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Abstract
Background: Malaria still represents a major cause of morbidity and mortality predominantly in several developing
countries, and remains a priority in many public health programmes. Despite the enormous gains made in control
and prevention the development of an eﬀective vaccine represents a persisting challenge. Although several parasite antigens including pre-erythrocytic antigens and blood stage antigens have been thoroughly investigated, the
identification of solid immune correlates of protection against infection by Plasmodium falciparum or clinical malaria
remains a major hurdle. In this study, an immuno-epidemiological survey was carried out between two populations
naturally exposed to P. falciparum malaria to determine the immune correlates of protection.
Methods: Plasma samples of immune adults from two countries (Ghana and Madagascar) were tested for their
reactivity against the merozoite surface proteins MSP1-19, MSP3 and AMA1 by ELISA. The antigens had been selected
on the basis of cumulative evidence of their role in anti-malarial immunity. Additionally, reactivity against crude P.
falciparum lysate was investigated. Purified IgG from these samples were furthermore tested in an invasion inhibition
assay for their antiparasitic activity.
Results: Significant intra- and inter- population variation of the reactivity of the samples to the tested antigens
were found, as well as a significant positive correlation between MSP1-19 reactivity and invasion inhibition (p < 0.05).
Interestingly, male donors showed a significantly higher antibody response to all tested antigens than their female
counterparts. In vitro invasion inhibition assays comparing the purified antibodies from the donors from Ghana and
Madagascar did not show any statistically significant diﬀerence. Although in vitro invasion inhibition increased with
breadth of antibody response, the increase was not statistically significant.
Conclusions: The findings support the fact that the development of semi-immunity to malaria is probably contingent on the development of antibodies to not only one, but a range of antigens and that invasion inhibition in
immune adults may be a function of antibodies to various antigens. This supports strategies of vaccination including
multicomponent vaccines as well as passive vaccination strategies with antibody cocktails.
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Background
Malaria is a tropical disease found in most African countries including Ghana and Madagascar, because the high
temperature and humidity combined with the presence
of stagnant water provide ideal breeding conditions for
the female Anopheles mosquito, the vector. It is a leading
cause of morbidity and mortality, particularly in children
living in endemic regions, causing 124–283 million infections and approximately 584,000 deaths per annum with
no signs of a significant decline [1]. In Ghana, malaria
accounts for at least 20 % of child deaths, 40 % of admissions of children to hospital and more than 50 % of outpatients [2].
Eﬀective malaria vaccines remain an elusive goal
despite the availability of the Plasmodium falciparum
genome sequence, which makes malaria one of the few
remaining severe infectious childhood diseases without
any eﬃcient vaccine. This is caused by a combination of
factors, including the multistage lifecycle of the parasite
(each with stage-specific antigens), its genetic diversity,
and an incomplete understanding of its immunopathology, resulting in a lack of immunological markers correlating with immunity.
Antigens expressed on the surface of asexual bloodstage malaria parasites are major targets for antibodies
elicited by infection. These IgG antibodies prevent merozoite invasion of red blood cells, as well as opsonize parasitized red blood cells, and prevent cytoadherence. Thus,
they form a major component of the defense against
asexual blood-stage parasites and are therefore prime targets for vaccine development. Susceptibility to infection
and episodes of disease decline in frequency and severity over time, but it is unclear which asexual blood-stage
antigens are targets for this naturally acquired immunity.
The most likely marker candidates include merozoite
surface protein 1 (MSP1) and its C-terminal product,
(MSP1–19), apical membrane antigen 1 (AMA1) and
merozoite surface protein 3 (MSP3), reflecting cumulative evidence of their role in naturally-acquired immunity
to malaria based on epidemiological studies in countries
such as Myanmar [3], Tanzania [4], Ghana [5–7], Kenya
[8], Mali [9] and Venezuela [10].
MSP1 is a large protein which is proteolytically processed into the subunits MSP1-83, MSP1-30, MSP1-38
and MSP1-42 [11–13]. The MSP1-42 fragment is processed in a further step into MSP1-19 and MSP1-33 during erythrocyte invasion, leaving only the C-terminal
cleaving product MSP1-19 bound on the surface of the
pathogen by a GPI-anchor.
AMA1 appears on the surface of merozoites when
released from the micronemes and undergoes processing
from an 83-kDa precursor into a 66-kDa mature protein
that is also known to play an essential role in erythrocyte
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invasion, forming the tight junction with the protein
Ron2L [14]. During invasion the surface protein AMA166 is further processed and AMA1-48 as well as AMA144 are released into the blood stream [15–17]. For the
processing of both proteins MSP-1 and AMA1, the protein subtilisin-like protease 2 (SUB2, sheddase) is responsible [18].
Many individuals with naturally acquired immunity
to malaria produce anti-MSP1-19 and anti-AMA1-66
antibodies that play a critical role in their immunity by
inhibiting erythrocyte entry. There is a strong correlation
between these antibody titers and the levels of protection
against malaria in endemic regions [19].
MSP3 is a 48-kDa protein found on the surface of merozoites, which unlike the other candidates, was identified
by studying the monocyte-dependent parasite-inhibition
eﬀect observed following the passive transfer of IgG
from immune African adults into infected Thai children
[20]. Epidemiological studies confirmed that protection
is associated with cytophilic responses against MSP3 [3,
21–23].
The present study profiled the immune response to
MSP1-19, AMA1 and MSP3 within and between two
diverse populations, in the malaria-endemic regions of
Ghana and Madagascar, focusing on the ability of plasma
from such individuals to inhibit erythrocyte invasion.

