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A Longitudinal Study of Type-Specific Antibody Responses to
Plasmodium falciparumMerozoite Surface Protein-1 in an Area
of Unstable Malaria in Sudan™?

David R. Cavanagh® Ibrahim M. Elhassan, T Cally Roper,* V. Jane Robinson,* Haider Giha*
Anthony A. Holder, 3 Lars Hviid, " Thor G. Theander," David E. Arnot,* and
Jana S. McBride*

Merozoite surface protein-1 (MSP-1) ofPlasmodium falciparumis a malaria vaccine candidate Ag. Immunity to MSP-1 has been
implicated in protection against infection in animal models. However, MSP-1 is a polymorphic protein and its immune recognition
by humans following infection is not well understood. We have compared the immunogenicity of conserved and polymorphic
regions of MSP-1, the specificity of Ab responses to a polymorphic region of the Ag, and the duration of these responses in
Sudanese villagers intermittently exposed td°. falciparum infections. Recombinant Ags representing the conserved N terminus
(Block 1), the conserved C terminus, and the three main types of the major polymorphic region (Block 2) of MSP-1 were used to
determine the specificity and longitudinal patterns of IgG Ab responses to MSP-1 in individuals. Abs from 52 donors were assessed
before, during, and after malaria transmission seasons for 4 yr. Ags from the Block 1 region were rarely recognized by any donor.
Responses to the C-terminal Ag occurred in the majority of acutely infected individuals and thus were a reliable indicator of recent
clinical infection. Ags from the polymorphic Block 2 region of MSP-1 were recognized by many, although not all individuals after
clinical malaria infections. Responses to Block 2 were type specific and correlated with PCR typing of parasites present at the time
of infection. Responses to all of these Ags declined within a few months of drug treatment and parasite clearance, indicating that
naturally induced human Ab responses to MSP-1 are short lived. The Journal of Immunology,1998, 161: 347-359.

disease, responsible for over 1 million deaths and aroundalently linked complex on the surface of mature extracellular

500 million clinical cases per year worldwide. Several pro- merozoites (2—4) (Fig. 1). Secondary processing of the 42-kDa
teins specific for different stages of the parasite’s life cycle arefragment produces a C-terminal 19-kDa fragment (MSB;1
being studied for their potential as immunogens and vaccine tafwhich is retained on the surface of merozoites throughout invasion
gets (1). Merozoite surface protein-1 (MSP*13, polymorphic  of erythrocytes, all other fragments being shed before or at this
protein of approximately 190 kDa, is the major surface Ag of thegyent (5, 6).
invasive merozoite stage and thus an obvious vaccine candidate. Partially purifiedP. falciparum-derived MSP-1 has protected
Posttranslational proteolytic processing of MSP-1 generates fragr‘nonkeys from artificially induced malaria infections (7—8)ptus

monkeys immunized with MSP-1 of the Palo Alto isolate were

] ] ] ] o o ] completely protected from the lethal effects of challenge with the
*Institute of Cell, Animal and Population Biology, Division of Biological Sciences, L. .
University of Edinburgh, Edinburgh, Scotland, United Kingdofmstitute of En-  Same parasite isolate (7). By contrast, a lower degree of protection
demic Diseases antDepartment of Biochemistry, University of Khartoum, Sudan; was observed when monkeys were immunized with MSP-1 puri-
TCentre for Medical Parasitology at Institute of Medical Microbiology and Immu- . . .
nology, University of Copenhagen, and Department of Infectious Diseases, Copenf—le_d frpm the K1 isolate, then challenggd with a heterolqgous par-
hagen University Hospital, Copenhagen, Denmark; @ational Institute for Med-  asite isolate (8). However, further studies showed that immuniza-
ical Research, The Ridgeway, London, United Kingdom tion with parasite-derived MSP-1 of the K1 isolate could protect
Received for publication December 24, 1997. Accepted for publication MarChSaimiri monkeys from lethal challenge with the nonhom0|ogous
4,1998. . . .

- - ) Palo Alto isolate of the parasite (9). One of several problems in

The costs of publication of this article were defrayed in part by the payment of page . L . . .
charges. This article must therefore be hereby magdxrtisemenin accordance  INterpreting these conflicting results is that it is not known which
with 18 U.S.C. Section 1734 solely to indicate this fact. parts of this large protein are important in the protective immunity
* This Worr1k was s#pportecri1 b>|' grants from the( Danish )lnterga;ional II|3'evelopmerm'nduced by the whole Ag. Immunizations of monkeys with recom-
Agency, the Danish Biotechnology Programme (DANIDA), and the Wellcome Trust. .. . . . .
L.H. is a Weimann Senior Research Fellow. J.M. and D.A. are Senior Lecturer an(pmant MSF'l'denved protein fragments also induced protecthn
Senior Fellow, respectively, of the Wellcome Trust, who also supported this workfrom experimental challenge (9—13). Taken together, these studies
through a Biomedical Research Collaboration grant to the Edinburgh and Copenhagewave indicated that protective immunity can be induced with pro-

groups. . ) 3 i .
) ) ) ) teins derived from either the N- or the C-terminal regions of
2 The nucleotide sequences of the K1-like and MAD20-like proteins have the Gen- 9

Bank accession numbers AF034636, AF034792, and AF034635, respectively. MSP-1. Such a view is supported by experiments showing that

3 Address correspondence and reprint requests to Dr. D. R. Cavanagh, Institute sNADS specific for either a variant epitope in the N-terminal Block

Cell, Animal and Population Biology, Division of Biologic Sciences, University of 2 region, or conserved epitopes in the C-terminal M$Pfiag-

Edinburgh, King's Buildings, West Mains Road, Edinburgh, EH9 3JT, Scotland, U.K. TP : . . .

E-mail address: cavanagh@svO.bio.ed.ac.uk ment, can inhibit parasite growth in vitro (5, 14). A recombinant
MSP-1,, and a longer MSP-L are immunogenic in animals (15,

4 Abbreviations used in this paper: MSP-1, merozoite surface protein-1; GST, gluta- o 4 . o
thione S-transferase. 16) and elicit Abs that inhibit parasite growth in vitro (13).

Plasmodium falciparunmalaria is a major tropical infectious ments of 83, 42, 38, and 28-30 kDa, which persist as a nonco-

Copyright © 1998 by The American Association of Immunologists 0022-1767/98/$02.00
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Block: 12 3 45 6 78 9 10 1112 13 14 15 16 17

FIGURE 1. Schematic representation of
MSP-1 ofP. falciparumand of recombinant !

