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The 19-kDa conserved C-terminal part of the Plasmodium falciparum merozoite surface protein 1 (PfMSP1,,)
is a malaria vaccine candidate antigen, and human antibody responses to PIMSP1,, have been associated with
protection against clinical malaria. In this longitudinal study carried out in an area of stable but seasonal ma-
laria transmission with an estimated parasite inoculation of about 20 infective bites/year, we monitored 266 3-
to 15-year-old Ghanaian children clinically and parasitologically over a period of 18 months. Blood samples
were collected at the beginning of the study before the major malaria season in April and after the season in
November. Using enzyme-linked immunosorbent assay, we measured antibody responses to recombinant
gluthathione S-transferase-PfMSP1,, fusion proteins corresponding to the Wellcome and MAD20 allelic vari-
ants in these samples. Prevalence of antibodies recognizing the Wellcome 19 construct containing both epider-
mal growth factor (EGF)-like motifs in Wellcome type PfMSP1,, was about 30%. Prevalence of antibodies to
constructs containing only the first EGF domain from either Wellcome or MAD20 type PfMSP1,, was about
15%, whereas antibodies recognizing a construct containing only the second EGF domain of MAD20 type
PfMSP1,, was found in only about 4% of the donors. Neither the prevalence nor the levels of any of the anti-
body specificities varied significantly with season, age, or sex. Significantly, and in contrast to previous reports
from other parts of West Africa, we found no evidence of an association between antibody responses to PIMSP1,,

and clinical protection against malaria.

The asexual blood stages of the Plasmodium falciparum par-
asite are responsible for the clinical manifestations of malaria,
and attempts have consequently been made to identify asexual
stage antigens that may be of importance in the development
of protective immunity to the disease (43). One such well-
characterized antigen is the P. falciparum merozoite surface
protein 1 (PfMSP1), which is located on the surface of blood
stage merozoites. It is synthesized as a 200-kDa protein during
schizogony but processed into fragments with diverse molecu-
lar weights, most of which are discarded before erythrocyte
invasion (30). The final processing of the C-terminal 42-kDa
fragment yields a 33-kDa protein, which is shed, and a rela-
tively conserved 19-kDa part (PfMSP1,,), which remains at-
tached to the merozoite during erythrocyte invasion and is
expressed by the parasite during the early ring stages (29).
Antibodies against this fragment may block merozoite invasion
of erythrocytes and also inhibit parasite multiplication inside
the erythrocytes (28, 29). The objective of this study was to
verify the previous finding of association between antibody
responses to PEMSP1,, and protection from clinical malaria
(23) and to characterize how donor age and season influence
the levels of these antibodies.

* Corresponding author. Mailing address: Department of Infectious
Diseases M7641, Rigshospitalet, Tagensvej 20, 2200 Copenhagen N,
Denmark. Phone: 45 35 45 73 75. Fax: 45 35 45 76 44. E-mail: ddcmp
@rh.dk.
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MATERIALS AND METHODS

Study area. The study was conducted in Dodowa, a semirural town approxi-
mately 50 km northeast of Accra, Ghana. It is predominantly a subsistence
farming community with a population of about 6,500. There are two rainy
seasons in this area: a major rainy season from May to August, and a minor one
occurring between October and November. This is followed by a relatively dry
season from December to April. Malaria transmission is perennial, but is highest
during or immediately after the major and minor rainy seasons (high-transmis-
sion season) and lowest during the dry season (low-transmission season). It has
been estimated that individuals in Dodowa are exposed to about 20 infective
bites per year, and 98% of the infections are due to P. falciparum (1). Dodowa
can thus be described as an area of hyperendemic and seasonal malaria trans-
mission. The transmission is stable since it does not vary considerably from year
to year.

