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Naturally acquiredimmunity to Plasmodiumfalciparum Karen P. Day and Kevin Marsh Malaria infections induce multiple humoral and cellular responses, most of which are probably not protective. This discussion of the epidemiology of acquired immunity to malaria will concentrate on two main areas: first, the relationship between parasitism and disease in endemic settings and the contraints placed on determining which responses are important in acquired protective immunity; second, the central importance ofantigenic diversity in the host-parasite relationship. The emphasis throughout, unless otherwise stated, will be on the major human pathogen Plasmodium falciparum. Infection with P. falciparum in naive subjects of any age invariably leads to clinical disease which, if untreated, carries a high mortality rate. In endemic areas this picture is modified by acquired immunity since not only does the point prevalence of blood-stage parasites decline with age in a characteristic way in the face of continuing challenge but also significant clinical disease and death owing to malaria no longer occur with advancing age. It would be convenient if these two observations could be taken to represent the same underlying phenomenon, but this is not necessarily the case. Parasite rates in many areas continue to rise beyond the point at which malaria deaths cease. Furthermore, for an individual the presence and density of I’. fufciparum parasitaemia at any one time may be no indicator of clinical disease. Even in age groups with the highest prevalence of malarial disease the vast majority of episodes of parasitaemia detected crosssectionally are apparently benign. Indeed, children in these groups may be parasitized, sometimes heavily, for most of the time but only experience a few clinical attacks of malaria per year1-3, ie. they tolerate the parasites at that moment but nonetheless remain susceptible to malarial disease and death. It has often been suggested that this represents a phase of ‘antitoxic’ immunity that is qualitatively different from later developing ‘antiparasite’ immunity that eventually leads to low parasite prevalences in adults +*. This area has received renewed attention with the demonstration of the relationship between prognosis and cytokine levels, particularly tumour necrosis factor (TNF), in clinical malariahq7. Whatever the case, the inability of the classical tools of malaria epidemiology to identify individuals who are protected from clinical disease presents a fundamental problem. Thus no clear picture of the mechanisms of naturally acquired immunity to malaria has yet emerged. The long period required to develop protective immunity against malaria could have two possible explanations. The malaria parasite may be poorly immunogenic, at least so far as inducing protective responses are concerned. Alternatively, immunity may be essentially strain-specific and a long period is required to ‘see’ the local repertoire of strains. We believe that the accumulated evidence from animal studiesa, induced infections in humans9 and the natural history of the host-parasite 0 1991. Elscvicr kmcc
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relationship indicate that antigenic diversity and human adaptation to it are of central importance in naturally acquired immunity to malaria. Antigenic diversity of P. fafciparum The molecular characterization of P. fulciparum has shown that this parasite has a number of polymorphic antigensfor which oily single copiesof genesencoding theseantigens have been found in the haploid genome (reviewed in Ref. 10). Sequenceanalysisof theseantigens has identified some of the molecular mechanismsthat generate antigenic diversity”‘. Most genes for I’. fulcipurum antigens that have been sequencedencode polypeptides that contain tandem repeats. Recombination events such as unequal crossingover can lead to the spreadof mutations from one repeat to another. For somegenessuchprocesseshave generatedtotally different repeat sequencesin different isolates (for example, S-antigensand the merozoite surfaceantigen 2 (MSA-2)) although in other genesthe repeats are conserved (for example, circumsporozoite (CS) protein)‘“. As the repeatsare the primary targetsof humanantibodies, repeat variation is one way of generating antigenic diversity. In addition, antigenic diversity is generated in MSA-1 mainly by intragenic recombination between a limited number of allelesiO.“, although there is some repeat variation in this molecule.Point mutations, giving riseto sequencediversity in nonrepeat regionsof someantigens, have been shown to create variation in both B-cell and T-cell epitopes’O.The diversity observedin T- and B-cell epitopesof malaria antigenspresumablyreflectsa means to evade the host immune response. It is not clear, however, if all of the polymorphic antigensdescribedto date are targetsof protective immuneresponses.Another mechanism,which has yet to be characterized at the molecular level, is clonal antigenic variation (see K.N. Mendis, P.H. David and R. Carter, this issue). The diversity and immunodominanceof repeat regions in P. fulciparum antigenshave led to the suggestionthat the immune system of an individual confronted with frequent infections with different variants of parasites would be overloaded and therefore respond poorly to critical protective epitopes. Sequence relationships among different repeatsin P. fulcipurum antigensand a Lrd, UK. 0167..4919/Yl/$O2.00