MSP-1 Ags (adapted from Ref. 41). The di- | - | | | |
vision into 17 blocks is as outlined by Tanabe 83kDa 28kDa 38kDa 42kDa
etal. (17); blocks of conserved sequences are  Block |
denoted by open boxes; regions of dimorphic [ . MSPl, [ |
or semiconserved sequences are denoted by ‘\\ Variants:
full or hatched boxes, respectively; and the L 4 3D7
polymorphic Block 2 region is shown as a Palo Alto
speckled box. Shown below the full-length Kl-type Block 2 DW K1 #1
protein is the scheme of natural processing of DW K1 #2
MSP-1. Recombinant Ags of Block 1 and MAD20
Block 17 (on gcale) and of Block 2 variants - } MAD20-type Block 2{ Wellcome
.(en'larged) derlvgd from. MSP-1 alleles of the DW MAD20
indicated P. falciparumisolates are shown
below the main diagram. RO33
] RO33 type Block 2 [ W kO3
Sequence comparisons [iSP-1alleles indicate that the. fal- have considered whether the parasite types present in infections

ciparum MSP-1gene can be divided into 17 distinct Blocks that (usually assayed by PCR detection of genotypes) actually induce
encode conserved, semiconserved, or variable regions of the prtype-specific Ab responses in the same individuals. We have there-
tein (17, 18) (Fig. 1). With the exception of the highly polymorphic fore investigated these problems in this study.
N-terminal Block 2 region, the nonconserved sequences are di- To analyze the specificity of human immune responses to dif-
morphic and can be grouped into one or other of two major fam+erent sequence forms of MSP-1, recombinant proteins represent-
ilies represented by the MAD20 and the Wellcome prototypesing the extreme N-terminal Block 1 and the three main types of the
(17). Allelic polymorphism in Block 2 is much more extensive, Block 2 region were produced. These Ags were used in ELISAs to
with over 50 different sequence variants identified. Neverthelessmeasure MSP-1-specific Abs in villagers from an area of seasonal
these sequences all fall into three main types represented by variralaria transmission in eastern Sudan. Longitudinal samplings of
ants originally described in the K1, MAD20, and RO33 isolatesa cohort of 52 villagers were performed over a 4-yr period to
(18). Block 2 variants of the K1-like and MAD20-like types con- establish whether or not the Block 1 and Block 2 regions of MSP-1
tain variable tri- or hexapeptide repeats (17, 19, 20), whereasre immunogenic during the course of a natural infection. The
Block 2 of the RO33 type is a nonrepetitive sequence that variespecificity and duration of Ab responses to the polymorphic and
little between isolates (21). conserved regions of the MSP-1 molecule were determined. Lon-
Interest in naturally acquired human immune responses taitudinal responses to these Ags were correlated with close clinical
MSP-1 has focused on the C-terminal region (reviewed in Ref. 22)and parasitologic surveillance of each individual. This is the first
Abs to this region are found in the majority of malaria-exposedstudy to correlate type-specific Ab responses with the presence of
individuals from endemic areas (23-25). Correlation between higtparticular parasite MSP-1 types in malaria-infected individuals.
levels of Ab to the C-terminal region and “protection” from clin-
ical malaria symptoms in humans has been reported (26, 27), aMaterials and Methods
though protection against reinfection was not observed. Human Alstudy area
responses to other regions of MSP-1 are less well studied. TW@yjs jongitudinal study was conducted in the village of Daraweesh, Ge-
regions from the N-terminal end of MSP-1, the semiconservediaref State, eastern Sudan (populatie®00) (36). The major activity of
sequence Block 1 and the highly polymorphic Block 2, merit the village is farming sorghum and sesame. The climate is Sahelian with a
investigation. Block 1 contains the amino acid sequencelUne to September rainy season (average 180 mm) and a long, dry season
YSLFQKEKMVL included in the Spf66 vaccine (28—30). Studies September to June). Malaria in eastern Sudan is mesoendemic and unsta_l-
. : . e (37). The frequency of malaria cases peaks between October and No
on human Ab responses to MSP-1 following natural infectionsyember, with marked variations in the severity of annual outbreaks (38).
suggest that both polymorphic and dimorphic sequences of th€lasmodium falciparunis the major species of malaria parasite, account-
molecule may play a role in inducing immunity (31, 32). Increaseding for 95% of all malaria cases. The inhabitants of Daraweesh have par-
levels of IgG against an N-terminal fragment of MSP-1 distin- tlc_lpatedlnastudy of factors causing cllnlcgl mala_rla since _1988, |n(_:|ud|ng
. - . . this present work on the development of immunity to defined regions of
guished Gabonese patients who had cleared infections from thoggsp.;
who had persistent infection (33). Other studies found that the )
lower the level and the shorter-lived the humoral response to N-StUdy cohort and sampling strategy
terminal regions of MSP-1, the higher the risk of subsequent reThe study is based on 52 people (born between 1963-1987) who do not
infection (32). Contradicting this finding, Tolle et al. reported that Possess the sickling allele of thehemoglobin gene and whose clinical

Abs to several regions of the MSP-1 molecule, including the poly-istories and malaria infection experience have been followed since 1990.
Malaria infections were detected by Giemsa staining and microscopic ex-

morphic Block 2 region, were correlated with increased risk of 3mination of blood samples donated during cross-sectional surveys of the

reinfection and/or decreased ability to control parasitemia (34). village population at the beginning (September) and end (January) of the
A possible significance of the allelic variation in Block 2 se- malaria transmission season each year. Blood samples were also taken

quences for parasite “immune evasion” has been proposed on thiom the individuals during and after episodes of illness with symptoms

. . . . uggestive of malaria and/or a body temperature greater than 37.5°C. Ma-
oretical grounds (35). However, there is no direct evidence forlsaria diagnosis was made by blood film examination. Those Rig&smo-

immune responses specific for Block 2 variants, and neither th@jum-positive slides were classified as having a clinical episode of malaria.
surveys of MSP-1 sequence diversity nor of seroepidemiologyrhe patients were treated with chloroquine, followed swffadoxine/
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pyrimethimine treatment in cases of apparent failure to respond to chloroEnzyme-linked immunosorbent assay