Study population and clinical surveillance. The study population consisted of
a cohort of 300 schoolchildren, 3 to 15 years of age, of whom 54% were males
and 46% were females. The cohort included between 13 and 37 children at each
year of age. Informed parental consent was obtained after thorough explanation
of all procedures involved in the study, which was approved by the Ghanaian
Ministry of Health. The children selected were typed negative for sickle cell trait
prior to the start of the study in April 1994. The study was completed in August
1995. During this period, the cohort was monitored clinically and parasitologi-
cally with the help of six field assistants who were resident in the town. Each child
was visited once a week; during each visit, information regarding the health
status in the previous week was recorded on a standard questionnaire form, and
measurement of axillary temperatures was determined with a digital thermom-
eter. Blood slide samples for detection of parasitemia were made from children
with temperatures of =37.5°C and from children complaining of symptoms
suggestive of malaria. Parents were also instructed to bring sick children to the
field assistants outside the weekly scheduled visits, for recording of temperature
and blood sampling by fingerprick. Any child with detectable parasitemia and
fever was immediately treated with chloroquine, but for the analysis of data
individuals were considered to have malaria only if (i) they reported fever and/or
had a measured temperature higher of than 37.5°C and (ii) they had parasitemia
of =5,000 parasites/ul. For the duration of the study, blood slide samples were
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FIG. 1. Malaria transmission in Dodowa, southern Ghana, during the period of surveillance. Point prevalence of P. falciparum parasitemia and incidence of malaria
in the study cohort are shown. Point prevalence was not estimated in December 1994. The timing of collection of venous blood samples is indicated by arrows.

obtained from all children once a month to determine the point prevalence of
parasitemia.

The serological data included in this report are from samples obtained from
the 266 children for whom clinical and parasitological data were available for the
duration of the 18-month follow-up period and from whom two venous blood
samples were obtained (see below). The composition of this group was essen-
tially identical to that of the full cohort (data not shown).

Blood sampling. Venous blood samples were obtained from the cohort on two
occasions. The first samples were collected in April 1994, just before the onset of
major rainy season (low-transmission-season samples), and the second samples
were collected during November 1994 after the rainy seasons (high-transmission-
season samples). Ten to 20 ml of venous blood from each donor was drawn
aseptically into heparinized Vacutainer tubes (Becton Dickinson, Rutherford,
N.J.). Plasma and cell samples were separated under sterile conditions by density
centrifugation on Lymphoprep (Nyegaard, Oslo, Norway). Plasma samples were
stored at —20°C. Negative control plasma samples were obtained from 31 healthy
Danish adults who had never lived in a malaria-endemic area. A pool of plasma
samples obtained from five adults living in Dodowa and selected for high anti-
body reactivity to the PEMSP1,, constructs were used as positive controls.

Recombinant antigens. Recombinant PfMSP1,, and gluthathione S-trans-
ferase (GST) fusion proteins from the Wellcome and MAD?20 strains of P. fal-
ciparum were expressed in Escherichia coli transformed with pGEX3 plasmids
and selected for ampicillin resistance as described previously (22). Briefly, over-
night cultures from single colonies of PEMSP1,,-specific E. coli were expanded in
Lewis broth containing 100 pg of ampicillin per ml at 37°C with shaking (180
rpm). The cultures were maintained for 3 h to attain the exponential growth
phase and then stimulated with 0.2 mM isopropyl-B-D-thiogalactopyranoside to
induce protein synthesis for a further 4 h. The E. coli cell pellet was lysed by
freeze-thaw cycles, and the fusion protein was affinity purified with gluthathione-
agarose beads. The purity of the extracted proteins was confirmed by the pres-
ence of single bands on Coomassie blue-stained sodium dodecyl sulfate-poly-
acrylamide gels. Fusion proteins containing the first epidermal growth factor
(EGF)-like motif (Wellcome EGF1) of PIMSP1,, or both the first and the
second EGF-like motifs (Wellcome 19) of the Wellcome strain were prepared. In
addition, we prepared two fusion proteins corresponding to the MAD20-type
PfMSP1,, antigens: MAD20 EGF1 and MAD20 EGF2, containing the first and
the second EGF-like motifs, respectively. Control GST protein was prepared
from E. coli with only GST gene constructs.