Methods
Study design/study population and blood sample
collection

Blood samples from a voluntary study population, randomly recruited in the local communities residing in
Kumasi (Ghana) and Mahajanga (Madagascar) were
taken in February and March 2010 (for Ghana) and January 2010 (for Madagascar). These time points correspond
to the beginning of the rainy season in Ghana and the
peak of the rainy season in Madagascar. Malaria transmission in Ghana is stable throughout the year and seasonal in Madagascar, with peak transmission during the
rainy season [24, 25]. A total of 136 adults comprising
73 females and 63 males aged between 25 and 49 years
were enrolled in this population-based cross-sectional
immuno-epidemiological study. Basic information was
gained after anamnesis and physical examination. Only
healthy individuals who had been without self-reported
clinical signs of malaria infection for at least 2 years in
Ghana and at least 5 years in Madagascar were eligible
for the study. Additionally, only people staying for the
given time either in Ghana or Madagascar were admitted to the study. No pregnant or nursing mother, or individual with a known inflammatory condition or anemia,
based on a general physical examination and a complete
blood count at the time of blood collection, was included
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in the study. Written informed consent was obtained
from all participants after the goals of the study had been
carefully explained. Study participants were remunerated
for the travel expenses to and from the study site. Ethical
approval was obtained from the Committee on Human
Research Publication and Ethics (CHRPE) of the Kwame
Nkrumah University of Science and Technology and the
National Ethics Committee of the Ministry of Health and
Family Planning of Madagascar. Blood was collected into
heparinized vacutainers, the plasma was prepared and
stored at −20 °C.
Antigens

Four diﬀerent kinds of antigen preparations were used
during the study. For measurement of reactivity against
the AMA1 antigen, a mixture of the diversity covering
variants (DiCo1-3) were used [26]. MSP1-19 (sequence
from P. falciparum 3D7, PlasmoDB, #Pf3D7_090300,
amino acids 1608-1702) was produced in HEK293T in
a construct containing a murine Igκ signal peptide for
protein secretion and a C-terminal His6-tag for protein
purification by immobilized metal aﬃnity chromatography (IMAC), basically as described before [27]. Two
N-P-S/T motives had been mutated in order to prevent
N-glycosylation. MSP3 (sequence from P. falciparum
3D7, PlasmoDB #Pf3D7_1035400, amino acids 25-354)
was produced in tobacco plants (Nicotiana benthamiana)
using a construct containing a murine IgG heavy chain
signal peptide for protein secretion, a C-terminal His6-tag
for protein purification by IMAC and C-terminal KDEL
for retention in the ER as described before [28]. Four
potential glycosylation sites had been removed by replacing the respective Asn by Ala. Lysates from P. falciparum
3D7 cultures were prepared as described before [29].
Enzyme-linked immunosorbent assays

