139: 215.

BUTTERWORTH, A. E.; STURROCK, R. F.; HOUBA,
V. & REES, P. M., 1975. Eosinophils as mediators
of antibody-dependent damage to schistosomula.
Nature, 256: 727.

CAPRON, A. & DESSAINT, J. P., 1985. Effector and
regulatory mechanisms in immunity to schistosomes:
a heuristic view. Ann. Rev. Immunol., 3: 45S.

CAPRON, A. & DESSAINT, J. P., 1988. Vaccination
agamst parasitic diseases: Some alternative con-
cepts for the definition of protective antigens. Ann.
Immunol. Inst. Pasteur, 139: 109.

CAPRON, A. & DESSAINT, J. P., 1989. Molecular

basis of host-parasitic relationship. Towards the °

definition of protective antigens. Immunol. Rev.,
112:27.

CAPRON, A.; DESSAINT, J. P.; CAPRON, M. &
BAZIN, H., 1975. Specific IgE antibodies in im-
mune adherence of normal macrophages to Schisto-
soma mansoni schistosomules. Nature, 253: 474.

CAPRON, A.; DESSAINT, J. P,; CAPRON, M.; JO-
SEPH, M.; AMEISEN, J. C. & TONNEL, A. B.;
1986. From parasites to allergy: the second recep-
tor for IgE (FceR2). Immunol. Today, 7: 18.

CAPRON, A.; DESSAINT, J. P.; CAPRON, M.; OUMA,
J. H. & BUTTERWORTH, A. E.; 1987. Immunity
to schistosomes: progress toward vaccine. Science,
238: 1065.

CAPRON, M.; BAZIN, H.; JOSEPH, M. & CAPRON,
A., 1981. Evidence for IgE-dependent cytotoxicity
by rat eostnophils. J. Immunol., 126: 1764.

CAPRON, M. & CAPRON, A., 1986. Rats, mice and
men: models for the immune effector mechanisms

against Schistosoma mansoni. Parasitol. Today, 2:
69.
CAPRON, M.; CAPRON, A.; TORPIER, G.; BAZIN,

A. Capron et al.

H.; BOUT, D. & JOSEPH, M., 1978. Eosinophil-
dependent cytotoxicity in rat schistosomiasis. 1.
Involvement of 1gG2a antibody and role of mast
cells. Eur. J. Immunol., 8: 127.

CAPRON, M.; SPIEGELBERG, H. L.; PRIN, L;
BENNICH, H.; BUTTERWORTH, A. E.; PIERCE,
R. J.; OUAISSI, M. A. & CAPRON, A_, 1984. Role
of IgE receptors in effector function of human eosi-
nophils. J. Immunol., 232: 462,

DAVERN, K. M;; TIU, W.; MORAHAN, G.; WRIGHT,
M. D.; GARCIA, E. G. & MITCHELL, G. F., 1987.
Responses in mice to Sj26, a glutathione S-trans-
ferase of Schistosoma japonicum worms. Immunol.
Cell. Biol., 651: 473.

DELESPESSE, G.; SARFATI, M.; HOFSTETTER, H.;
SUTER, U.; NAKAJIMA, T.; PELEMAN, B.;
LETELLIER, M.; KILCHHERR, E. & FROST, H.,
1988. Structure, function and clinical relevance of
the low affinity receptor for IgE. Immunol. Invest.,
17: 363.

DESSAINT, J. P.; CAPRON, M. & CAPRON, A., 1990.
Fc Receptors and the Action of Antibodies, Henry
Metzger Ed., Am. Soc. Microbiol 260 p.

DISSOUS, C. & CAPRON, A., 1983. Schistosoma
mansoni: antigenic community between schistoso-
mula surface and adult worm incubation products
as a support from concomitant immumty. FEBS
Letters, 162: 355.

DISSOUS, C.; GRZYCH, J. M. & CAPRON, A., 1986.
Schistosoma mansoni shares with fresh water and
murine snails a protective oligosaccharide epitope.
Nature, 323: 443,

GORDON, J. R.; BURD, P. R. & GALLI, S. J., 1990,
Mast cells as a source of multifunctional ¢cytokines.
Immunol. Today, 11: 458.

GRANGETTE, C.; GRUART, V.; OUAISSI, M. A
RIZVI, F.; DELESPESSE, G.; CAPRON, A. &
CAPRON, M., 1989. IgE receptor on human eosi-
nophils (FceRII): companson with B cell CD23 and
association with an adhesion molecule. J. Immunol.,
143: 3580.

