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Abstract
Background—Antibodies to blood-stage Plasmodium falciparum antigens have been associated
with protection against clinical malaria in some studies but not others. Many of these studies have
not assessed whether high-titer antibodies are associated with protection and have not adjusted for
differences in malaria exposure.

Methods—The presence of high-titer antibodies to apical membrane antigen-1 (AMA-1),
erythrocyte binding antigen-175 (EBA-175) and merozoite surface protein-119 (MSP-119) was
assessed in 87 children living in a malaria holoendemic area of Kenya. The children were
prospectively assessed during one year for clinical malaria.

Results—In unadjusted analyses, high-titer antibodies to MSP-119, but not EBA-175 or AMA-1,
were associated with protection from clinical malaria. However, after adjustment for exposure,
only high-titer antibodies to EBA-175 were associated with protection from clinical malaria
(hazard ratio (HR), 0.48, 95% confidence interval (CI) 0.24, 0.95, P=0.03), and with reduced
episodes of clinical malaria (incidence rate ratio, 0.50, 95 % CI, 0.31, 0.81, P=0.005). A trend
toward increased protection from clinical malaria in children was seen with antibodies to both
EBA-175 and MSP-119 (HR, 0.26, 95% CI 0.03, 1.94, P=0.18)

Conclusions—High-titer antibodies to EBA-175 are associated with protection from clinical
malaria in children in a malaria holoendemic area of Kenya. Accurate estimates of antibody-
associated protection from clinical malaria require adjustment for malaria exposure.
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Introduction
Malaria causes more than 175 million clinical cases of infection and results in death for
more than 710,000 children in sub-Saharan Africa each year [1]. The importance of humoral
immunity in protection from clinical malaria has been demonstrated through studies of
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passive antibody transfer from semi-immune adults to children with resulting reduction in
peripheral blood parasitemia and alleviation of clinical symptoms [2, 3]. Furthermore, non-
sterile clinical immunity can be obtained by individuals living in endemic zones and is
attributed to repeated exposure and subsequent immunologic response [4]; this observation
suggests that a malaria vaccine, particularly an “anti-disease” vaccine, may be feasible. The
morbidity and mortality associated with malarial disease occurs when Plasmodium
falciparum is in the blood stage. This provides the rationale for pursuit of a blood stage
vaccine [5]. Many recent efforts are focused on multiple antigen vaccines that will induce a
broad repertoire of immune responses against the parasite.

We previously assessed the relationship of antibodies to the blood-stage vaccine candidate
antigens apical membrane antigen-1 (AMA-1), erythrocyte binding antigen-175 (EBA-175)
and merozoite surface protein-119 (MSP-119) and protection from blood-stage P. falciparum
infection in adults in the malaria holoendemic area of Kanyawegi, Kenya. In that study, a
trend toward a decreased risk of blood-stage infection was seen in adults with antibodies to
AMA-1 but not MSP-119 or EBA-175, but we were not able to assess the correlation of
these antibodies with protection from disease as none of these semi-immune adults
developed clinical disease. Prior studies have presented conflicting results about the
association of antibodies to AMA-1 [6–9], MSP-119 [10–14] and EBA-175 [15, 16] with
protection from disease. In the present study, we assessed the relationship between
antibodies to AMA-1, EBA-175 and MSP-119, separately and together, with protection from
clinical malaria in children in the same malaria holoendemic area where we conducted our
studies in adults.

Materials and methods
Study site and participants

The study was conducted in the Kanyawegi region of Nyanza Province, Kenya beginning in
August, 2001 through July 2002 [17]. Kanyawegi is located in an area holoendemic for
malaria with a population of approximately 3,500 individuals. All study participants were
between the ages of 3 months and 8 years and were permanent residents. Exclusion criteria
included acute or chronic illness, current symptoms of malaria, and use of anti-malaria drugs
within the previous two weeks. Study participants were recruited randomly from all seven
villages that comprised the study site. Eighty-seven children were recruited by written
informed consent that was obtained from the parents or guardians of all participants. Ethical
approval for the study was granted by the Kenya Medical Research Institute (KEMRI)
Ethical Review Committee and the Institutional Review Board for Human Studies at the
University Hospitals of Cleveland (Cleveland, OH) and Case Western Reserve University
(Cleveland). Study participants received free medical care for malaria but did not receive
other forms of compensation.