quine. Individuals who hadélasmodium-negative blood films were con-
sidered “without malaria” that season. This monitoring of malaria casedUman sera were tested by ELISA for the presence of IgG Abs able to
was performed by the study’s health team, including a doctor visiting the"®c0gnize the recombinant MSP-1 fragments. Wells of 96-well plates (Im-
village every second day during the malaria season. mulqn 4, Dynatech,_ChanuIIy, VA) were coated with 50 ng of recombinant
Anti-MSP-1 Abs were assayed in 487 plasma samples collected fronf*dS in 100ul of coating buffer (15 mM N&CO,, 35 mM NaHCQ, pH 9.3)
the 52 donors over a 4-yr period (1991-1995). In addition to the samplind?Vernight at 4°C. The wells were washed three times in washing buffer
protocol described above, dry season samples were collected in June 194%05% Tween-20 in PBS). Unoccupied protein binding sites were blocked
and June 1995 to estimate the persistence of Ab responses from the pi@ith 200 ul per well of blocking buffer (1% (w/v) skimmed milk powder
vious malaria transmission season. From September 1993 onward, PCR Washing buffer) for 5 h at room temperature and again washed three
detection and MSP-1 typing &F. falciparuminfections was performed on times. Human plasma diluted 1:500 in the blocking buffer (0per well) .
DNA extracted from RBCs taken from individuals at the collection points s added to duplicate Ag-coated wells and incubated overnight at 4°C.
described above. All blood samples were obtained after informed consenf\ter three washes, the wells were incubated3d atroom temperature
under the approval of the Sudanese Ministry of Health and the Ethic ith 100 wl per well of horser_adlsh peroxidase-conjugated rabbit anti-
Committee of the Faculty of Medicine, University of Khartoum. Plasmas "uman 19G (1:5000) (Dako, High Wycombe, U.K.). Plates were washed
were stored at-20°C before use. Control sera of Europeans who had notthree times before incubating for 15 min at room temperature with.100

been exposed to malaria infection were from healthy adult donors to th@f substrate (0.1 mg mk o-phenylenediamine; Sigma, St. Louis, MO;
Scottish Blood Transfusion Service. 0.012% HO,) in development buffer (24.5 mM citric acid monohydrate

and 52 mM NaHPO,, pH 5.0). The reaction was stopped by the addition
PCR amplification and typing d¥iISP-1gene fragments of 20 pl of 2 M H,SO,, and OD was measured at 492 nm. Corrected OD
values for each plasma sample were calculated by subtracting the mean OD
Genomic DNA from parasites present in infected individuals was purifiedvalue of wells containing control GST protein alone from the mean OD
for PCR as described (39) and used as template for Block 2 amplificationvalue obtained with each test MSP-1 Ag.
Three Block 2 type-specific amplification reactions (K1 type, MAD20  Cut-off values at which binding of Ab from malaria-exposed individuals
type, and RO33 type) were performed after an initial amplification of awas regarded as significantly above background were calculated as the
larger fragment spanning Blocks 1 to 3 of &P-1gene, in a nested PCR  mean plus 3 SDs of OD readings obtained with sera from 37 Scottish blood
system, essentially as described (57). Each reaction contained 10 mM Trigtonors with no history of exposure to malaria. Cut-off OD values for each
HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCJ, 0.001% (w/v) gelatin, 2 mM  Ag were as follows: MAD20 Block 1, 0.119; Palo Alto Block 1, 0.277;
each dNTP, 2.5 Uraq DNA polymerase (Boehringer Mannheim, India- 3D7 Block 2, 0.428; Palo Alto Block 2, 0.188; DWK1 Block 2 no. 1, 0.163;
napolis, IN) and 1 mM each of the following pairs of primers: forward DWK21 Block 2 no. 2, 0.133; MAD20 Block 2, 0.125; Wellcome Block 2,
primer (5'-CTGGATC@AATGAAGAAGAAATTACT-3') and reverse 0.180; DW MAD20 Block 2, 0.161; RO33 Block 2, 0.152; DW RO33
primer (5'-GGGAATTCTTAGCTTGCATCAGCTGGAGG-3') were used  Block 2, 0.122; MSP-1,, 0.133.
to amplify K1-like Block 2 regions; forward primer (5'-CTGGAT@®AT Competition ELISA was used to assess whether human anti-Block 2
GAAGGAACAAGTGGA-3') and reverse primer (BSGGAATTCTTA Abs were specific for particular Block 2 variants or more generally cross-
ACTTGAATTATCTGAAGG-3') for Block 2 regions of MAD20-  reacted with other Block 2 Ags within each type. Aliquots (100 of
like types; and forward primer (8CTGGATCCAAGGATGGAG selected sera diluted 1:500 were first reacted with 0 tpd/nl of soluble
CAAATACT-3) and reverse primer (5 -GGGAATTCTTACTTGAAT competing Ag, i.e., with up to 20-fold excess over the 50 ng plate-bound
CATCTGAAGG-3') for the RO33-like Block 2 regions. The underlined Ag, then tested on the plate-bound Ag overnight. This was followed by
portions of each primer contain restriction endonuclease sites used in clofwashing and incubation with a horseradish peroxidase-conjugated second
ing Block 2 fragments into the expression vector pGEX 2-T. A PCR cycle Ab, as described above.
of 95°C, 90 s; 50°C, 15 s; 72°C, 45 s was repeated for 35 to 40 cyclesin
each case. DNA fragments generated in each of the type-specific amplifStatistical methods

cation reactions were resolved on 2% agarose gels. . .
9 9 Differences between frequencies of Ab response were testgd tegt, or

Recombinant MSP-1 Ags by Fisher’s exact probability test, where appropriate. Correlations between
OD values for Ab reactivities with pairs of individual Ags were calculated

Four new Block 2 proteins were derived specifically from parasites presenas Spearman’s rank correlation coefficients.

in Daraweesh villagers in October 1994. Two Daraweesh K1-like se-

quences, one MAD20-like sequence and one RO33-type sequence, weResults

cloned and expressed Escherichia colias recombinant proteins fused to [PR—E i _

the C terminus of glutathion8-transferase (GST) &chistosoma japoni- Longitudinal survey of Ab recognition of MSP-1

cumusing the pGEX-2T vector (40), essentially as described (41). Thes¢gG Abs in plasmas collected from 52 individuals between 1991

proteins were designated DW K1 Block 2 no. 1, DW K1 Block 2 no. 2, and gnd 1995 were detected by ELISA with recombinant MSP-1 Ags.