GRZYCH, J. M.; CAPRON, M.; BAZIN, H. & CAPRON,
A., 1982. In vitro and in vivo effector function of

rat [gG2a monoclonal anti-S. mansoni antibodies.
J. Immunol., 129: 2739,

GRZYCH, J. M.; CAPRON, M.; DISSOUS, C. &
CAPRON, A, 1984. Blocking activity of rat mono-
clonal antibodies in experimental schistosomiasis.
J. Immunol., 133: 998.

GRZYCH, J. M.; CAPRON, M.; LAMBERT, P. H.;
DISSOUS, C.; TORRES, S. & CAPRON, A, 1985.
An idiotype vaccine against schistosomiasis. Na-
ture, 316: 74.

GRZYCH, J. M,; DISSOUS, C.; CAPRON, M.; TORRES,
S.; LAMBERT, P. H. & CAPRON, A, (987.
Schistosoma mansoni shares with keyhole limpet
hemocyanin a protective carbohydrate epitope. J.
Exp. Med., 165: 8685.

GRZYCH, J. M.; PEARCE, E. J.; CHEEVER, A
CAULADA, Z.; CASPAR, P.; HIENY, S.; LEWIS,
F. & SHER, A., 1991]. Egg deposition is the major
stimulus for the production of Th2 cytokines in
murine Schistosomiasis mansoni. J. Immunol., 146:
1322.

HAGAN, P.; BLUMENTHAL, U. J.; DUNN, D,;
SIMPSON, A. J. G. & WILKINS, H. A,, 199},



Mem. Inst. Oswaldo Cruz, Rio de Janeiro, Vol. 87, Suppl. V, 1992 9

Human IgE, 1gG4 and resistance to reinfection with
Schistosoma haematobium. Nature, 349: 243.
HIRAYAMA, K.; MATSUSHITA, S.; KIKUCH], I;
IUCHI, M.; OHTA, N. & SASAZUKI, T., 1987.
HLA-DQ is epistatic to HLA-DR 1n controlling the
immune response to schistosomal antigen in hu-

mans. Nature, 327: 426.

JAMES, S. L., 1986. Induction of protective immunity
against Schistosoma mansoni by a non-living vac-
cine. l11. Correlation of resistance with induction of
activated larvacidal macrophages. J. Immunol., 136:
3872.

JOSEPH, M.; AURIAULT, C.; CAPRON, A.; VORNG,
H. & VIENS, P., 1983. A role for platelets in IgE-
dependent killing of schistosomes. Nature, 303: 810.

JOSEPH, M.; CAPRON, A.; BUTTERWORTH, A. E;
STURROCK, R. F. & HOUBA, V., 1978. Cytotox-
icity of human and baboon mononuclear phago-
cytes against schistosomula in vitro: induction by
immune complexes containing IgE and Schistosoma
mansoni antigens. Clin. Exp. Immumol., 33: 4S.

KHALIFE, J.; CAPRON, M.; CAPRON, A.; GRZYCH,
J. M.; BUTTERWORTH, A. E.;; DUNNE, D. W. &
OUMA, J. H., 1986. Immunity in human Schistoso-
miasis mansoni. Regulation of protective immune
mechanisms by IgM blocking antibodies. J. Exp.
Med., 164: 1626. |

KIGONI, E. P.; ELSAS, P. P. X;; LENZ], H. L. &
DESSEIN, A. J., 1986. IgE antibody and resistance
to infection. Il. Effect of IgE suppression on the
early and late skin reaction and resistance of rats to
Schistosoma mansoni infection. Eur. J. Immunol.,
16: 589.

KIKUTANI, H.; INUI S.; SATO, R.; BARSUMIAN, E.
L., OWAKI, H.; YAMASAKI, K.; KAISHO, T.;
UCHIBAYASHI, N.; HARDY, R. P.; HIRANO, T.;
TSUMASAWA, S.; SAKIYAMA, F.; SUEMURA,
M. & KISHIMOTO, T., 1986. Molecular structure
of human lymphocyte receptor for IgE. Cell, 47:
657.

MAZINGUE, C.; WALKER, C.; DOMZIG, W
CAPRON, A.; DE WECK, A. & STADLER, B. M.,
{987. Effect of schistosome-derived inhibitory fac-
tor on the cell cycle of T lymphocytes. Int. Archs
Allergy appl. Immunol., 83: 12.

