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For the development of vaccine strategies to generate efficient protection against chronic infections
such as parasitic diseases, and more precisely schistosomiasis, controlling pathology could be more
relevant than controlling the infection itself. Such strategies, motivated by the need for a cost-effective
complement to existing control measures, should focus on parasite molecules involved in fecundity,
because in metazoan parasite infections pathology is usually linked to the output of viable eggs. In
numerous animal models, vaccination with glutathione S-transferases of 28kDa has been shown to
generate an immune response strongly limiting the worm fecundity, in addition to the reduction of the
parasite burden. Recent data on acquired immunity directed to 28GST in infected human populations,
and new development to draw adapted vaccine formulations, are presented.
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Considered in terms of biological features mosibsomiasis. From rodent models to man, these stud-
relevant to immunology, the life cycle of schisto-es have allowed promising approaches towards the
somes offers a series of events that promote a clgsessible immunological control of one of the ma-
interaction between the parasite and the immurjer human parasitic diseases, by pointing to which
system: active cutaneous penetration of larvae asdhistosome antigen may induce protection and
their transformation into schistosomula with a pulwhich component of the immune response should
monary stage of maturation, a complex migratorpe elicited by the immunization schedule. In addi-
cycle in the vertebrate host, intravascular localizaion to these major aims, one of the objectivesis to
tion and blood feeding of adult worms, egg depogenerate appropriate vaccine formulations with
sition in mucosae, liver, and various tissues, angspect to the selected antigen(s), the nature of the
prolonged survival in immune vertebrate hostsmmune response required, and properties for easy
These prominent characters of a vertebrate infease in the field. The ideal vaccine formulation,
tion have elicited extensive immunological re-which would avoid needles, multiple administra-
search in three major areas: effector mechanisrtiens, and cold chain, is still to be elaborated. How-
of resistance; immune mechanisms of pathogemever, the recent advances in vaccine biotechnol-
esis; mechanisms of parasite survival and regulagy brought us new knowledge on the mucosal
tion of host immune system. In each of these ressociated immune system, chemistry of lipids and
search areas, novel mechanisms have been uncpelymers, and molecular biology, allowing us to
ered, leading to more general concepts bearirgenerate vectors which would be the basis of new
implications far beyond the specific field of schis-generation vaccines dedicated to infected popula-
tion from developing countries.