DW MAD20 Block 2, and DW RO33 Block 2. The nucleotide SEQUENCES o\ maries of the individuals’ clinical malaria experience durin

of the K1-like and MAD20-like proteins have the GenBank accession num-=" . ; P 9

bers AF034636, AF034792, and AF034635, respectively. DW RO33 Blockthis period and of their Ab responses to any Block 2 Ag, and to the

2 was found to have an identical sequence to the published RO33 sequen€eterminal fragment MSP4}, are shown in Figure 2A and B,

(21). Block 1 (MAD20 and Palo Alto) and all other Block 2 (3D7, Palo respectively. No malaria infections were seen in the cohort during

Alto, MAD20, Wellcome, and RO33) recombinant proteins were described ; ;
earlier (41). These proteins all induce animal Abs that recognize parasitea severe drought in 1990 and 1991 (Fig. 3). Between September

produced MSP1 with specificities as appropriate for distinct MSP-1 allelest 991 and January 1992, detectable rises in Abs to either part of
expressed by a range Bt falciparumisolates (41). MSP-1 were seen in only three cohort members (S5, 2B2, and
A pGEX construct that encodes a GST fusion protein containing mos2J8), although a surprisingly high proportion of the cohort (15 of
of Block 17 and corresponding to the 19-kDa C-terminal fragment of 3g 3404) had low Ab levels despite the drought. Malaria morbidity
mgg_ig('(\&ssﬁleﬁ%)tga:sgsfenogfﬁgrmﬁCiﬂge{séé% Egg ;eggﬂzan;mincree_lsed in 1992 gnd reached its highest level in 1994 (since
dependent antigenic structure undistinguishable from that tflciparum-  Surveillance began in 1988), when rainfall in the area returned to

derived MSP-1, (23, 42). normal levels (Fig. 3). This was reflected in the observed increases

FIGURE 2. Summary of detectable IgG specific for recombinant MSP-1 Ags in 52 individuals over 4 yr. Individuals and their dates of birth are listed
in the first two columns. Each box indicates a single plasma sample, tested against all 9 variants of the Blockulniuary A and against MSP}
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(B). Ab reactivity of each sample as measured by ELISA is denoted by the pattern of shading. Empty boxes indicate no detectable Ab above European

cut-off levels (mean OD plus 3 SDs, of either any Block 2 or C-terminal M§PAf, calculated from sera from 37 European controls). Diagonal striped

boxes indicate OD levels.0.5 above the cut-off levels; vertical striped boxes indicate OD 0.5 to 1.5 above cut-offs; black boxes indicate OD over 1.5 above

cut-offs. In columns headed “Malaria,” hash (#) marks indicate documented malaria episodes where no plasma sample was available for testing. The column

headed “Conv” indicates plasma samples collected in convalescence 30 days after clinical malaria episodes.
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80 + against MSP-1, were observed in 20 of these individuals, whereas
< 70+ only 13 showed detectable increases in Ab reactivity to any Block
< 604 S 2 Ag over the same period. In the 1994 transmission season, 33
B 504 \ individuals had clinical malaria. Twenty responded by increased
T 404 § IgG specific for the C-terminal MSP;d, compared with 13 indi-
§ 30 4+ Q § S viduals who had increased levels of IgG specific for one or more
E 204 § \ § \ Block 2 Ags.
= 10 4 § § § § In the 1992 season, of 7 individuals responding to Block 2, 2

N\ N D N responded specifically to the K1 type, 4 to the MAD20 type, and

1991 1992 1993 1994 1995
(n=125) (1=98) (n=96) (n=125) (n=180)

1 to the RO33 type. No one responded to more than one Block 2
type. In the 1993 season, of the 13 individuals responding to Block
Transmission Season 2, 6 showed specific reactivity against the K1 type, 5 against the
FIGURE 3. Incidence of malaria morbidity in Daraweesh, 1991 to MAD20 type, and 4 against the RO33 type (Table I). Thus, in this
1995. The percentage of village members who had at least one clinicafear, 3 individuals had increased Ab levels against more than one
episode per malaria transmission season is shown for the 4 yr of surveBlock 2 type. In 1994, of 13 individuals, 5 showed reactivity
The number of people followed each year is shown in parentheses. against the K1 type of Block 2, 6 responded to the MAD20 type,
and 6 to the RO33 type (Table I). Therefore, 5 individuals had Abs

) ) against more than one Block 2 type in 1994.
in the overall levels of Ab to both the polymorphic Block 2 Ags

(Fig. 1A) and the C-terminal MSP;} (Fig. 2B) from January
1992 to 1995. Patterns of response to MSP-1 in infected individuals

When the cohort is divided into two groups according to re- I .
. . . -~ Longitudinal patterns of Ab responses were analyzed in 68 of the
corded malaria cases in each transmission season, namely indivigd-

uals who had a malaria episode and those who had not, Ab re-7 malaria cases seen between 1992 and 1994 (since either pre- or

sponses to MSP-1 Ags differ significantly between these groupgostmalarla plasma samples were not available in 9 cases). Three

(Table I). A positive response to any particular Ag was defined adlfferent patterns of anti-MSP-1 responseRofalciparuminfec-

a rise of at least fourfold in detectable 1gG after malaria infectioniLOdrsi(;Nerle S3€en' Thi?] %Séspaf;%rz Vﬁ?jssobservcie: 1'396:1 mllgggtywif
when compared with each individual’s preinfection levels. Rises in uals (3 cases ~ a cases - ) who

IgG to MSP-1 Ags were detected in 20 of 29 malaria cases in hé'2d no detectable Ab response to MSP-1, despite documented clin-
1993 transmission season, and in 20 of 33 individuals who haé_lfsl malarlaaeplftodes_ (Fig. 4§hO\thdabn e.xg.m.%le’ Imdl\;:dual EZ)'d d
clinical malaria in the 1994 season. The frequency of rises in IgG' ¢ S€cONnd patlern is represented by individuals who responde

levels to any of the MSP-1 Ags was much lower in individuals well to the conserved C-terminal Ag MSRg] but had no detect-

who did not have a clinical episode, and in whom pre- and post_able Abs to the polymorphic Block 2 (23 of 68 cases during 1992—
94). Donor D8 (Fig. B) illustrates this type of response. The

malaria transmission season levels were compared. In 1993, only” )
3 of 22 of such individuals (V6, 2A4, and 2J8; Fig. 2) showedt ird and most common_ pattern consisted of responses to bpth
increased Ab levels against any MSP-1 Ag. Similar results weré3/0Ck 2 and the C-terminal Ags (37 of 68 documented malaria

seen in 16 apparently healthy individuals during the 1994 seasoﬁ';feaio”s in 1992-1994). In the majority of these cases (32 of 37),
with two rises in IgG specific for the C-terminal MSRsXA4 and  the response to Block 2 was directed against a single type (e.g.,