MONTESANO, M. A_; LIMA, M. S.; CORREA-
OLIVEIRA, R.; GAZZINELLI, G. & COLLEY, D.
G., 1989. Immune responses duning human schisto-
somiasis mansoni. XVI1. Idiotypic differences 1n
antibody preparations from patients with different
clinical forms of infection. J. Immunol., 142: 2501.

OMER-ALI, P.; SMITHERS, S. R.; BICKE, Q.;
PHILLIPS, S. M.; HARN, D. & SIMPSON, J. G,,
1988. Analysis of the anti-Schistosoma mansoni
surface antibody response during murine infection
and its potential contribution to protective immu-
nity. J. Immunol., 140: 258.

PALIARD, X.; DE WAAL, M. R.; YSSEL, H,;
BLANCHARD, D.; CHRETIEN, J.; ABRAMS, J.;

DE VRIES, J. E. & SPITS, H., 1988. Stmultaneous
production of IL-2, IL-4 and IFNy by activated hu-
man CD4+ and CD8&+ T cell clones. J. Immunol.,
141: 849.

PEARCE, E. J.; CASPAR, P. K.; GRZYCH, J. M,;
LEWIS, F. A. & SHER, A., 1991. Down-regulation
of Thl cytokine production accompanies induction
of Th2 responses‘by a parasitic helminth Schisto-
soma mansoni. J. Exp. Med., 173: 159.

PHILLIPS, S. M.; LIN, J; GALAL, N.; LINETTE, G.
P.; WALKER, D. J. & PERRIN, P. J.,, 1990. The
regulation of resistance of Schistosoma mansoni by
auto-antitdiotypic immunity. III. An analysis of ef-
fects on epitopic recognition, idiotypic expression,
and anti-tdiotypic reactivity at the clonal level. J.
Immunol., 145: 2272.

PHILLIPS, S. M.; LINETTE, G. P.; DOUGHTY, B. L.;
BYRAM, J. E. & F. VON LICHTENBERG., 1987a.
In vivo T cell depletion regulates resistance and
morbidity mm murine schistosomiasis. J. Immunol.,
139: 919.

PHILLIPS, S. M.; WALKER, D.; ABDEL-AFEZ, D. S.
K.; LINETTE, G. P,; DOUGHTY, B. L.; PERRIN,
P. J. & EL FATHELBAB, N., 1987b. The immune
response to Schistosoma mansoni infections in in-
bred rats. VI. Regulation by T cell subpopulations.
J. Immunol., 139: 2781.

SCOTT, P.; PEARCE, E.; CHEEVER, A. W.; COF-
FMAN, R. L. & SHER, A., 1989. Role of cytokines
and CD4+ T-cell subsets in the regulation of para-
site immunity and disease. Immunol. Rev., 112: 16l.

SMITHERS, S. R. & TERRY, R. J., 1969. Immunity in
schistosomasis. Ann. N. Y. Acad. Sci., 160: 826.

STAVITSKY, A. B., 1987. Immune regulation in Schisto-
somiasis japonica. Immunol. Today, 8: 228.

TAYLOR, J. B,; VIDAL, A.; TORPIER, G.; MEYER,’
D. J.; ROITSCH, C.; BALLOUL, IJ. M.; SOUTHAN,
C.; SONDERMEYER, P.; PEMBLE, S.; LECOCQ,
J. P.; CAPRON, A. & KETTERER, B., 1988. The
glutathione transferase activity and tissue distribu-
tion of a cloned Mr-28 K protective antigen of
Schistosoma mansoni. EMBO J., 7: 465.

VERWAERDE, C.; JOSEPH, M.; CAPRON, M,;
PIERCE, R. J.; DAMONNEVILLE, M.; VELGE, F.;
AURIAULT, C. & CAPRON, A., 1987. Functional
propertics of a rat monoclonal IgE antibody spe-
cific for Schistosoma mansoni. J. Immunol., 138:
4441.

YAMASHITA, T.. WATANABE, T. & SENDOQO, F.,
[987. Studies on the immunological disturbance tn
munne Schistosomiasis japonica from the view-
point of the interleukin cascade reaction. /mmunol-
ogy, 62: 215.

YOKOTA, A.; KIKUTANI, H.; TANAKA, T.; SATO,
R.; BARSUMIAN, E. L.; SUEMURA, M. &
KISHIMOTO, T., 1988. Two-species of human
FceRlIl (Fc epsilon RIl/cD23): tissue-specific and
IL-4 specific regulation of gene expression. Cell,
55: 611.