Antibody measurements. Plasma antibodies to the recombinant PEMSP1-GST
antigens were measured by enzyme-linked immunosorbent assay (ELISA) as
described elsewhere (22). Briefly, microtiter test and control plates (Nunc, Rosk-
ilde, Denmark) were coated in parallel with recombinant PfIMSP1-GST fusion
protein (1 wg/ml) and GST control protein (5 pg/ml), respectively, and incubated
at 4°C overnight. This was followed by blocking with 1% nonfat skimmed milk at
37°C for 1 h. Test samples diluted 1,000 times were then added in duplicate to
both PEMSP1 fusion protein- and GST-coated plates and incubated overnight at
4°C. The plates were subsequently developed with peroxidase-conjugated rabbit
anti-human immunoglobulin G (IgG) (Dako, Glostrup, Denmark), followed by
H,0, with o-phenylenediamine, and absorbance was read at 492 nm. Back-

ground optical density (OD) from GST-coated plates was subtracted from the
OD of PfMSP-1 coated plates to obtain PEMSP-1-specific OD values as described
previously (23). The two samples collected from each individual were assayed at
the same time. To account for day-to-day variation, results were calculated as
relative OD: (ODgumpie — ODputrer control)/(ODpositive control ~ ODpufter control)-
The lower limit of positivity was determined as the mean of ELISA readings of
plasmas from 31 unexposed Danish donors, plus 2 standard deviations. All
samples that were positive for total IgG were tested for IgG subclasses 1, 2, 3,
and 4 in a similar ELISA, which was optimized to detect IgG subclasses by
titration experiments. We used an antigen coating concentration of 5 wg/ml,
plasma dilution of 1/200, and IgG subclass horseradish peroxidase conjugate
(Zymed, San Francisco, Calif.) diluted 1/500.

Statistical analysis. Statistical analysis was done with the SigmaStat software
package (Jandel Scientific Corporation, San Rafael, Calif.). The x? test was used
to compare proportions of antibody responders in protected and unprotected
children, and in males and females, while the Mann-Whitney and Wilcoxon
signed rank tests were used to compare the antibody levels between the groups
for paired and unpaired data, respectively. Spearman’s rank correlation test was
used to correlate antibody responses in low- and high-malaria-transmission sam-
ples and to assess associations between antibody levels and age. Differences were
considered statistically significant if P was <0.05.

RESULTS

P. falciparum infections in the study cohort. All except two
of the children in the study cohort were parasitemic at one or
more of the monthly parasite screenings done to determine
point prevalence. As shown in Fig. 1, the point prevalence of
patent P. falciparum parasitemia fluctuated around 50% during
the 18-month study period. The incidence of clinical malaria
was estimated as cases per 1,000 weeks at risk, taking account
of the children who were absent for specified periods during
the study period. It varied considerably over the year peaking
in August 1994 and July 1995, reaching the lowest in April 1994
and February 1995 (Fig. 1). Children were not considered to be
at risk for 1 month after a clinical episode of malaria. In the
cases where several episodes of malaria occurred in the same
individual, they were considered to constitute discrete episodes
only if they were separated by at least 1 month.

During the 18-month period of surveillance, 108 (41%) of
the children had at least one clinical episode of malaria, and
these children were considered to be susceptible to malaria
(group 1). One hundred three (39%) of the children did not
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FIG. 2. Point prevalence of positive antibody titers to recombinant PfMSP1,, antigens during the low- and high-transmission seasons. Error bars indicate 95%

confidence intervals for estimates.

have complaints of fevers or measured febrile temperatures in
the presence of asexual parasitemia =5,000 parasites/pl at any
of the weekly screenings, and these children were considered
to be clinically protected from malaria (group 2). Fifty-five of
children had measured fevers or complaints of fevers associ-
ated with parasitemia <5,000 parasites/pl. In these children it
is uncertain whether the symptoms were due to malaria (38),
and these children were categorized as group 3. Children in
group 1 tended to be younger (median age in years, 5; range,
3 to 15) than the children in either group 2 (median, 10; range,
3 to 15) or group 3 (median, 9; range, 3 to 15). Only groups 1
and 2 were used for comparing antibody responses in children
considered susceptible or immune to malaria.