NEW ADVANCES IN RESEARCH ON 28GSTS AS
EXPERIMENTAL CANDIDATE VACCINES AND
ANTIGENIC TARGETS IN INFECTED HUMAN
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other schistosome species and on other enzymagplied research, reinforced by the recent emer-
involved in detoxification and antioxidant path-gence of schistosome strains naturally resistant to
ways. chemotherapy (Ismail et al. 1994, Fallon et al.
Schistosome GSTs were first identified as po1996).
tential targets of protective immunity by two sepa- The logistic benefit of the availability of a poly-
rate approaches. The identification of a 28 kDaalent vaccine against several schistosome species
fraction of solublés. mansoradult worm antigens infecting the same definitive host prompted re-
that elicits a protective antibody response and cosearchers to use primate and cattle models to in-
fers a high degree of protection to both rats angkbstigate the capacity of GSTs in Freund Complete
mice (Balloul et al. 1985) was followed by the clon-Adjuvant to prevent heterologous experimental
ing of the cDNA encoding the major antigenic cominfections. The efficacy of patas monkey immuni-
ponent of the fraction (Balloul et al. 1987a) whictezation with 28GST cloned fro®. mansoriio pre-
was identified as a GST (Taylor et al. 1988)vent the deleterious impact of an experimental chal-
Sm28GST was expressed in bBgtherichiecoli  lenge withS. haematobiuwas evaluated in Niger
and in yeast in an enzymatically active form thafBoulanger et al. 1995). A marked anti-fecundity
allows its purification by affinity chromatography effect and an alleviation of the bladder pathology
on glutathione-agarose (Taylor et al. 1988). Thevere recorded in the vaccinated patas monkeys,
recombinant protein elicits protective immunity inshowing the major antigenic properties of some of
rats, hamsters (Balloul et al. 1987a, Grezel et ahe conserved epitopes of 28kDa GSTs in both
1993), baboons (Balloul et al. 1987b) and in micechistosome strains. In parallel, the protective ef-
(Boulanger et al. 1991, Xu et al. 1993, Pancré éitacy of cattle immunization with the clon&l
al. 1994). The level of protection conferred againgiovis 28GST against a natur@l mattheeichal-
infection varies from a mean of 50-70% in rats tdenge, was tested in Zambia (De Bont et al. 1997).
40-50% in mice and 40% in baboons. The rellh addition to the spectacular reduction of egg out-
evance of our choice for the 28GST as vaccinput (>80%), a dramatic reduction of miracidia vi-
candidate has been strengthened by vaccinatiamility was observed, showing that the recombi-
experiments performed in Sudan against cattieant Sb28GST can provide significant protection
schistosomiasis due ®. bovis (Bouchara et al. against natural infection by. mattheei
1993). These demonstrations open the possibility that
General discussions of immune protectiora cross-specific anti-fecundity vaccine might be
against schistosome infection have concernedazhieved, as far as 28GSTs of the concerned spe-
reduction in the numbers of parasites recoverezes would present highly conserved domains in-
from immunized animals compared to non-immuvolved in the catalytic activity of the antigens, as it
nized controls. The experiments in baboons usirttas been described for the N and C terminal do-
recombinant Sm28GST highlighted a different promains (respectively AA 10-43 and AA 190-211)
tective effect ofimmunization, which until recentlyof the 28GSTs fron§. mansonand S. haema-
had not been demonstrated with any other antiget@bium (Trottein et al. 1992a).
This effect was a reduction in the fecundity of fe- The relevance of the induction of humoral im-
male worms reflected in a reduced excretion of eggaune response against specific domains of the
by immunized animals, and a reduction in tissu88GST was pointed out by the study of the im-
egg loads in mice immunized with Sm28GST andhune status of infected human populations. A
challenged witts. manson{Boulanger et al. 1991) correlation could be observed between the produc-
and in cattle immunized with native Sb28GST ant¢ion of IgA Abs directed against the peptides in-
infected withS. bovis(Bouchara et al. 1993). This volved in the GST catalytic site and the resistance
particular protective effect of the immune responst reinfection (Auriault et al. 1990, Grzych et al.
could be related to the inhibition of the GST enzy1993). Moreover, the human IgE response to one
matic activity by antibodies (Xu et al. 1991, Grzychof the major B epitopes of the Sm28GST (AA 115-
et al. 1993), which is vital to the survival of thel31) could be involved in the reduction of worm
parasite in the definitive host (Mitchell 1989). Thuspurden through an antibody-dependent cell cyto-
these findings open new and accessible conceptsicity mechanisms.
in vaccine research against schistosomiasis, dedi- The dramatic emergence of a new focus (1989)
cated to the reduction of the parasite fecundityf S. mansoninfection in the Senegal river basin
more in terms of anti-pathological vaccines thaprovides a unique opportunity to study the acquired
in terms of eradication of the parasitic disease ihumoral immune response before any chemo-
the definitive host. Indeed, a vaccine, aimed at préherapy treatment, and to confirm the hypothesis
venting the development of the serious forms abf multifactorial mechanisms involved in the pro-
the disease, has therefore become a major goal fective effect of vaccination with 28GSTs. Very
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recently, we developed a study on specific immuniinctional targets of the parasite. The optimal in-
profiles against Sm28GST in populations exemmuction through immunization of the appropriate
of chemotherapy and living in this area where thantibody isotypes is therefore of primary impor-