Procedures
Approximately 0.5–1 mL of blood was collected at the beginning of the study. Samples
were centrifuged, and plasma was removed and stored at −80°C for antibody testing. Ten μL
of blood was obtained to measure the hemoglobin concentration. Malaria infection was
diagnosed by microscopic inspection of thick and thin blood smears. Blood smears were
stained with Giemsa stain, and slides were examined by two experienced microscopists. The
microscopists were blind to the study protocol and read each slide twice. A smear was
deemed negative when no parasites were observed after counting microscopic fields that
included at least 200 leukocytes. Density of parasitemia was expressed as the number of
asexual P. falciparum organisms per microliter of blood, assuming a leukocyte count of
8,000 per μl. Antimalarial treatment was not given at the time of enrollment into the study as
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Kenyan national policy was not to treat children with asymptomatic parasitemia. As
recommended by the Kenya Ministry of Health all enrolled children who developed clinical
malaria during the 52- week follow-up period were given antimalarial therapy according to
the national guidelines (at that time, sulfadoxine-pyrimethamine, or amodiaquine or quinine
in children allergic to sulfadoxine-pyrimethamine).

Active surveillance for clinical malaria was conducted over a 52-week period after
enrollment. Parents of children were told to contact their village-based field assistant if their
child displayed symptoms of malaria (i.e. fever or chills). Village-based field assistants
made weekly visits to study participant homes to assess whether any participant had fever or
chills in the previous week or at the time of visit. Children with fever or chills were seen by
a clinical officer and treated with antimalarial drugs if they had P. falciparum on a blood
smear. An episode of clinical malaria was defined as self-report of fever or chills or an
axillary temperature of >37.5°C, plus asexual-stage P. falciparum on a blood smear. A
second end point of high-density parasitemia was defined as fever or chills plus an asexual-
stage P. falciparum density of ≥4000 parasites/μL[18].

Recombinant antigens were used to test for the presence of antibodies to AMA-1, EBA-175,
and MSP-119. Recombinant AMA-1 (ectodomain, nonglycosylated) and EBA-175 (region
II, nonglycosylated) were expressed in Pichia pastoris and provided by one of the authors
(DLN, National Institutes of Health). Recombinant MSP-119 protein corresponding to the E-
KNG variant was expressed in Saccharomyces cerevisiae [19] and provided by the Malaria
Research and Reference Reagent Resource Center (Manassas, VA). In previous testing in
this area, IgG antibodies from adult sera most frequently recognized the E-KNG variant
[20].

Total IgG and IgG subclass concentrations of antibodies were measured using enzyme-
linked immunosorbent assay (ELISA), as described elsewhere [20]. All children were tested
for antibodies to AMA-1 and EBA-175. Seventy-two of the 87 children with adequate
remaining serum sample were tested for antibodies to MSP-119. Samples were tested in
duplicate and a mean OD value was used in final analysis. Antibodies were expressed in
arbitrary units (AU) and calculated by dividing the ODs for samples from study participants
by the mean OD +3 standard deviations (SDs) for samples from 40 North Americans never
exposed to malaria. Sera from nine North American controls with OD values representative
of the 40 North Americans without malaria exposure were used on each plate. An OD value
≥1.0 AU was considered to be positive. Subclass analysis was done on a subset of 35
samples with adequate plasma for the additional subclass testing.

Statistical analysis
All statistical analysis was done using Stata 10.0 software (Stata Corporation, College
Station, TX). The primary exposure variable was set before analysis as high-titer IgG
antibodies (>2AU) to any of the blood-stage antigens tested (AMA-1, EBA-175, or
MSP-119), based on our previous studies of association of antibody concentrations to time to
infection in adults[20].

Correlations between continuous variables (e.g., concentrations of antibodies to different
antigens) were assessed by Spearman rank correlation. Associations between categorical
variables (e.g., presence of high concentrations of antibodies to specific antigens and clinical
malaria) were assessed by chi-square analysis. Kaplan-Meier survival analysis and the log
rank test were used to compare the times to development of P. falciparum parasitemia in
study participants with and those without high concentrations of IgG antibodies to blood
stage antigens. Cox proportional hazards regression modeling was used to assess the risk of
the first symptomatic malaria episode. The cumulative incidence of clinical malaria episodes
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was assessed with negative binomial regression analysis, in which all malaria episodes
during the 52-week period were recorded. Village, age, bed net use, and malaria infection
status at the time of study enrollment were adjusted for in all final models.