Antibody recognition of the PEIMSP1,, recombinant antigens.
Antibody responses were measured to four recombinant anti-
gens derived from the 19-kDa C-terminal part of the PfMSP1.
Of these, the most commonly recognized (frequency of about
30%) was the Wellcome 19 construct, followed by the two
EGF]1 constructs (about 15%), while only about 4% of the
plasma samples contained detectable levels of antibodies to
the MAD20 EGF2 antigen (Fig. 2). The frequencies of positive
antibody responses and the levels of antibodies to all recom-
binant antigens were similar in samples collected during the
low- and high-transmission seasons (Fig. 2 and data not shown).

Anti-PfMSP1,, antibodies were detected in all age groups of
the cohort in both low- and high-transmission seasons. Neither
antibody levels nor the proportion of positive samples varied
with age or sex for any of the four antigens studied (Table 1
and data not shown).

Correlation of responses at different measurements in the
same individual. Although no overall seasonal variation in the
antibody responses could be detected, we examined the corre-
lation of antibody levels in matched pairs of plasma samples
obtained during the low- and high-transmission seasons from
the same individual. As shown in Fig. 3, the antibody levels
measured in the samples collected in April and November
were closely correlated [P(r,) < 0.001 for all correlations].

PfMSP1,, responses in relation to clinical protection against
malaria. An association between anti-PfMSP1 antibody levels
and clinical protection against malaria has previously been
reported found in several studies (2, 12, 23, 27, 35). To verify
this association, we compared antibody responses in the chil-
dren in our study who were susceptible to clinical malaria
(group 1) with those seen in children who appeared clinically
protected (group 2). As shown in Table 2, the proportions of
positive antibody responses to the recombinant PEMSP1,, an-
tigens were not significantly higher in the protected than in the
susceptible children [P(x*) > 0.28 in all cases]. This was the

TABLE 1. Correlation between levels of antibodies to PEMSP1 constructs and age in Ghanaian children

Low-transmission season

High-transmission season

c?ﬁ?t%zgt All samples Positive responses only All samples Positive responses only
I P(ry) n T P(ry) n s P(ry) n I P(ry) n
Wellcome 19 0.09 0.13 266 0.04 0.69 83 0.01 0.86 266 —0.02 0.88 78
Wellcome EGF1 0.04 0.56 266 0.16 0.30 45 0.09 0.16 266 -0.02 0.90 44
MAD20 EGF1 0.00 0.94 265 0.22 0.17 36 —0.06 0.38 265 0.05 0.74 37
MAD20 EGF2 0.04 0.52 265 —0.01 0.77 10 —0.03 0.63 265 -0.15 0.59 14

“r, Spearman rank correlation coefficient; P(r,), associated level of significance; N, number of samples tested.
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case for samples collected during both low- and high-transmis-
sion seasons. Indeed, the proportion of responders tended to
be higher among the susceptible than the protected children
during the low-transmission season, suggesting that a posi-
tive antibody response reflects recent high parasitemia. A sim-
ilar picture emerged when we examined the levels of anti-
PfMSP1,, antibodies rather than proportions of positive
responses. Thus, antibody levels were not significantly different
between protected and susceptible children, whether analysis
was restricted to samples having a positive antibody titer only
(Table 3) or whether all data points were included (data not
shown). Recategorization of the children as “protected” and

“susceptible” based on shorter periods of surveillance (be-
tween 1 and 10 months following the first blood sampling) did
not change the lack of association between anti-PfMSP1 anti-
body levels and clinical protection (data not shown). Taken
together, these data do not support the hypothesis of an im-
portant role of anti-PfIMSP1,, antibodies in acquired immuno-
logical protection against malaria.