prevalence reaches almost 100%. Sera from 18&nce to the success of any vaccine strategy. How-
infected individuals were collected, and the speever, our approach towards this goal is presently
cific antibody profile to the protective antigen washampered by our limited knowledge of the immu-
evaluated according to the age and to the intensitylogical mechanisms driving isotype selection,
of infection (EPG). In addition, recognition of and by empirical criteria in the choice of appropri-
major epitopes of the Sm28GST by antibodies arate antigen delivery systems. The demonstration
their capacity to inhibit the enzymatic activity ofof the so far unsuspected function of IgA antibod-
the protein were assessed. Specific IgE directedi@s in schistosomiasis and their potential role in
115-131 sequence peptide raised at the early ageotective immunity has paved the way to new
when the EPG number decreased. In addition, wenssibilities of immunization strategies through
showed that high specific IgG3 and IgA Ab levelsnucosal routes. Although success has been ob-
were closely associated with low EPG counts itained with oral administration of Sm28GST en-
the whole population. The production of specifidrapped into liposomes (Ivanoff et al. 1996, Phillips
IgG3, and particularly of IgG3 Abs directed to theet al. 1996), our strategies have been recently driven
peptides corresponding to the catalytic site of th® the use of the encoding gene instead of the re-
Sm28GST were associated with a low level of ineombinant protein. The two selected approaches
fection intensity followed by a peak of productionwere, on the one hand the production of recombi-
of neutralising anti-Sm28GST IgA response. Sumant bacteria expressing the GST, and on the other
prisingly, the nature of the isotype involved in thishand, the construction of naked DNA integrating
age-dependent neutralising effect seems differetie protein encoding gene for its use as nucleic
according to the sex of individuals. Specific IgG3acid vaccine (NAV).
production is strongly correlated to inhibition of  Live vaccine vectors are usually very effective
Sm28GST activity in the male population, whereagnd generally elicit immune responses of higher
anti-Sm28GST IgA Abs are predominantly assomagnitude and longer duration than non-living
ciated with this effect in the female populationyectors. Although the majority of living vectors
(Remoué et al., unpub. data). are given by the oral route, as we previously de-
Thus, it appears that at least two distinct classggloped (Khan et al. 1994) we were the first to
of immunological effectors may account for thejescribe the construction of a bacterial vector de-
two protective effects of 28GST vaccination, i.esigned to be delivered via the respiratory tract
reduction of worm burden and reduction of therenauld-Mongenie et al. 199@ordetella per-
worm fecundity, both from the study of experimenyssis the etiologic agent of whooping cough
tal models and of human populations. As could bgo|gnises very efficiently the human respiratory
expected, immunity to such complex organisms agact. The filamentous hemagglutinin (FHA) is the
schistosomes is obviously multifactorial in naturg,aior adhesin, with three distinct binding activi-
and there is no a priori reason to think that SUGjeg (| ocht et al. 1993) and presents a high immu-
cessful immunization against this pathogen can hig,qenic potential. For these reasons, we fused the
achieved through the elicitation of a single eﬁeCSmZSGST cDNA to the FHA gene. T'he recombi-
tor mechanism. nantB. pertussisvas able to express the hybrid
NEW EXPERIMENTAL APPROACHES IN THE protein and has kept its ability of lung colonisation
VACCINE STRATEGY AGAINST SCHISTOSOMIASIS  and autoagglutination. A single intranasal admin-
USING 28GSTS istration of the recombinant strain (BPGR60; 510
Considered as a whole, these observations a@iU in PBS instilled in the nostrils of 4-week-old
the confrontation of studies in experimental modfemale OF1 mice) was able to induce IgA and I1gG
els and in infected humans point to a major mesntibodies against Sm28GST in the bronchoalveo-
sage regarding the design of an anti-schistosontar lavage fluids in mice (Renauld-Mongenie et al.
vaccine using 28GSTs. The concept of isotype s&996). Serum antibodies became detectable after
lection which we have developed since 1976 apither a boost with rSm28GST or an experimental
pears as an essential factor for the expression iafection given two months later (Mielcarek et al.
optimal resistance to reinfection. The dynamic balt997). The anti-Sm28GST isotype profile showed
ance in chronic schistosomiasis between effecttine presence of IgG1, IgG2a, and IgG2b as well as
and blocking antibody isotypes against the samgA, suggesting a mixed Th1-Th2 response (Fig.
molecule appears to account for the variable ex). Wild type bacteria (BPSM) was used as a con-
pression of immunity. Among effector antibodytrol. Using the same immunization protocol, mice
isotypes, IgE and IgA appear to act on differenivere challenged for experimental infection §0
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4000 was not significant. In a purpose to make possible
B 161 the use of this type of living vector in humans, we
3000 IgG2a designed new strains deleted for virulence factors.
E :ggz" Recent experiments indicated that a single nasal
5 - IEA administration in mice with a particular recombi-
é 2000+ nant detoxified strain was able to induce highly
protective immune responses against bd&hgzer-
1000 tussisinfection and a parasite challenge (Mielcarek
et al. 1998).
We also developed a recent approach of mu-
: . cosal immunization using recombinant BCG. This
BPSM/rSm28GST ~ BPGR60/rSm28GST