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network of crossreactions between these repeats suggest that these sequences have evolved so as to frustrate the selection of high-affinity antibody responses arising by somatic mutation12. From a practical point of view these crossreactions may confound interpretation of antigenspecific serological analyses in human populations. P. falciparum undergoes mating and recombination through the mosquito vector13. If sexual recombination during meiosis is an important feature of the population biology of malaria (a topic of recent debate)14, then this affects how we think about strain-specific immunity in endemic areas. The genes encoding some of the polymorphic antigens of P. falciparwn lie on different chromosomesand will undergo genetic recombination independently of each otherIs. The term ‘strain’, which implies a stable clonal lineage, ie. clonatype, is not a particularly useful epidemiological description of parasiteswith nonlinked polymorphic antigen loci that may be rapidly interbreeding. The terms genotype and serotype may be more useful, where genotype refers to the presenceof a particular allele of a polymorphic locus and serotype refers to the presenceof a serological reactivity to a gene product of a particular allele. Thus a particular P. falciparum serotype may be heterogenous with respect to other polymorphic antige? loci or be homogenous, ie. clonatypic, depending on the rate of cross-fertilization in that endemic area. Generation of parasites with new combinations of alleles at polymorphic loci by sexual recombination may have a profound effect on the efficacy of protective immunity if this immunity results from the summation of serotypespecific immune responsesto a number of polymorphic antigensrather than just one.



resulting mainly from first base, nonsynonymous mutationsZ3. Opinions vary as to whether such findings indicate selection pressureor representa general feature of the Plasmodium genome24.Whatever the case, the recent realization that direct killing of infected liver cells by cytotoxicT lymphocytes (CTL) isan important part of sporozoite-induced immunityBm2’ and that this can be directed against peptidesfrom the CS protein, in association with host classI molecules,meansthat the characterization of thesepeptidesand their restriction elements will have to be incorporated into immunoepidemiological studiesin the field.



The infected erythrocyte surface For all but a few seconds’ exposure in the blood, P. falciparum isapparently separatedfrom direct contact with the host immune system by.its location in the red blood cell. However, the maturing parasite inducesantigeniechangesin the host cell membranethat, by virtue of their position, length of exposure and close association with functional changescritical to pathogenesis,are a potentially important target for host effector mechanisms2s.Parasite-dependentneo-antigensat this site undergo clonal antigenic variation’9 in a manneranalogous to several other pathogenssuch as Borrelia and African trypanosomesbut it is all the more remarkable becauseit requires export of parasite productsZ8 to the host cell surface. Clonal antigenic variation of P. fafciparum has recently been observed, in vitro, but remainsto be formally demonstrated, in ho. Field studies of the host responseto these antigens in West Africa30 and PNG3* showed exteme diversity of surface phenotype in ‘wild’ P. falciparum populations. Children not yet fully immune showed a restricted range of isolate-specific huT-cell epitope diversity in the CS protein moral responsesto the surface antigens of the infecting Experimentally, many host speciescan be protected isolate, whereasimmune adults in both areasrecognized against sporozoite-induced malaria infections following the majority of local isolated0y3’.It may be that increasimmunization with the whole organism(reviewed in Ref. ing exposure leadsto recognition of conservedepitopes30 16). Early observations suggestedan important role for or that a large but finite repertoire is eventually seenby antibody responsesto a conserved region of tandemly individuals subjected to prolonged and repeated pararepeated oligopeptides in the central portion of the CS sitaemia. Recent evidence suggeststhat the latter is the protein which forms the parasite’s outer coat (NANP case,asserafrom immune adults who recognize multiple repeated approximately 40 times in the case of isolatesdo so in a predominantly isolate-specificmanner P. falciparum) 16.Many studieshave reported population (C. Newbold and K. Marsh, unpublished)J*. In a longiprofiles for the anti-NANP responsein different endemic tudinal study in Gambian children, the responseto the areas. No clear-cut conclusions concerning the role of infected cell surface was the only oiie of several putative NANP,, in naturally acquired immunity can be drawn. protective responsesthat showed a significant associHowever, two important observationsemergeasconsist- ation with protection from clinical malaria32.Determinent findings in both field studiesand preliminary volun- ing the true importance of these responsesin human teer