IgG subclass specificities of anti-PfMSP1,, antibody re-
sponses. It has previously been suggested that the isotypes
or isotype balance of antibodies, rather than the levels of an-
tibodies per se, are important in antibody-mediated protection
against malaria (10). However, in our study population, IgG1-

TABLE 2. Prevalence of antibody responses to PEMSP1 constructs in Ghanaian children susceptible to, and
protected against, P. falciparum malaria®

Low-transmission season

High-transmission season

Antigen
construct Susceptible Protected Susceptible Protected
(n = 108) (n = 103) X POC) (n = 108) (n = 103" X POC)
Wellcome 19 0.34 0.30 0.25 0.62 0.27 0.28 0.00 0.95
Wellcome EGF1 0.20 0.16 0.30 0.59 0.14 0.20 1.15 0.28
MAD20 EGF1 0.18 0.13 0.62 0.43 0.15 0.14 0.00 0.98
MAD20 EGF2 0.04 0.02 0.12 0.73 0.06 0.06 0.04 0.85

“ n, number of samples tested; x>, test statistic (1 degree of freedom) for comparison of antibody prevalence in susceptible and protected children; P(x?); associated

level of significance.
bn = 102 for MAD20 constructs.
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TABLE 3. Levels of antibodies of PEMSP 1 constructs in Ghanaian children susceptible to, and protected against, P. falciparum malaria“

Low-transmission season

High-transmission season

Antigen

construct Susceptible level” Protected level” P(z) Susceptible level Protected level P(z)
Wellcome 19 1.22 = 1.07 (37) 1.17 = 1.07 (31) 0.38 1.24 = 1.09 (29) 1.26 = 1.07 (29) 0.85
Wellcome EGF1 1.31 £ 1.11 (22) 1.20 = 1.09 (17) 0.23 1.42 = 1.11 (15) 1.21 = 1.08 (21) 0.20
MAD20 EGF1 1.36 = 1.12 (19) 1.24 = 1.11 (13) 0.27 1.41 = 1.11 (16) 1.34 = 1.10 (14) 0.44
MAD20 EGF2 1.00 (4) 1.20 (2) 0.17 1.07 = 1.10 (6) 1.05 = 1.04 (6) 0.73

“ Only data for children with a positive antibody titer are presented (see also Fig. 4).
® Geometric mean relative OD value = 95% confidence interval, determined as described in Materials and Methods; number of samples tested given in parentheses.

specific responses dominated in all anti-PfMSP1,, IgG-positive
samples, and no relationship between specific isotypes or iso-
type balance could be discerned (data not shown).

DISCUSSION

Clinical malaria is caused by the multiplication of the eryth-
rocytic stages of the malaria parasites (43). Antibodies against
blood-stage merozoite antigens may block parasite invasion of
erythrocytes, leading to a reduction in parasitemia and thus
protect against the disease (9, 28). The merozoite surface pro-
tein 1 (MSP1) is processed during schizogony giving rise to a
19-kDa C-terminal fragment (MSP,,), which contains two cys-
teine-rich EGF-like domains and which remains attached to
the merozoite during erythrocyte invasion (7, 8). In vaccination
experiments in monkeys and mice, MSP1 has been shown to be
protective against homologous challenge (15, 19, 32, 33, 40),
although MSP1 vaccination did not protect Aotus nacymai
monkeys against homologous or heterologous challenge in an-
other study (13).

MSP1,4-specific monoclonal antibodies can inhibit the inva-
sion of erythrocytes by P. falciparum merozoites in vitro (17).
In addition, the two EGF-like motifs of P. falciparum MSP1,,
(PfMSP1,,) are recognized by human antibodies (37), and the
presence of such antibodies has been associated with a lowered
risk of clinical malaria in immunoepidemiological studies (2,
12, 23, 27, 35). The present study was specifically designed to
verify the hypothesis that antibodies to the C-terminal part of
PfMSP1,, confer protection against malaria and to further
characterize the natural acquisition of these antibodies in an
area of stable but seasonal malaria transmission.