Results
Study population characteristics

Eighty-seven children below the age of 8 years old were enrolled in the study (range 0.56 –
7.95 years; mean 5.22 years, standard deviation (SD) 1.72 years). At the time of enrollment
78 percent of the children (68/87) tested P. falciparum positive but all were asymptomatic.
Only three children lived in households where bednets were used (3.4%). Three children
moved out of the study area (at weeks 6, 17, and 33 respectively). Data were censored in
Cox regression for these children on the dates at which they moved out.

Frequencies of high-titer IgG and IgG subclass antibodies to blood stage antigens
IgG antibody concentrations and the frequencies of children with high-titer antibodies
(antibody concentrations >2 AU) are shown in Table 1. The majority of children had high-
titer antibodies to AMA-1 (63%) and EBA-175 (53%), but high-titer antibodies to MSP-119
(26%) were less frequent. IgG subclass testing revealed that almost all high-titer IgG
subclass antibodies to the three antigens were either IgG1 or IgG3 (Table 2). IgG2 and IgG4
subclass antibodies were absent except for IgG2 to EBA-175 (11.43%) and IgG4 to
MSP-119 (2.8%).

High-titer IgG antibodies and protection from clinical malaria
Kaplan-Meier analysis revealed an association with protection from clinical malaria for
high-titer antibodies to MSP-119 (Figure 1A, P=0.02), and a weak trend toward protection
for high-titer antibodies to EBA-175 (Figure 1B, P=0.19), but no association with protection
with high-titer antibodies to AMA-1 (Figure 1C, P=0.45). A strong association with
protection was seen in children with high-titer antibodies to all three antigens, as only one of
the nine children with high-titer antibodies to all three antigens developed clinical malaria
during the 52-week follow-up period (Figure 1D, P=0.03).

Although the site of Kanyawegi comprises an area of <12 km2, considerable variation was
seen in risk of malaria between the six site villages, notably a significantly increased risk in
one of the six villages (village 3, hazard ratio (HR) 5.06, 95% confidence interval (CI) 1.84,
13.92, P=0.002). For this reason, village was added to the regression model as a surrogate
for exposure. In the final Cox regression model, adjusting for age, exposure (village), bednet
use, and presence of P. falciparum parasitemia at the time of enrollment, children with
antibodies to MSP-119 still had a lower risk of clinical malaria (HR 0.46, 95% CI 0.13, 1.57,
P=0.21) and lower incidence of clinical malaria (incidence rate ratio (IRR) 0.50, 95% CI
0.18, 1.31, P=0.16), but neither was statistically significant. In contrast, high-titer antibodies
to EBA-175 were associated with a significantly lower risk of clinical malaria (HR 0.48,
95% CI 0.24, 0.95 P=0.03), and incidence of clinical malaria (IRR 0.50, 95 % CI, 0.31,
0.81, P=0.005). Antibodies to AMA-1 did not show a significant association with protection
(Table 3).

Cox regression also showed a trend toward reduction in risk of clinical malaria with log
increase in antibodies to EBA-175 (HR 0.81, 95% CI 0.65, 1.01, P=0.07) and MSP-119 (HR
0.73. 95% CI 0.53, 1.00, P=0.06) but not AMA-1 (HR 1.05, 95% CI 0.79, 1.41, P=0.71).
The presence of high-titer antibodies to all three antigens was associated with the lowest risk
of clinical malaria (HR 0.26, 95% CI 0.03, 1.94, P=0.18) and the greatest decrease in
malaria incidence (IRR 0.16, 95 % CI 0.02, 1.20, P=0.07), but only nine children had high-
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titer antibodies to all three antigens, and these decreases in risk did not achieve statistical
significance. Protection associated with all three antigens was due to the presence of high-
titer antibodies to MSP-119 and EBA-175, as children with antibodies to these antigens had
the same decrease in risk (HR 0.29, 95% CI 0.06, 1.40, P=0.12) as those with antibodies to
all three antigens. Only 15 children reached the secondary endpoint of high-density
parasitemia with clinical malaria, so although all hazard ratios were <1, no significant
associations with protection were seen for antibodies to any antigen (AMA-1, HR 0.87, 95%
CI, 0.26, 2.87, P=0.82; EBA-175, HR 0.42, 95% CI 0.12, 1.50, P=0.18; MSP-119, HR 0.88,
0.18, 4.20, P=0.87).