2E4; Fig. 2). However, at least two of these Ab-positive individ- doner F11, Fig. 4¢. In a few cases (5 of 37), responses to more

uals, V6 (1993) and 2E4 (1994), were infected asymptomatically"an one type of Block 2 Ag were observed. For example, donor

since they had subpatent PCR-detectable parasites in posttransmfi (Fig. 4D) responded to both the MAD20 and K1 Block 2 types
p 1994, with reactivation of the anti-K1 response following a sec-

sion (January) blood samples. The differences in the incidence df' - e ) >
Ab responses between the two groups were highly significanf’”d |r_1fe_ct|on in 1995. Taking the data_a_s a whole, after clinical
(Fisher exact probability tests; MSRz11993,p = 0.00015; 1994, m_alarla infections, plasma Abs recognizing the conserved C_-ter-
p = 0.00045; Block 2 Ags 1993p = 0.00126; 1994,p = minal Ag MSP-1, were always more common than Abs against
0.00176). Thus, in this cohort, under the described epidemiologi@ny Block 2 region (Table I and Fig. 2).

circumstances, when there was a detectable response to the Block

2 and/or MSP-1,Ags, it almost always followed a clinical malaria
episode, and was only rarely observed in individuals who had no
suffered a clinical malaria attack. Ab responses to the conserve
Block 1 Ags were rarely seen over the 4-yr study, with only five From September 1993, the falciparumparasites present in 44
donors showing transitory levels of detectable Ab in postinfectioninfections were genotyped by PCR fdfSP-1Block 2, although

Forrelation between Block 2 genotypes of infecting parasites
Bnd Block 2-specific Ab responses

samples (data not shown). anti-Block 2 responses were observed in only 29 of these infec-

) tions. Comparison between the Block 2 specificity of the hosts’ Ab
Frequency of Ab responses to polymorphic Block 2 Ags vs responses and Block 2 type of infecting parasites is further com-
conserved C-terminal Ags plicated by the fact that some patients had infections in which

Following documente®. falciparummalaria episodes, the overall single parasite types were detected, whereas others were clearly
frequency of Ab responses to all Block 2 types combined wagnfected by more than one parasite clone. Of 18 PCR-typed malaria
lower than that to the C-terminal MSBgl(Table I). When malaria  cases in the 1993 transmission season, 4 were multiple clone in-
transmission restarted after the 1992 rains, malaria episodes otections and 14 single clone infections as detected by PCR geno-
curred in 15 cohort members that season. Eleven of these 15 irtyping of MSP-1Block 2. In 1994, 13 multiple clone infections
dividuals responded to the C-terminal MSR5land only 7 re- and 13 single clone infections were found.

sponded to any Block 2 Ags. In the 1993 transmission season, 29 To analyze the relationship between Ab response and PCR ge-
individuals had at least one malaria attack. Increased IgG levelaotypes, concordant Ab responses were defined as those where the
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Table I. Incidence of specific Ab responses to different regions of MSP-1 in 52 individuals over three malaria transmission seasons

Clinical Malaria No Clinical Malaria
Number responding to 1992/3 1993/4 1994/5 1992/3 1993/4 1994/5
C-Terminal MSP-14 11/15 (73%) 20/29 (69%) 20/33 (61%) 4/33 (12%) 3/22 (14%) 2/18 (11%)
Block 2 antigens 7115 (47%) 13/29 (45%) 13/33 (39%) 2/33 (6%) 1/22 (4.5%) 0/18 (0%)
K1-type 2/15 (13%) 6/29 (21%) 5/33 (15%) 0/33 (0%) 1/22 (4.5%) 0/18 (0%)
MAD20-type 4/15 (27%) 5/29 (17%) 6/33 (18%) 1/33 (3%) 1/22 (4.5%) 0/18 (0%)
RO33-type 1/15 (7%) 4/29 (14%) 6/33 (18%) 1/33 (3%) 0/22 (0%) 0/18 (0%)

2The cohort is divided into individuals with documented clinical malaria and those with no documented malaria in the 1992 to 1994 seasons. The number of individuals as

a fraction of each group total (percentages in parentheses) showing a greater than fourfold increase in detectable IgG specific for the C-terminal conserved antgen MSP-1

shown in the upper row. The second row shows the number and percentage of individuals in whom a detectable IgG increase was seen against any Block 2 antigen, with

individuals specifically recognizing each type of Block 2 shown in the lower three rows.

specificity of detectable Block 2 Abs matched at least one of theof donor D4 to K1-type Block 2 following a mixed infection with
Block 2 types detected by PCR analysis. Discordant responsds§l- and RO33-type parasites in the 1994 season. K1-type parasites
were defined as those where the Ab response to a Block 2 type didere detected in three samples taken before and during the acute
not match the detected PCR genotype. The specificity of antimalaria episode (October). Ab against K1-type Block 2 was first
Block 2 Ab matched the Block 2 type of parasites detected in thedetected in September, before clinical symptoms appeared, per-
same blood sample in 24 of 29 Ab-positive cases (9 in 1993—-1994isted until November, but was undetectable by the following June.
and 15 in 1994-1995). PCR-typed infections of donors who hadrhere was no response to RO33 Block 2 of the other parasite
Block 2 Ab responses of a discordant type accounted for 17% o&ssociated with this clinical episode. A second infection in October
cases (3 in 1993-1994 and 2 in 1994-1995). There was thus E95 (again K1 and RO33 Block 2 types), was followed by a rise
significant correlation between parasite Block 2 type and specificin Ab to the conserved C-terminal MSRglbut there was no de-
ity of the subsequent anti-Block 2 response (results from the twdectable response to any Block 2 Ag. Figudhows the response
transmission seasons combined, = 12.45,p < 0.001). This  of donor A3, who was infected with parasites of MAD20 Block 2
indicates that the type-specific Ab responses were induced by thigpe in the 1993 season and produced specific anti-MAD20 Abs,
infecting parasites usually detected at the time of the malaria.e., a response concordant with the infecting parasite type. In this
episode. donor, asymptomatic persistence of parasites of the MAD20 type
Examples of anti-Block 2 Ab profiles in individuals with PCR- was detected by PCR in both April and June 1994, and MAD20
typed parasites are shown in Figure 5. FigulesBows a response Block 2-specific Abs then also persisted until September 1994.
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FIGURE 4. Patterns of Ab response to MSP-1 in cohort members, 1991 to 1995. Three typical patterns of detectable IgG response to Block 2 and/or

