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In a cross-sectional survey of 187 Gambian children and adults, we have analyzed prevalence, fine specificity,
and 19-kilodalton merozoite surface protein 1 (MSP-119)-specific erythrocyte invasion inhibitory activity of
antibodies to MSP-119 but find no significant association between any of these parameters and prevalence or
density of malarial parasitemia, except that, after correcting for total anti-MSP-119 antibody levels, individuals
with anti-MSP-119 antibodies that compete with an invasion inhibitory monoclonal antibody (12.10) were
significantly less likely to have malaria infections with densities of >1,000 parasites/l than were individuals
without such antibodies. This association persisted after correction for age and ethnic origin.
(blocking antibodies) (2, 8, 11, 13, 17). In support of this
hypothesis, recent results have demonstrated marked interindividual and interpopulation variation in the fine specificity of
anti-MSP-119 antibodies (measured by their ability to compete
with MSP-119-specific monoclonal antibodies [MAbs] for binding to recombinant MSP-119 and by patterns of binding to
modified recombinant proteins in which specific antibody
epitopes have been eliminated), which is associated with variation in protective immunity (20). As total anti-MSP-119 antibody levels do not correlate with immunity, we have developed
a functional assay to assess the efficacy of anti-MSP-119 antibodies by using a chimeric transgenic line of P. falciparum in
which the gene encoding MSP-119 (PfMSP-119) has been replaced by the functionally equivalent but antigenically unrelated sequence from the murine parasite Plasmodium chabaudi
(PcMSP-119) (18, 19). By comparing this construct to the native parent under identical conditions within a single assay, it is
possible to correct for many of the nonspecific factors which
lead to variability in a traditional invasion assay and to isolate
just that component of invasion inhibition attributable to antibody to MSP-119. With this assay it has been shown that a
major part of the invasion inhibitory activity of malaria immune human sera can be attributed to antibodies to PfMSP-119
(18) and that MSP-119-specific invasion inhibitory activity is
associated with resistance to reinfection in a population from
an area of moderate malaria endemicity in Kenya (14).
As a further step towards identifying the epitope specificity
of MSP-119-specific invasion inhibitory antibodies, and to further test their association with resistance to parasitemia, we
have compared gross MSP-119 titers, competition titers against
MSP-119-specific MAbs, and binding of serum antibodies to
modified MSP-119 recombinant proteins to (i) the MSP119specific invasion inhibitory activity of the same sera and (ii) to
the prevalence and density of malaria parasitemia in plasma

Immunogens based on the C-terminal portion of the major
Plasmodium falciparum merozoite surface protein, merozoite
surface protein-1 (MSP-1), are being developed as potential
vaccines against erythrocytic stages of malaria (1, 13). Reproducible antibody-mediated protection against challenge infection has been induced in rodents and primates with vaccines
containing the 42-kilodalton MSP-1 (MSP-142) or MSP-119
C-terminal fragments of the protein (4, 5, 12, 15, 16, 22–24). By
contrast, immunoepidemiological surveys of human populations naturally exposed to malaria have produced conflicting
evidence regarding a protective role for antibodies to MSP-119,
with some studies showing a positive association between antiMSP-119-specific antibody levels and protection (3, 10) and
others showing no association (7) or even a negative association (25). We have suggested (20) that this is due to variation
between individuals in the fine specificity of the antibody response to MSP-119, with only some antibody specificities being
able to mediate antiparasitic functions, such as inhibition of
merozoite invasion of erythrocytes (inhibitory antibodies),
while other specificities may have no effect (neutral antibodies)
or may even block the activity of invasion inhibitory antibodies
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samples from a cross-sectional study carried out (at the end of
the peak malaria transmission season) with 187 individuals
aged 1 to 70 years in The Gambia. The study defined responders as subjects whose serum antibodies bound to MSP-119 with
an optical density (OD) greater than the means ⫹ 3 standard
deviations of a panel of 37 European nonimmune sera. Using
this definition, the study had a power of 80% to detect a
significant association between parasitemia and antibody-dependent measurements with an odds ratio (OR) of 2.5 or
more.
The study population (21) and the MSP-119 invasion inhibition assay (18) have been described in detail elsewhere. Antibody binding assays have also been described elsewhere (9, 20).
Briefly, mutant and native protein binding was determined by
enzyme-linked immunosorbent assay at a serum dilution of
1:1,000 with recombinant MSP-119-glutathione S transferase
fusion proteins corrected for binding to glutathione S transferase alone. Mutant binding for MSP-119-positive sera was
analyzed as the ratio of mutant OD to wild-type OD. Competition assays were carried out in enzyme-linked immunosorbent assay format by allowing human serum at dilutions of 1:50
and 1:250 to bind to plates coated with recombinant MSP-119
followed (after washing) by the appropriate mouse MAb at a
predetermined dilution, detected with an anti-mouse immunoglobulin G conjugate. For each plate, competition was determined as the percentage reduction of OD in wells treated with