Discussion
In the present study, we document that high-titer antibodies to EBA-175 are associated with
protection from clinical malaria in children in a malaria holoendemic area of Kenya.
Importantly, we found that even in this relatively small area (<12 km2), there were important
local differences in frequency of clinical malaria and therefore exposure to blood-stage P.
falciparum, and that controlling for these differences in exposure resulted in differing
estimates of associations with protection from clinical malaria. Prior to adjustment for
exposure, significant associations were seen with protection for high-titer antibodies to
MSP-119 but not EBA-175, whereas after adjustment for exposure, significant associations
were seen for high-titer antibodies to EBA-175 but not MSP-119. The changes seen in the
associations with protection to high-titer antibodies to EBA-175 with adjustment for
exposure demonstrate the importance of assessing and controlling for exposure in studies of
associations with protection against clinical malaria, even in areas presumed to have
relatively homogenous exposure. Finally, there was evidence suggestive of additive
protective association in children with high-titer antibodies to both EBA-175 and MSP-119,
though the study did not have power to detect significant differences in protection for the
small number of children (n=13) with high-titer antibodies to both antigens.

The present study provides further evidence that high-titer antibodies to EBA-175 are
associated with protection from clinical malaria, though the precise region (II or III-V) that
is most associated with protection may vary by area of study. A recent study from Papua
New Guinea demonstrated that antibodies to EBA-175 region II and regions III-V were
strongly associated with protection from clinical malaria and high-density parasitemia [15].
In the Papua New Guinea study, as in the present study, high-titer antibodies to EBA-175
were assessed (highest tertile compared to lowest tertile in the Papua New Guinea study,
AU>2 in the present study). In both studies, high-titer antibodies, as opposed to presence of
any amount of antibody, were most strongly associated with protection from clinical
malaria. Earlier studies from the Gambia [21] and Kenya [16, 22] did not show an
association between the presence of antibodies to EBA-175 region II and protection from
clinical malaria, but in the study from the Gambia, high-titer antibodies (OD>1.5) to
EBA-175 region II did show an association with protection from clinical malaria [21]. These
findings together suggest that high concentrations of antibodies to EBA-175, as opposed to
just presence of antibodies to EBA-175, are required for protection against clinical malaria.

There are number of reasons to believe that antibodies to EBA-175 could be involved in
protection from clinical malaria in children in malaria endemic areas. EBA-175 binding to
human erythrocytes occurs on sialic acid residues of O-linked tetrasaccharides on
glycophorin A and is involved in junction formation. This marks the initial step of
erythrocyte invasion, and blocking this event may prevent invasion [23, 24] of both sialic
acid dependent and independent strains[25]. Invasion inhibition of human erythrocytes has
been shown in vitro to be blocked with antibodies to EBA-175 raised in murine models[26],
and studies in Aotus monkeys have demonstrated that antibodies to EBA-175 suppress
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parasitemia both in vivo and in vitro [27]. Early studies suggested that EBA-175 might have
a role in sporozoite invasion of hepatocytes as well as merozoite invasion of
erythrocytes[28, 29], since it is also expressed in the pre-erythrocytic stage of the malarial
life cycle. However, more recent work has shown that EBA-175 is not expressed in parasites
infecting hepatocytes until 6 days after inoculation and therefore does not likely play a role
in sporozoite invasion [30]. Antibodies to EBA-175 region II have been most carefully
studied because this region mediates erythrocyte binding [31]. However, the study in Papua
New Guinea showed stronger association with protection from clinical malaria with
antibodies to regions III-V, so further assessment of the functional characteristics these
regions and of protective associations of antibodies to these regions in malaria endemic
areas is indicated.