The prevalence of antibodies to the recombinant PEMSP1,,
antigens included in the study varied between 31% (Wellcome
19) and 4% (MAD20 EGF2). The prevalence of antibody
responders did not increase with age, and the lack of antibody
response to the PIMSP1 antigens in many of the children is
unlikely to be due to lack of exposure to the antigen, since all
children must have been exposed to the parasite repeatedly.
Although the prevalence of antibody responses to PIMSP1,,
antigens was quite low in the present study, similar levels have
previously been found in the Gambia and Sierra Leone (23).
The tendency for responding or nonresponding individuals to
remain as such at the two times of sampling regardless of the
level of transmission indicates that host factors play an impor-
tant role for the capacity to respond to the C-terminal part of
PfMSPI. In recent studies with several antigens from both
blood and gametocyte stages of the parasites, it was suggested
that bias toward a particular responder type may reflect the
type of exposure encountered during childhood, akin to the
phenomenon of clonal imprinting or “original antigenic sin”
(26, 39). Another possibility is that host genetic factors are
important for responder status as is the case for the response
to Pf155/RESA (41).

Additional putative reasons for the low antibody prevalence
include the short half-life of anti-PfMSP1 antibodies, which are
mainly found shortly after clinical episodes (12, 14, 25), and
low immunogenicity or lack of adequate T-cell help for anti-
body production (21, 31, 42). Although the prevalence of an-
tibody responses to PfIMSP1,, in this study compares with the
prevalence reported for other West African countries (23), we
did not detect associations between the responses to any of the
constructs and protection against malaria. The categorization
of individuals protected from, or susceptible to, malaria was
based on 18 months of parasitological and clinical survey. It
may be argued that we did not detect any association of anti-
PfMSP1,, antibodies and protection from malaria because of
the long survey periods between the blood sampling times, and
that antibodies to PfMSP1,, may decay and thus decrease to
levels that may not be functionally protective. This is unlikely
to be the case since the nonassociation with protection from
clinical malaria of anti-PfMSP1,, antibody remained when the
follow-up period used in defining protected and susceptible
individuals was restricted to between 1 and 10 months after the
first blood sampling. Thus, the simplest explanation for the
lack of association between clinical protection and PfMSP1,,
antibodies here is that no such association exists under the
epidemiological circumstances prevalent in our study area.
This notwithstanding, it remains a possibility that antibodies
against the C-terminal part of PIMSP1 do play a role in the
protection against malaria as shown by other studies (2, 12, 23,
27, 35, 36). In one of these studies, it was concluded that ma-
ternal antibodies appeared to have a greater protective capac-
ity than infant antibodies (12). There are data available to sup-
port the notion that adults and children have intrinsically
different capacities for mounting protective immune responses
(5, 6). It is thus conceivable that adults tend to produce more
protective anti-PfMSP1,, antibodies than children do. It could
also be that the fine specificity and the balance between anti-
bodies of different subclasses, which may be dependent on the
intensity of transmission, influence the protective function of
anti-PfMSP1 antibodies (10, 11, 16, 18). The fine specificity of
anti-PfMSP1 antibodies relating to the particular amino acid
composition and conformation might be of importance to the
protective efficacy, since only some anti-PfMSP1,, monoclonal
antibodies inhibit the in vitro merozoite invasion of erythro-
cytes (16, 17). Naturally acquired antibodies to PEMSP1,, may
thus be a mixture of protective and nonprotective types. The
inhibition of merozoite invasion of erythrocytes is dependent
on the inhibition of the final processing of the C-terminal
PfMSP1 protein, and the natural population of anti-PfMSP1,,
antibody species may be nonprotective if protective species
are inhibited by nonprotective ones (7, 9). Alternatively, cross-
reacting antibodies and antibodies of IgM class may inhibit
protective ones (3, 34).

The balance between IgG subclass-specific responses, and
especially that of cytophilic IgG1 and IgG3, has been associ-
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ated with protection against malaria (4, 20, 24). However, this
did not appear to be of importance in the present study, as the
antibody responses to the various PEMSP1,, constructs were
predominantly IgG1 in all children.

In conclusion, we found no significant association between
the prevalence or levels of anti-PfMSP1,, antibody with pro-
tection from clinical malaria, nor did we find any correlation
with age. This study emphasizes the need to characterize im-
mune responses to PfMSP1,, in subjects from various epide-
miological settings to establish the role of such responses in
acquired protective immunity to malaria, and they also sug-
gests that new reagents are required to discriminate fine dif-
ferences in epitope specificity, which may predict the protec-
tive efficacy of the immune response.
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