serum compared to levels for wells which had not been treated
with serum.
The prevalence of parasitemia and the prevalence of parasite densities above 1,000 infected red blood cells/l of blood
were both negatively associated with age (2 trend ⫽ 3.8,
degree of freedom [df] ⫽ 1, P ⫽ 0.05, and 2 trend ⫽ 17.7, df
⫽ 1, P ⬍ 0.001, respectively) (Fig. 1a), while the prevalence of
seropositive individuals (OD ⬎ 0.77) and median and mean
concentrations (measured as OD) of antibodies to MSP-119
(Fig. 1b) increased with age (2 trend ⫽ 9.5, df ⫽ 1, P ⫽ 0.002,
and t [linear trend of OD] ⫽ 4.16, df ⫽ 1, P ⬍ 0.001, respectively). There was no significant association between anti-MSP119 seropositivity and the presence or absence of parasitemia
(2 ⫽ 2.76, df ⫽ 1, P ⫽ 0.10) or between anti-MSP-119 concentration (OD) and the presence or absence of parasitemia
(2 ⫽ 0.94, df ⫽ 1, P ⫽ 0.33) or parasite density category (2
⫽ 2.06, df ⫽ 1, P ⫽ 0.15). After correction for age, individuals
with parasitemia of ⱖ1,000/l were significantly more likely to
be MSP-119 seropositive than were individuals with parasite
density of ⬍1,000/l (OR ⫽ 2.3, 2 ⫽ 4.95, df ⫽ 1, P ⫽ 0.03).
However, when corrected for ethnic group this association was
lost (2 ⫽ 2.02, df ⫽ 1, P ⫽ 0.15), because the major part of the
variance was contributed by 15 individuals from a single ethnic
group (Fula/Fulani).
Of the 88 sera that contained anti-MSP-119 antibodies, between 18 and 33 (20 to 37.5%) (depending on which modified
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FIG. 1. Age-related changes in parasite density, prevalence, and anti-MSP-119 antibody responses. (a) Parasite prevalence and density by age
(n ⫽ 186). (b) Distribution of antibodies to MSP-119 by age. In each plot median (line), the interquartile range (25th to 75th centile) (box) and
the adjacent values (highest value within 1.5 multiplied by the interquartile range of the 75th centile and lowest value within 1.5 multiplied by the
interquartile range of the 25th centile) (vertical lines) are indicated. Points falling outside this range are drawn individually. Positive sera were
defined as sera with an OD of ⬎0.77 (means ⫾ 3 standard deviations of a panel of 37 European nonimmune sera). Number (and percentages)
of positive sera/number tested in each age group are indicated at the top of the plot. (c) Correlation between binding to wild-type and modified
recombinant MSP-119 antigens for individual plasma samples. Vertical dashed line indicates the OD cutoff for positive sera. The diagonal dashed
line is a line of identity between mutant OD and wild-type OD. (d) Correlation between binding of plasma antibodies to wild-type recombinant
MSP-119 (OD) and the ability of the same plasma to inhibit binding of MAb 12.10 to recombinant MSP-119 (percent).
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protein was being tested) bound more strongly to wild-type
recombinant MSP-119 than to three modified recombinant proteins in which epitopes for blocking MAbs had been eliminated
(ratio of OD of mutant to OD of the wild type, ⬍0.75) (20, 26),
suggesting that these sera contained antibodies that were more
similar in their fine specificity to blocking MAbs than to invasion inhibitory MAbs (Fig. 1c) and that these children might
thus be more likely to develop malaria infection. In fact, although the study had 80% power to detect such associations if
they actually exist in this population, there was no significant
association between ability to discriminate between modified
and wild-type proteins and parasite prevalence or parasite density (P ⬎ 0.6 in all cases).
The ability of individual sera to compete with MAbs of
defined specificity is one indication of the fine specificity of
anti-MSP-119 antibodies (20, 26). The abilities of sera to compete with a panel of six different MAbs were significantly correlated (r2 values ranged from 0.43 to 0.82 for all possible pairs,
P ⬍ 0.0001 in all cases), and competition with MAbs was
significantly correlated with OD for binding to wild-type MSP119 (r2 values ranging from 0.33 to 0.61, P ⬍ 0.0001 in all cases).
However, in simple logistic regression analysis there was no
significant association between competition with any MAb and
parasite prevalence (P ⬎ 0.4 for all associations) or density (P
⬎ 0.1 for all associations).
MSP-119-specific invasion inhibition activity for each serum
can be measured as the difference between inhibition of invasion of wild-type parasites (PfMSP-119) and inhibition of invasion of transfected parasites (PcMSP-119) (18). Consistent with
results of previous studies (6, 14, 18), the majority of the total