live attenuatedlycobacterium bovistrain, is com-
monly used in many countries as a vaccine against
Fig. 1: antibody response after intranasal administration of réiuman tuberculosis (Colditz et al. 1994). Both cel-
combinanBordetella pertussiproducing Sm28GST (BPGR60) |ular and humoral immune responses are observed

— OF1 mice were intranasally immunized with % O0FU of in animal models vaccinated with BCG (Ladel et
recombinant BPGR60 or wild-type BPSM and intranasally, . i
boosted two months later with 20 pg of rSm28GST. The sel%l' 1995, Huygen et al. 1996). Therefore, this mi

were collected 14 days later. The isotype distribution of th€f0-Organism constitutes an attractive live vector
antibody response in the pooled serum was evaluated by ELISar the presentation of foreign antigens and recom-
(Mielcarek et al. 1997). Results were expressed in titers, r¢yinant expression systems have already been de-
ported as the reciprocal of the dilution giving on OD three “me%eloped for antigen presentation (Stover et al.
that of the conjugate control. 1991). Bout et al. (1977) have already described
the capacity of BCG to induce short-term resis-
mansonicercariae percutaneously) one week afteance agains$. mansoni Recombinant BCG pro-
the boost with rSm28GST. A significant reductiorducing protective antigens, may combine this en-
in worm burden (about 33%) was obtained togethefogenous property with antigen-specific
with a significant reduction of the number of tis-immunoprotection and may therefore represent a
sue eggs (42%) in the group immunized witlparticularly attractive vaccine vehicle against schis-
BPGR60 when compared to the group which hassomiasis. Thus, we developed a rBCG strain
received only PBS (Fig. 2). When immunized withexpressing the Sm28GST under the control of
wild type B. pertussismice presented a small de-hsp60 promoter (Kremer et al. 1996). Antigen spe-
crease in number of worms and tissue eggs whidific IgG1, IgG2a, IgG2b, and IgA antibodies were

Immunization protocol
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Fig. 2: protective effect of immunization with of recombinBitdetella pertussiproducing Sm28GST (BPGR60) against chal-

lenge withSchistosoma mansocércariae — OF1 mice were immunized as previously described (Fig. 1). Mice were infected with