MSP-1,, in P. falciparuminfections are illustrated by example&, Anti-MSP-1 profile in an individual with no Ab response to documented malaria
episodesB, Response to MSPdwith no detectable anti-Block Z, Response to MSP;dand a Block 2 type in an infection with parasites of a single
Block 2 type.D, Response to MSP;dand two different Block 2 types in a mixed infection with parasites of different Block 2 types. Arrows onakie
indicate clinical malaria infections in the individuals.
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A. Response to K1 Block 2 (D4, b.1977) B. Response to MAD20 Block 2 (A3, b.1968)
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FIGURE 5. Parasite genotypes of MSP-1 Block 2 vs specificity of Ab responses to Block 2. Ab response profiles to Block 2 ang, M8R{own

for four individuals. Sample dates and PCR Block 2 genotypes of infecting parasites are shown aleraxithevith Ab reactivity expressed as OD.
Vertical arrows indicate clinical malaria episodes. Open symbols represent Ab levels to the three main Block 2 types. Closed circles represent Ab leve
against MSP-1,. A, Concordant Ab response to K1-like parasit@sConcordant Ab response to MAD20-like parasi€sConcordant Ab response to
RO33-like parasitesdD, A discordant RO33-specific Ab in the presence of K1-like parasites one year, followed by a concordant Ab response to RO33
parasites the following year.
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Figure 5Cshows the anti-Block 2 response of donor B6, who minority parasite population that was not detected at the time by
produced specific anti-RO33 Abs after a PCR-genotyped RO3®CR genotyping. Alternatively, there may have been an asymp-
infection. The anti-RO33 Block 2 Abs fell shortly after the malaria tomatic RO33 infection shortly before the recorded symptomatic
episode, when drug treatment led to rapid parasite clearance fok1 infection. Interestingly, though responding well to the con-
lowing infection, as blood samples over the following month testedserved MSP-1, and Block 2 of RO33 in both infections, donor
PCR negativeD illustrates two anti-Block 2 responses of donor AE7 failed to respond to Block 2 of the only PCR-detected type
AE7. A discordant response to the RO33 Block 2 type was seeifK1) in 1993, and also to one of the two parasite types (MAD20)
after an infection with K1 type parasites in October 1993, and aound in 1994. This lack of response to more than one of Block 2
concordant boost of the same specificity to a mixed infection, intypes present in a mixed infection was the predominant pattern
cluding RO33-type parasites, occurred 1 yr later. The rise in speebserved in the majority of such infections (e.g., Fig. 5, individuals
cific Ab to RO33 Block 2 in 1993 may have been a response to @4, B6, AE7).

Table Il. Correlation between Ab levels to different Block 2 Ags

Palo Alto DW K1 #1 DW K1 #2 MAD20 Wellcome DW MAD20 RO33 DW RO33 MSRs1
3D7 0.871 0.846 0.864 0.048 —0.108 —0.141 0.207 0.078 0.206
Palo Alto 0.961 0.943 0.007 —0.127 -0.171 0.111 —0.020 0.023
DW K1 #1 0.932 0.026 —0.091 —0.126 0.051 —0.066 0.034
DW K1 #2 0.015 —0.104 —0.156 0.114 —0.008 0.062
MAD20 0.936 0.886 —0.353 —0.248 0.206
Wellcome 0.930 —-0.377 —0.236 0.196
DW MAD20 —0.380 —0.278 0.108
RO33 0.881 0.168
DW RO33 —0.007

2 Correlation of anti-Block 2 Ab reactivities within and between MSP-1 Block 2 types. Ab reactivities against any one Block 2 variant antigen (measured as OD units) were
compared to reactivities of all other tested antigens in a pairwise manner for sera from 39 individuals who responded to Block 2 following clinical malaria episodes in the 1993
to 1995 transmission seasons. Results are expressed as Spearman’s rank correlation coefficients between antigens.
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FIGURE 6. Competition ELISAs showing type and variant specificity of Abs in four individuals responding to MAD20-like or K1-like types of Block
2. Donor X7 (MAD20-type AbA) and donor 2A5 (K1-type AbC) had type-specific Abs that did not differentiate well between different variants within
the types. Donor S4 (MAD20-type AlB) and donor 2D2 (K1-type AbD) had type- and variant-specific Abs. All sera were tested at 1:500 dilution.

Legends indicate the pairs of competing Ags used, with the competing Ag listed first and the well-bound capture Ag second. The capture Ags were coat

at 50 ng/well. The increasing amounts of competing Ag added to the diluted sera are indicated aboagithe

Type vs variant specificity of anti-Block 2 responses a type was revealed by these competition experiments with Abs of

Two of the three main Block 2 types (K1 and MAD20) contain some but not all individuals (compare individuals S4 and X7, or
numerous sequence variants but the immunologic significance {22 @nd 2AS, Fig. 6). In the case of donor S4, binding of specific
this diversity is unclear. In most malaria cases in whom IgG to thefe‘_bS to the _MADZO variant of Block 2 Was.not inhibited by a
Block 2 region was detected, there was little difference betweer‘}ianerent variant of the same _type (W(_aII(_:ome, see Re_fs. 27 and 36
the levels of Ab reactivity with different Block 2 variants within for sequences of Block 2 variants). Similarly, one variant (3D7) of
any one type (e.g., Fig. £ andD). Correlation coefficients be- the K1-type Block 2 failed to inhibit binding to another variant of
tween the levels of Ab reactive with pairs of Block 2 variants (€ Same type (Palo Alto) of K1-type Abs made by donor 2D2.
within a type were all high when calculated for 39 Block 2 Ab- Such clear discrimination of variants within a type occurred in one
positive sera (Table I1). This indicates that Abs to Block 2 cross-Of four high-titerd anti-MAD20 Block 2 plasmas, and five of nine
react with variants within the same type. By contrast, correlationéﬂ'Specmc plasmas tested. Plasmas _Of donors X7, 2_A5 (F'g_' 6,
between Ag pairs from different Block 2 sequence types (and foranq C). and_ others_(n_ot shown) contained Abs that did not d'ﬁ?r'
comparison, correlations between any Block 2 Ag and MSP:-1 entiate variants within a type. Therefore, although competition

were insignificantly low in the same group of sera. Thus there isELI.SA reyealed Abs that are capable of discrimination between
little or no cross-reactivity of Abs directed to the three different Yariants in some cases, IgG to the K1 and MADZ20 types of Block
Block 2 types or, indeed, with MSP;4 2 is mainly directed against shared epitopes characteristic of

Competition ELISAs, using plasma samples that contained Ab§aCh type.

of similar reactivity against all tested variants within a type,
showed that Block 2-specific IgG was directed primarily agains
epitopes shared within a type and to a lesser extent against variariburing the 8 to 9 mo of dry season following the summer rains,

specific epitopes (Fig. 6). Discrimination between variants withinmalaria transmission ceases in eastern Sudan and Daraweesh. In

tDuration of response to MSP-1
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FIGURE 7. Duration of responses to C-terminal and Block 2 Ags. Ab reactivity (expressed gas)@Dainst Block 2 AgsA) and MSP-14 (B) in 40

pairs of plasma samples from donors infected in the 1993 and 1994 transmission seasons are shown at two time points, January and September. Lin%

regression trend lines for each data series are shown in bold.

the absence of reinfection, Ab responses against both Block 2 artiVe explanation, that recombinant Block 1 Ags lack epitopes found in
C-terminal Ags declined in most, but not all, individuals after a parasite-derived Block 1, seems to be excluded by the demonstrated
malaria attack. This decline is illustrated in Figure 7 for the Jan-ability of the Ags to induce animal Abs reactive with conserved
uary to September 1994 period. Mean OD levels of Abs againsepitopes ofP. falciparumMSP-1 (41).