invasion inhibitory activity (63.5% ⫾ 67.1%) was attributable
to anti-MSP-119 antibodies. However, neither total invasion
inhibition (2 trend ⫽ 8.28, df ⫽ 5, P ⫽ 0.14) nor MSP-119specific invasion inhibition (2 trend ⫽ 10.36, df ⫽ 5, P ⫽
0.066) was associated with age (Fig. 2a and b), and no association was seen between total or MSP-119-specific invasion inhibition and the presence or absence of parasitemia (2 ⫽
0.005, df ⫽1, P ⫽ 0.95, and 2⬍0.001, df ⫽ 1, P ⫽ 0.99,
respectively) or between MSP-119-specific invasion inhibition
and parasite density category (2 ⫽ 0.78, df ⫽ 3, P ⫽ 0.85) (Fig.
2c and d). There was a significant, if counterintuitive, positive
association between total (non-MSP-119-specific) inhibition of
invasion and the presence of high-density parasitemia (ⱖ5,000/
l) (2 trend ⫽ 5.23, df ⫽ 1, P ⫽ 0.023). MSP-119-specific
invasion inhibition activity (classified as sera that specifically
inhibit invasion by ⱖ50%) was not associated with the presence or absence of anti-MSP-119 antibodies (2 ⫽ 0.71, P ⫽
0.39), with MSP-119 OD (r2 ⫽ 0.0002, P ⫽ 0.87), with differential binding to wild-type and modified MSP-119 proteins (2
⫽ 0.03, df ⫽ 1, P ⫽ 0.87), or with the ability of the sera to
compete with any of the six MAbs (c2 ranged from 0.015 to
1.17, df ⫽1, P ⫽ 0.28 to 0.90).
Analysis of the entire antibody response data set by principle
component analysis failed to reveal any minor component
which correlated with either invasion inhibition or parasitemia.
However, as we envisaged that antibodies of different specificities might have opposing effects on parasitemia or invasion
inhibition activity (i.e., the activity of invasion inhibitory antibodies being opposed by the activity of invasion-enhancing
antibodies), we looked for possible interactions between the

Downloaded from http://iai.asm.org/ on September 22, 2020 by guest

FIG. 2. Lack of association between age, parasite density, and invasion inhibitory activity of immune plasma. (a) Total invasion inhibitory
activity of plasma by age, with the percent reduction in invasion of PfMSP-119-transformed parasites (containing native MSP-119) compared to
invasion levels of control nonimmune serum (100%). (b) MSP-119-specific invasion inhibition by age, with the percent invasion of PcMSP-119
parasites compared to invasion levels of the control nonimmune serum subtracted from the percent invasion of PfMSP-119 parasites. (c)
Relationship between total invasion inhibition and ranked parasite density. (d) Relationship between MSP-119-specific invasion inhibition and
ranked parasite density. Box limits are the same as those described in the legend to Fig. 1b.
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TABLE 1. Logistic regression analysis of selected explanatory variables for outcome variable parasite density of ⬎1,000/l
Result for variable
Variable