vaccine trials17-Z’: (1) antibody responsesare often immunity will require molecular characterization of the short-lived and (2) in all populations there is a variable surface antigen phenotype and reliable typing systems proportion of nonresponders.This hasfocusedattention for application in longitudinal studies in well-defined on exploring putative T-cell epitopes of the CS protein microenvironments. and HLA restriction of responsesto find reasons for nonresponsiveness. The significanceof HLA restriction S-antigen diversity in nonresponsivenessis unresolved, although HLA reTo dissectthe relative importance of serotype-specific striction did not seemto be important in Papua New immune responsesto different polymorphic antigens Guinea (PNG) 22. However, that population has a very in protective immunity, an obvious strategy is to relate limited range of DR alleles. the prevalence/incidence of a particular serotype of In wild isolates of P. falciparum sampledclosely in P. falciparum to the prevalence of immunity to that time and spacefrom The Gambia, previously identified serotype. This could be done by cross-sectionaland/or immunodominant T-cell epitopes (T,2R and T,3R) of prospective studies examining the prevalence/incidence the CS protein showed a high degreeof polymorphism in symptomatic as well as asymptomatic casesof para-



sitaemia. The recent availability of specific serotyping/ genotyping reagents means that such seroepidemiological studies are now possible for P. fulcipartrm33. For example, heat-stable S-antigens that are highly polymorphic can be serotyped with antisera to isolate-specific repeat sequences 10.A study of the transmission dynamics of the FC27 S-antigen serotype in village communities in Madang, PNG showed that the prevalence of this serotype varied between villages at a point in time and within a village over time33334.The spatial and temporal variation of the transmission of the FC27 S-antigen serotype of P. falciparum observed in these studies is consistent with the hypothesis that serotype-specific immunity changes the frequencies of different serotypes over time3”. Measurement of IgG antibody responses to the repeat sequence of the FC27 S-antigen in residents of the PNG- villages 33 showed that there was a marked agedependent increase in prevalence of antibodies to this S-antigen serotype. Recent transmission of the serotype in one village induced specific IgG production in village residents and in particular in children under 15 years of age. Thus the proportion of children seropositive and the persistence of this serotype-specific immunity in children may be important factors controlling the transmission of a particular S-antigen serotype. Longitudinal observation of the incidence of S-antigen serotypes also showed that individuals infected with a particular S-antigen serotype were unlikely to be reinfected with the same serotype during a 12-month period34,3S. Despite these data it is not clear whether immunity to S-antigens is protective against infection and/or clinical disease. As genes for other polymorphic antigens lie on different chromosomes, parasites of a particular S-antigen serotype undoubtedly will be heterogenous with respect to some of these antigens. If immune responses to such antigens have any protective effect, transmission of a particular S-antigen serotype will vary independently of anti-S-antigen-antibody responses. Thus in any prospective study the use of more than one polymorphic antigen marker will be necessary to dissect the important components of serotype-specific immunity. If such frequencydependant selection mechanisms by the immune system are operational in natural parasite populations then either new serotypes must be evolving at a rapid rate or a large number of serotypes must co-exist for P. fulcipurum36 to persist at the levels observed in hyperendemic areas. An alternative explanation for the fluctuations in S-antigen serotype frequencies observed in the PNG studies may be revealed by nonlinear dynamic analysis3’. Conclusion The potential importance of antigenic diversity in the development of naturally acquired immunity to malaria has been highlighted in this review. The recent molecular characterization of a number of polymorphic antigens of P. fulcipurum, some of which may be targets of protective immunity, now makes it possible to dissect the important components of this immunity. This will require longitudinal field studies of the transmission dynamics of individual genotypes/serotypes of P. fufciparum in parallel with description of the dynamicsof the immuneresponseto theseserotypes.A knowledgeof the



clonality of the parasite population structure will also be important to interpret serologicaldata. The possibility of genotyping parasites using polymerase chain reaction will beinvaluable for the analysisof the smallamountsof parasite material colletted in the field. Designand analysisof longitudinal field data will benefit from a conceptual framework that takes into account the relationship between malarial parasitismand malarial disease. The authorsacknowledge RobinAnders,ChrisNewboldand GrahamBrown who have contributedto the data and ideas presented in this manuscript. In particular, K. Marsh wishes to thank Chris Newbold for continued stimulating discussions on the subjectof this review.