70 S. mansoniurcocercariae. The number of adult worms was determined by portal perfusion six weeks later. The percentage of
protection is calculated by comparison with numbers of worms recovered from the control group. Egg charge is expressed for each
mouse as the number of eggs per gram of intestine and liver combined. The percentage of reduction comparison with numbers of
eggs recovered from the control group. *, significant at P<0.01 (Studéss.
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elicited after a single administration by different To evaluate the functionality of the induced
routes, including the nasal route, in Balb/c miceanti-Sm28GST antibodie#) vitro ADCC assays
In addition, strong neutralization of the Sm28GSTwere performed in the presence of immune sera
enzyme activity by these sera was obtained. Thissing macrophages as effector cells and
latter property of the induced immune responsschistosomula as targets (Grezel et al. 1993). When
reinforces our aim to develop adapted recombinanbmpared to the background killing in the pres-
live vectors against schistosomiasis for human usence of day 0 sera and sera from control animals,
Genetic vaccination against schistosomiasigooled sera from DNA-immunized rats (day 42 to
could represent a promising alternative to recom-
binant antigen vaccination since antigen-encoding

plasmid DNA is very stable when compared to re- H:;_ i:g:b ; ;zzc
combinant live vectors or even to the correspond- e ADCC

ing protein antigen and can be used without anyazso o 0
adjuvant. This new approach to vaccination has jooToe

proven to elicit both humoral and cellular responses:2oo .
specific to the plasmid encoded antigen and to bge i 2
efficient in conferring protective immunity in a = 1501
large number of viral and bacterial infectious dis<
ease models (Fynan et al. 1993, Ulmer et al. 19931001
Lai et al. 1995, Wang et al. 1995, Huygen et al.
1996). Our approach consisted in the intradermal %7
administration of plasmid DNA containing the full- L 4
length Sm28GST cDNA sequence (Balloul et al. o o8
1987a). The skin is the penetration site of the para- days

site where the invading schistosomula releases , _
Sm28GST (Porchet et al. 1994). Furthermore th('ag' 3: antibody response and antibody-dependent cellular cy-

. .totoxicity toward schistosomula (ADCC) after intradermal im-
skin, comparable to some extends to mucosal tigsynization with plasmid DNA encodirgghistosoma mansoni
sues, presents a developed lymphoid system aldgkDa glutathione S-transferase. Rats were administered with
to generate both local and systemic immunity. Fu00 Hg of plasmid at days 0, 14 and 28 by intradermal route.
thermore, the participation of the skin associatedPecific anti Sm28GST IgG1, IgG2a, 1gG2b and IgG2c titers
lvmphoid svstem in pbrotection agairg&tmansoni in pooled sera were detgrmmed atdﬁe_rentnm_e_pomts (ELISA),
,y p _O Y p g and reported as the reciprocal of the dilution giving an OD three
infection has been already reported (Mountford &fmes points after administration were tested with naive rat
al. 1992). macrophages as effector cells. Results are expressed as the per-

The Sm28GST expression plasmid, pNIp28, waggntage of killed schistosomula (meand and SD of duplicate
constructed by PCR amplification of the full-length®*Periments) (Dupre et al. 1997).
Sm28GST cDNA sequence and cloning into PCR
Il (TA cloning System, Invitrogen, San Diego, CA).
Fischer rats were immunized by three intraderma&lay 126) were able to mediate the killing of
injections of 200 pg pNIp28 at 14 days intervalsschistosomula at significant levels (p<0.05). This
Immuno-histochemical analysis of skin sample&DCC activity was concomitant with the presence
corresponding to both the plasmid injection site an@f specific antibodies and increased gradually with
distant sites were performed 2 days or14 days aftéera collected from day 42 to day 126 after the first
injection. The localisation of Sm28GST in the skifmmunization (Fig. 3).
(in derm and muscle layer under the derm) was simi- Thus, intradermal DNA immunization with
lar 2 days or 14 days after pNIp28 injection anglasmid DNA encoding Sm28GST is able to in-
was concentrated in a confined area where plasmielgce a long-lasting specific antibody response at
had been administered (Dupré et al. 1997). Levelge systemic level again§t mansoniinfection.
of Sm28GST specific IgG of different isotypes werdnduced antibodies are able to mediate ADCC
evaluated by ELISA on sera from pNIp28-immu-Which is considered as a major protective mecha-
nized animals. Antibodies were detected in the sefasm involved in the reduction of worm burden.
of intradermally immunized animals as soon as 2Bloreover, the induction of protective immunity in
days after the first administration. The antibody rethe skin is particularly attractive for the control of
sponse increased rapidly to a peak at day 42 afidmansoniinfection since the skin is the first tis-
persisted at a constant level for at least 126 dagge encountered by the parasite which is thought
(Fig. 3). The IgG antibody response againsto be more susceptible to the immune defences at
Sm28GST was exclusively constituted of IgG2a antis early stage than at later maturation stages. In-
lgG2b subclasses. terestingly, a strong and rapid (3 days) booster ef-