Seropositive for:
Anti-MSP-119a
Age groupb

OR

P

OR

P

OR

P

1.36

0.36

2.31
0.57

0.03
⬍0.01

4.65
0.58

0.005
⬍0.001

0.35

0.045

⬎50% Competition with MAb 12.10a
a
b

MSP-119-positive age
group competition
with 12.10

MSP-119-positive
age group

MSP-119-positive

ability of antibodies to compete with the different classes of
MAbs and other explanatory variables on outcome (parasite
prevalence or density) by multiple logistic regression. Statistically significant interactions are shown in Table 1. Not surprisingly, in this analysis, increasing age was significantly associated with decreased risk of having high-density parasitemia
(ⱖ1,000/l). By contrast, seropositivity for MSP-119 antibodies
was significantly associated with increased risk of high-density
parasitemia. However, the ability of plasma antibodies to inhibit binding of the invasion inhibitory MAb 12.10 (by ⬎50%
at a plasma dilution of 1:50) was significantly associated with
reduced risk of high-density parasitemia (ⱖ1,000/l); this was
not seen for competition with other MAbs. The inclusion of
ethnic origin did not affect this association. Although this relationship is of marginal significance and results from small
differences within a highly correlated data set, the association
between competition with MAb 12.10 and resistance to highdensity parasitemia does confirm previous observations in an
entirely different population (20). In a previous study (20), no
association was found between competition with MAb 12.10
and protection from malaria with fever (i.e., mild clinical malaria) in Gambian children aged 7 to 9 years, but a significant
association was found between competition with MAb 12.10
and resistance to high-density parasitemia in Ugandan children. Thus, in both studies where the association has been
tested, possession of anti-MSP119 antibodies that compete for
binding with MAb 12.10 is associated with resistance to highdensity parasitemia. This is consistent with the notion that the
effects of antibodies of specificity similar to that of 12.10
(which inhibits merozoite invasion into erythrocytes) would be
most readily detected by their effect on parasite density rather
than by their effect on a less direct measure, such as clinical
disease.
Significant differences in infection risk and antibody responses were noted between the three ethnic groups in the
study population. Those from the Mandinka ethnic group were
significantly less likely than others to be parasitemic (2 ⫽ 12.2,
df ⫽ 2, P ⫽ 0.002), while Wolofs were significantly more likely
to have high-density parasitemias (2 ⫽ 13.5, df ⫽ 2, P ⫽
0.001). Interestingly, Fulas were twice as likely as other individuals to have MSP-119-specific invasion inhibitory antibodies
(29.4% for Fulas versus 14.0% for Wolofs and 14.2% for
Mandinkas), but because of the low numbers of Fula individuals in the study (9%), this difference was not statistically
significant (2 ⫽ 2.75, df ⫽ 2, P ⫽ 0.25).

In summary, the only significant associations we have found
between malaria infection (prevalence and density of parasitemia) and four separate measures of anti-MSP-119 antibody
prevalence, concentration, specificity, or function are (i) between higher parasite density and higher total anti-MSP-119
OD and (ii) between the ability of antibodies to compete with
an invasion inhibitory MAb and resistance to higher density
parasitemia. Thus, it seems that total anti-MSP-119 antibody
levels are indicative of recent reinfection and boosting of the
humoral immune response, while certain specificities within
this polyclonal population of anti-MSP-119 antibodies may inhibit parasite replication within an infected individual. While
this latter finding is in general agreement with previous observations (20), it hardly amounts to strong evidence for the
protective role of anti-MSP-119 antibodies. One potential
drawback of this study is that as antibodies and infection were
measured contemporaneously, antibody responses may have
been modified by the boosting effects of the present infection.
Thus, it cannot be ruled out that, in some individuals, antiMSP-119 antibody levels may have fallen below the concentration required for protection at the time of infection but then
had been boosted to higher levels in the following days or
weeks. This would tend to lead to underestimation of the
protective effect of high titers of protective antibodies. Secondly, half of the subjects of the study were aged 15 years or
more and would have acquired a substantial degree of immunity to malaria (which may operate independently of any protective effect of anti-MSP-119 antibodies), further weakening
the strength of any association between anti-MSP-119 antibodies and parasite prevalence. Although anti-MSP-119 antibodies
appear to make up a significant proportion of the total invasion
inhibitory activity of immune sera (18), the relative importance
of invasion inhibition in terms of the various effector mechanisms that may be required for immunity to malaria infection
and/or disease is not presently known. Prospective surveys of
semi-immune children in which immune status is determined
prior to infection and correlated with subsequent risk of infection are more powerful in this respect, and in one such study
significant associations between antibody specificity and resistance to high-density parasitemia was found (20); this analysis
now needs to be extended to assessment of MSP-119-specific
invasion inhibitory activity. More worrisome is the fact that
none of the antibody-related parameters that we have measured here were associated with each other, confirming the
lack of association reported for Nigerian sera between compe-
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OR for parasite density of ⬎1,000/l for explanatory variable being positive or negative.
OR for parasite density of ⬎1,000/l between age categories.
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tition titers and inhibition of secondary processing of MSP-142
(17). These results underline the complexity of natural responses to MSP-119 and suggest that repeated exposure to
malaria may boost responses which confound protection as
well as those which are protective. However, these results leave
unanswered the question of whether or not these in vitro parameters will prove useful for monitoring the outcome of the
clinical trials of MSP-119 vaccines planned for the near future.
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