Antibodies to MSP-119 have been associated with protection from clinical malaria in some
studies [13, 14, 32] but not others [10–12, 33]. These studies include a study done by our
group in highland Kenya which showed that invasion-inhibitory antibodies to MSP-119, but
not total IgG antibodies to MSP-119, were associated with protection from clinical malaria
[34]. Similarly, some studies have documented associations between antibodies or antibody
concentrations to AMA-1 and protection from clinical malaria[6, 8, 9, 16], while other have
not [7, 13, 35]. Potential reasons for these conflicting results include differences in the
intensity and stability of transmission, IgG subclass switching, allelic variation of specific
antigens, and differences in study design[4, 36]. Antibodies to MSP-119 may have more fine
specificity for antigen variants than antibodies to other antigens[37, 38], and this may
explain some of the differences in findings for this antigen. Similarly, differences in strain
(3D7 vs. FVO) for AMA-1 made a difference in associations with protection for this antigen
in one study [39]. We were not able to genotype parasites at the time of clinical malaria in
the present study to assess for the importance of allele-specific protection, but plan to do so
in future studies.

The IgG subclass profile in the present study described a relative absence of both IgG2 and
IgG4 antibodies consistent with similar studies of the IgG subclasses[21, 40, 41]. The
distinct role of each IgG subclass antibody is not well understood. However there is
evidence that the cytophilic subclasses, IgG1 and IgG3, are correlated with protection from
clinical disease and are thought work through activation of monocytes through the Fc
receptors [42–44]. IgG2 and IgG4 have been proposed to block opsonization and
phagocytosis by competitively blocking these targets[45] and this may explain the decreased
frequency of these antibodies in this study. Interestingly, some studies have found IgG1 may
be more important for protection in younger children of endemic areas and malaria naïve
adults while IgG3 is more important in older children[46]. This suggests an age and
exposure relationship with the IgG subclass antibodies in the development of resistance to
disease.

The present study also highlights the importance of assessing exposure when conducting
studies of antibody association with protection from clinical malaria. Surrogate markers of
exposure in earlier studies have included antibodies to schizont extract [16] and proximity to
swamp areas[47]. In the present study, we used the practical marker of village, as there were
no surrounding swamps or other obvious risk factors. The marker was validated by the
strong correlation of village with risk of clinical malaria, and adjustment for this marker of
exposure significantly altered estimates of associations with protection from clinical malaria.
Adjustment for exposure allows a study to control for differences in subsequent risk (which
will be higher in areas of greater exposure) and provide some level of adjustment for non-
specific immunity, providing greater confidence that the associations seen are in fact
specific to the antibodies assessed. The present study demonstrates the importance of
adjustment for exposure even in areas without obvious geographic variation.
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In summary, the study findings provide further evidence that high-titer antibodies (AU>2) to
EBA-175 may be a useful correlate of protective immunity in children in malaria endemic
areas, and demonstrate the importance of adjustment for exposure in studies of antibody
association with protection against clinical malaria. The study findings also support a
possible additive effect of antibodies to EBA-175 and MSP-119 in association with
protection from clinical malaria. These findings support the growing body of evidence for
EBA-175 as a malaria vaccine candidate antigen, and further support development of
multiple antigen vaccines.
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Figure 1.
Time to first clinical malaria episode in children with high concentrations of IgG antibodies
to A. merozoite surface protein-119 (MSP-119); B. erythrocyte binding antigen-175
(EBA-175); C. apical membrane antigen-1 (AMA-1); D. AMA-1, EBA-175 and MSP-119.

MCCARRA et al. Page 11

Pediatr Infect Dis J. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

MCCARRA et al. Page 12

TABLE 1

Median IgG concentrations and frequency of high-titer IgG antibodies to AMA-1, EBA-175, and MSP-119 in
Kenyan children <8 years of age.

Antigen Median concentration, AU* (range) AU>2, (%)

AMA-1 3.84 (.02–17.73) 55/87 (63.2)

EBA-175 2.68 (.04–77.61) 46/87 (52.9)

MSP-119 1.31 (.03–14.63) 19/72 (26.4)

*
AU = Arbitrary Unit (see Methods for description of AU calculation).
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TABLE 2

Frequencies of high-titer (AU>2) IgG subclass antibodies to AMA-1, EBA-175, and MSP-119 in 35 Kenyan
children

Antigen IgG1 (%) IgG2 (%) IgG3 (%) IgG4 (%)

AMA-1 45.71 0 51.43 0

EBA-175 71.43 11.43 74.29 0

MSP-119 25.71 0 77.14 2.86
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