Block 2 declined from 0.6 to 0.36, and from mean OD of 1.04 to  In most individuals, 1gG to either the Block 2 or the C-terminal
0.57 for Abs against the C-terminal MSRsIAQ. After drug treat-  MSP-1,, rose only during or after a documented clinical malaria
ment of infections, only a few individuals maintained high Ab episode. This was most marked in the 1993 and 1994 transmission
levels against either Block 2 or MSRglfrom convalescence in  seasons, for which the most complete sets of pre- and postinfection
January to the start of the next transmission season in Septembgiasma samples were available (Fig. 2 and Table I). In both trans-
(Fig. 2, A andB). Ab responses to both the polymorphic Block 2 mission seasons, the frequency of seroreactivity against the MSP-1
region and the conserved C-terminal region thus appear to be shosigs was significantly higher in individuals who had a clini€al
lived, returning to low levels within a few months of parasite falciparum infection than in those who were microscopically

clearance. aparasitemic and who did not suffer from malaria during the sea-
) ) son. Interestingly, increased levels of Ab reactivity against the
Discussion Block 2 and C-terminal Ags were also observed in a minority of

This longitudinal cohort study, which combines accurate clinical sta-the latter group (Table | and Fig. 1). This suggests that subclinical

tus monitoring with sensitive assays of Ab response, has revealed gpymptomatic malaria infections may have occurred in these indi-

more complete picture of the natural pattern of human Ab response tfduals. The presence of low-density parasitemia detectable by

a major polymorphic Ag oP. falciparumthan could be deduced from PCR helped to clarify some of t_hgse cases in which rises 'in IgG to
earlier cross-sectional field studies, or from experimental immunizaMSP-1 were not preceded by clinically documented malaria. These
tion of animals. We have used a panel of immunologically well-char-OPservations indicate the existence of a higher level of acquired
acterized recombinant proteins (41, 42) to measure naturally acquird?Munity in this population than would be expected in the context
Ab responses to the conserved N-terminal Block 1, the highly pon-Of unstable malaria transmission in the village (37), and strengthen
morphic Block 2, and the C-terminal 19-kDa conserved regioR.of similar conclusions of an earlier report on the prevalence of sub-
falciparumMSP-1 in individuals living in a Sudanese village where clinical infections in this population (38).

malaria incidence is limited to a short, well-defined transmission sea- !N clinically ill and/or convalescent individuals, the frequency of
son. This study of 52 individuals spanning a 4-yr period shows thatdG response to the C-terminal MSRsWas significantly higher
both the polymorphic Block 2 and the conserved C-terminal regionghan that against any of the Block 2 Ags testgd test,p < 0.01

of the molecule were recognized by specific IgG Abs produced irfor both January and June samples following infection). There are
response to malaria infection by most individuals. From Septembegeveral possible reasons for this difference. In a series of malaria
1992 to September 1995, there were 77 cases of malaria in this cohafifections in one individual, identical epitopes of the conserved
and only two individuals did not have a malaria attack. Overall, 36 ofC-terminal region would be presented by all parasites, and thus
52 (69%) of the individuals responded to the polymorphic Block 2memory responses to MSRglwould be expected in most of the
region and 47 of 52 (90%) responded to the conserved C-terminaiohort members by the time of this study. However, exposure to
MSP-1, 4 during the study period. In contrast, few individuals (5 of 52, any one type of Block 2 is less frequent. The three main types of
10%) had IgG directed against Ags representing the conserved Blod&lock 2 are distributed evenly in Daraweesh, each being present in
1 that includes the peptide YSLFQKEKMVL contained in the Spf66 approximately one-third of PCR-genotyped blood samples col-
vaccine (28—30). This result indicates that the Block 1 sequence magcted at several time points during this survey. For example, dur-
be a poor immunogen and, if so, Ab responses induced by the vaccineg the 1994 transmission season, the percentages of each type
may not be boosted by natuidl falciparuminfections. The alterna- detected by PCR were 34% (MAD20), 29% (K1), and 37%
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(RO33). In the 1993 and 1994 seasons, Ab responses to the thrparasites in the majority of cases. Specificities of Abs to the Block
Block 2 types were also distributed equally between the three type® region were therefore indicative of the most recent infection
(Table I). Thus, the probability of a reinfection with, and of mem- episode and not fixed on previously experienced parasite variants.
ory response to, a parasite expressing the same type of Block 2 isis likely that the low frequencies of Abs to the Block 2 region are
likely to be lower than that observed to conserved epitopes. Lowedue to low exposure to malaria combined with antigenic polymor-
still is the probability of a reinfection by and memory response tophism of this region of MSP-1, rather than to the hosts’ innate
parasites of exactly the same allelic variant of Block 2. inability to recognize the region, or nonrecognition due to clonal
We propose that clinical malaria episodes and their antigeni¢gmprinting.
challenge are the key determinants of human responsiveness towhy then is there an overall lower frequency of responsiveness
MSP-1. Estimates of the frequency of Abs to the conservedo the polymorphic Block 2 region compared with the conserved
C-terminal MSP-1 region (including MSP;J) varied from 45  MSP-1,,? A possible reason is that Ab responses to Block 2 were
to 60% in The Gambia (23, 26), to over 75% in Kenya (25), butso transitory that plasma samples collected 2 to 3 mo after in-
did not reach the 90% level shown in this study. The frequen<ection did not contain detectable IgG specific for that infection.
cies of seroreactivity with Block 2 variants have been reportedsypporting this argument is a sharp decline in anti-Block 2 1gG
to vary between 12 and 75%, increasing with the age of donorseyels evident even in many individuals who did respond to the
in Mali (34). In Burkina Faso, 21% of adults had Ab against the yagion (Fig. 5C andD; Fig. 7). We have also tested the possibility
MAD20 variant of Block 2 (31). The frequencies of Ab re- that those patients who had no detectable IgG to Block 2, had
sponses to Block 2 in Daraweesh (69% of all donors) fall within gpti_gjock 2 IgM, but have found no specific IgM in nine such
the range detected by others, but are probably more completg,gividuals (data not shown). Alternatively, variant-specific (rather
since this study used a panel of nine Block 2 Ags representingan, type-specific) Abs may have been present but were not de-
a greater variety of sequence variants compared with the morg,.teq due to the limited number of variants in our panel of Ags.
limited Ag panels available in earlier studies. The overall iy correlation of “within-type” recognition of Block 2 variants
higher than usual frequency of Ab recognition of MSEyin  yerjyed fromMSP-1alleles of parasites obtained from Daraweesh
this study reflects the strategy of longitudinal sampling andpsients and of variants derived from non-Sudanese reference al-
close monitoring of malaria infections in these individuals OVer 4les (Table 11}, argues against a high frequency of narrowly spe-
4 yr. The lack of response to any of the MSP-1 Ags (and tocific Ab recognition of single Block 2 variants, rather than recog-