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Immunoepidemiologyof lymphaticfilariasis: the relationshipbetweeninfection and disease Donald A.P. Bundy, Bryan T. Grenfell and P.K. Rajagopalan Lymphatic filariasis is manifested by a spectrum of symptoms that range from microfilaraemia to gross immunopathology. The geographical variations seen in this disease have been explained by heterogeneity in genetically determined host responses. By modelling the disease through time, Don Bundy, Bryan Grenfell and P.K. Rajagopalan can provide a simple, unified explanation for the observed heterogeneity. Their model shows that there is a sequential progression from infection, microfilaraemia, amicrofilaraemia to obstructive disease in all individuals who experience microfilaraemia. Only the probability of developing microfilaraemia is geographically variable, being dependent on the local incidence of infection. In consideringthe dynamics of infectious diseasesthere might be expected to be a direct relationship betweenthe manifestation of diseaseand the occurrence of infection. However, in lymphatic filariasis, the most reliable marker of current infection (microfilaraemia, which is the presenceof larval stagesof the parasitesin the blood) appearsto have no simplecorrelation with the presence of overt disease.In an endemic area it is possibleto find some individuals with microfilaraemia but no disease, others with diseasebut no microfilaraemia and a few with both. This paradoxical relationship extends to population data: the age-prevalenceof microfilaraemia is typically relatively low and constant, while the prevalenceof diseaseexhibits a steadyriseto greatly exceedthe prevalenceof infection in adults (Fig. 1). In attempting to explain theserelationshipsit hasbeen suggestedthat individuals differ in their immunological responsesto infection ‘v2. Thus, the population in an endemic area consists of clusters of individuals with differing responsesto infection. These responsesmay result in the clearance of microfilariae, resistanceto further infection, immunopathological damageor some combination of theseeffects.This essentiallystatic model impliesthat the differing responses are a reflection of host predisposition and a fixed, perhaps genetically determined, characteristic of the individual. @ 1991.ElwvicrScicncc
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The dynamics of infection In contrast to this static model, the processesinvolved, both in infection and in the progression to lymphatic pathology, are obviously dynamic and the epidemiological patterns changethrough time and host age.Analysis, which includesa time-dependentcomponent, provides a rather different perspective on the relationship between infection and disease.One parameter of filarial dynamics that hasbeensuccessfnllyand repeatedly quantified is the meanperiod during which microfilariae can be identified in the blood of an infected individual. This has been estimated for Wuchereriu bancrofii as between five and eight years in sevendifferent studies3J2-‘7and was found to be independentof age.This period hasbeenestimated by determining the rate of lossof microfilaraemia from infected individuals removed to nonendemic areasand, more directly, by longitudinal study of infected individuals in areas of interrupted transmission. If, for the moment, it is assumedthat an individual is infected only once and becomesamicrofilaraemic approximately five years later, then different ratesof acquisition of infection (equivalent to low, medium and high incidence) produce the convex age-prevalenceprofiles shown in Fig. 2. In eachcase,though most obviously at the highestincidence (Fig. 2c), there is a riseto a peak prevalencefollowed by a decline. Such convex age-profilesclearly differ from the Lrd,UK.0167-4919/91/S02.00
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