% cytotoxicity

20

r

112 126 140

=)
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fect was observed after infection of the immunizetion, or the incorporation of other protective anti-
rats with cercariae indicating that native Sm28GSgens in the definitive vaccine. The discovery that
reactivated the specific antibody response. Thanimals and humans develop partial immunity to
phenomenon is unique considering that the boosteew schistosome infection, focused attention to
effect observed after infestation of animals immuthese mechanisms which the schistosome seems
nized with conventional or mucosal vaccines, apo deploy to make itself invisible to the host’s im-
pears 2 or 3 weeks after skin contact with cercariaeune system in acquiring host-derived macromol-
(Mielcarek et al. 1997). When considering the duecules on its outer membrane. Interestingly, one of
ration of parasite migration through the skin (up tehe effects of chemotherapy with praziquantel is
3 to 4 days), it is conceivable that the secondaty blister the surface skin of the schistosome,
immune response was elicited at the skin level. Ththereby penetrating the shield that makes it invis-
is supported by the fact that during penetratioible to the host, and rendering it vulnerable to spe-
cercariae liberate several products includingific immune attack and destruction by the host
28GST and that schistosomula express this angffector cells. A combination of chemotherapy with
gen in the course of migration trough the skira vaccine cocktail strategy could therefore well be
(Porchet et al. 1994). Indeed, the immune reactidhe main hope for control of schistosomiasis.
observed would happen within hours after cercariae However, trials of vaccine candidates in hu-
penetration through the skin, before they acquireraans should be at first developed independently
masking coat of host molecules, both glycolipid$éo combination, in terms of tolerance and immune
and glycoproteins (Riveau & Capron 1996). Evemneactivity to schistosome antigens. The recent
if the profile of the immune response induced irknowledge ors. haematobiurmfection in human
our model is probably of a Thi-like profile, which populations obtained from the development of epi-
is recognised as a general feature of NAV immunidemiological studies conducted under EEC aus-
zation, a consistent ADCC activity was clearlypices, and the results acquired from the research
developed by the sera. The detection of this acti@n experimental models of urinary schistosomia-
ity, which could be considered as a major defenc@s, give us the opportunity to define the param-
mechanism against schistosome larvae, could efters for vaccination in man with Sh28GST. In-
plain the consistent reduction of worm burden obdeed, taking into account all information obtained
served in rats during the preliminary protectivéecently, the effects on egg output and viability due

experiments (>60%). to anti-fecundity immunity generated by vaccina-
tion with 28GST are sufficient to justify rapid
CONCLUDING REMARKS progress to human trials. In that way, Phase | clini-

Although the identification of the definitive cal trials of Sh28GST in conventional vaccine for-

vaccine formulation for human use adapted to tH@ulation (alum) took place in Europe in Decem-
field is far from the present approaches we are dB€" 1997. Phase Il has been already designed in
veloping, these researches represent the necessify€ endemic countries for the following years.
steps to get what we expect: a vaccine with a go ese trials will represent a major mlle_stone m_the
efficacy in terms of appropriate immune responsgchlgavgment of the future vaccine against schisto-
with long-lasting protection, a good adaptation tg°Mas!s
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