othler _merc_)zo(ljte pro_tetljr?s_,ddalta (?50t DSQOVDV;()) fgléowmé] z(ill':'cal nition of all variants within a type. However, variant-specific Abs
malaria episodes in individuals ’ ' ! » an Can'clearly do exist and the possibility of single variant-specific re-

not be expla_lned, although trans_lt_o_r)_/ or low responses, IDerh‘Fjlpgponses cannot be excluded, since it is not known to what extent
under genetic control, are possibilities (43).

) . E)he recombinant Ags used in this study represent the full range of
In malaria-exposed populations, the observed prevalence of A - . . . o .
allelic variants in Block 2 of the parasite population in the village.

. ! o .
o malgrla Ags Is often less thgn 100%, and it has begn suggest? is also true that a proportion of individuals tested did not respond
that this might reflect a genetic control of the host immune re- .

to our Block 2 Ags at any point in the study.

sponse. There is evidence indicating a regulation of humoral im- . ) . . .
mune responses to a spectrum of malaria Ags by unknown genetic An mf_luentlal hypothe5|s has_propos&_aq _that repet!tlve epitopes
factors (43). The influence of MHC haplotype on immune respon-'n malaria Ags are immunodominant, eliciting T cell-independent

siveness to epitopes from several malaria Ags including MSP-.’PrOdUCt'On _Of meffgctwg Ab;, a}nd thus “|mmuno-_eva5|on" (55).
has been reported in mice (44—-47), but few associations have beglpe elxtenswe allelic diversity in the Block 2 region of MSP-1,
found between HLA types and high or low responsiveness to deln¢luding the RO33 type of Block 2 that contains no repeat se-
fined P. falciparumAgs (48—53). Since Ab responsiveness hasduences, does not support any role in immune evasion (56). In
been measured by a single cross-sectional survey in most studid80St cases where Abs to Block 2 of the two repetitive types (K1
and the relationship of response to proven malaria infection walyYPe and MAD20 type) were detected, it was notable that they
often unknown, the frequency of nonresponsiveness to MSP-1 igross-reacted Wlth.a” t_ested variants within these types. Of 77
humans has probably been overestimated. documented malaria episodes, only 4 plasma samples from 4 pa-
It has also been suggested that nonresponsiveness of some HfNts had Abs that unambiguously discriminated between Block 2
dividuals to certain malaria Ags may be due to the phenomenon ofariants within the K1-like or the MAD20-like types. The strong
“clonal imprinting,” or “original antigenic sin.” This hypothesis Correlation between Ab levels to variants within a type (Table II)
suggests that an individual’s B cell repertoire against parasite Ag¥dicates that Abs to all types of Block 2 are directed predomi-
might become fixed by his or her first or early exposure to a parlantly against epitopes that are shared within a type rather than
ticular parasite antigenic variant, thereby preventing the recogni2gainst the repetitive sequences that differ between variants. The
tion of other variant Ags in subsequent infections (53, 54). Anal-lower frequency of variant-specific IgG vs type-specific IgG seen
ysis of Ab responses to MSP-1 in the cohort of this study does noth our cohort argues that repetitive sequences in Block 2 are not
support this hypothesis. Although there is a very strong tendencymmunodominant in this Ag.
to produce Ab to the conserved MSRspart of the protein, over Our observations that Ab responses to MSP-1 are short lived
a period of years and several genetically distinct clinical malariadnd correspond to recent malaria episodes support the conclusions
infections, individuals do not show a fixation of their Ab responseof earlier studies (31, 32). The rapid decline of anti-MSP1 re-
to any particular MSP-1 Block 2 type. Of the individuals followed sponses after the removal of parasites by drug treatment resulted in
in this study, 25% produced IgG to more than one Block 2 typelow or undetectable levels of anti-MSP-1 1gG in many individuals
and 69% recognized at least one Block 2 type over the 4 yr oby the start of the next malaria season (Fig. 7). If Abs to MSP-1
sampling. PCR typing of the Block 2 of parasites present at orcontribute to antiparasite immunity, such immunity could be rap-
before the time of the malaria episode facilitated the comparison oidly lost in people in such circumstances of short seasonal trans-
Block 2 types of infecting parasites with the specificity of anti- mission and/or effective antimalarial treatment. However, there is
Block 2 responses produced by the same individual. The specificqo evidence that Ab responses to Block 2 correlate with increased
ity of Ab responses matched the Block 2 type of the infectingrisk of infection, as proposed by Tolle et al. (34), since patients
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with responses to Block 2 Ags were no more likely to be subse14
quently infected than those without such responses (Fig. 2). Our

results support the view that Ab to the Block 2 region is a specific;s,

marker of recent infection, rather than a prognostic indicator of
susceptibility to disease. None of the earlier studies related specififz6
Ab responses to the polymorphic Block 2 region directly to par-
asite MSP-1 genotypes, since only single antigenic variants were
used as detection Ags, and no conclusions could be drawn abog;
variant- or type-specific responses to MSP-1 in defiRedalci-
paruminfections. By using PCR detection and typing of infecting

parasites, the close correlation between individuals’ type-specifi
Ab responses and the genotype of the parasites infecting each host
is clarified. The importance of coordinated analysis of the paral9:

sites’ Ag(s) together with response to them in individual hosts is
clarified by longitudinal sampling regimes such as this. This meth-

odology has permitted a more realistic estimation of the overalPO-

frequency of human responsiveness to defined regions of MSP-1,
previously underestimated by cross-sectional studies.
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