The plasma samples from the African blood donors,
as well as a pool of two plasma samples from European
blood donors, were analysed by enzyme-linked immunosorbent assay (ELISA) to detect IgGs specific for the
recombinant malaria proteins AMA1, MSP1-19 and
MSP3, as well as general reactivity against the P. falciparum lysate, similar to the methods described before with
minor modifications [30]. Microtitre plates were coated
with 50 ng of the recombinant proteins diluted to 1 μg/ml
in phosphate-buﬀered saline (PBS) at pH 7.4. After incubation overnight at 4 °C, the plates were washed three
times with PBS containing 0.05 % Tween-20 (PBST) and
blocked with 2 % nonfat milk powder in PBS for 1 h at
37 °C. African serum dilutions from 1:200 to 1:6400 were
prepared, and incubated for 1 h at 37 °C.
The plates were washed three times with PBST and
bound IgG was detected with alkaline phosphatase
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conjugated goat anti-human IgG (1:5000 dilution in PBS,
Thermo Scientific, Braunschweig, Germany) for 1 h at
37 °C. After five washing steps in PBST, the signal was
developed using the substrate p-nitrophenyl phosphate
(pNPP). Absorbance of the samples was recorded at
405 nm after 15 min.
Quantitative evaluation of the ELISA results were performed by calculation of the slopes of the linear range of
the graphs obtained by the dilution vs the obtained absorbance. Values given are relative activity whereby the background reactivity of the non-immune European donor is
equal to one. Positive reactivity was defined as reactivity
superior to the European sample plus twice its standard
deviation (SD). To account for the inter-plate variances, a
pool of positive samples was used on each plate.
Protein A affinity chromatography of plasma samples

To prevent nonspecific inhibition from heparin and other
plasma components, the human antibodies were purified by Protein A aﬃnity chromatography and tested for
eﬃcacy in invasion inhibition assays. Each 300 μl plasma
sample was diluted such as to obtain 1 ml in PBS (pH
8.0) and passed over an equilibrated Protein A column
by gravity flow. The flow-through was discarded and the
column was washed with 35 column volumes of wash
buﬀer. The antibodies were eluted in five column volumes
of 0.1 M glycine (pH 2.5) and collected into 200 μl of 1 M
Tris–HCl (pH 8.0) to neutralize the eluate and prevent
denaturation. The eluates were concentrated to obtain
the original antibody concentration by centrifugation
at 300g for 15 min in MicroSep columns (Pall, Dreieich,
Germany) and the concentrates were sterile filtered and
subsequently used in the erythrocyte invasion inhibition assay after concentration determination by Bradford
analysis and confirmation of integrity by SDS-PAGE.
Invasion inhibition assay

Plasmodium falciparum 3D7 parasites were cultured in
standardized parasite culture medium (RPMI 1640, 0.5 %
Albumax II (Life Technologies, Carlsbad, CA, USA),
sodium bicarbonate 1 g/l, glucose 2 g/l, hypoxanthine
0.028 g/l, gentamycin 0.2 g/l, pH 7.2) and synchronized
using the sorbitol method twice at ring stage during two
consecutive cycles, the last one 24 h before starting the
assay, as described before [30]. Protein A-purified IgG
fractions (final dilution 1:10, final concentration approx.
0.5 mg/ml), positive control rabbit anti-AMA1 (final concentration 6 mg/ml) were applied to synchronized P. falciparum schizonts (parasitaemia of 0.1 %/final haematocrit
5 %/total volume 50 µl) in 96-well round bottom plates.
Cultures were kept at 37 °C for 96 h (two complete erythrocyte cycles). After this incubation time, parasite cultures
were stained for 10 min using 0.1 % ethidium bromide, and
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subsequently analysed by flow cytometry using a BDFACSCanto II (BD Biosciences, Heidelberg, Germany).
Statistical analysis

The results are presented as mean ± SD for normally
distributed data and as means and 95 % Confidence
Intervals (95 % CI) for non-normally distributed data.
Comparisons were performed using the Kruskal–Wallis
ANOVA tests and Dunn’s post-tests for selected multiple
comparisons. In cases of comparison of two populations,
Mann–Whitney U rank test was performed. Categorical data were analysed using Fisher’s exact test or χ2 (Chi
squared) trend analysis. Spearman’s Rank Correlation
Coeﬃcient (rho) was used to test for the degree of association between test parameters. A p value of < 0.05 was
considered to be statistically significant. P-values in figures are represented by asterisks (*, p < 0.05; **, p < 0.01;
***, p < 0.001; ****, p < 0.0001) All statistical analyses were
carried out using GraphPad Prism v6.07 for Windows
(GraphPad Software, San Diego, CA, USA).

Results
General characteristics of the study population stratified
by country and gender

Among the 136 participants selected in this study,
78 (57.4 %) were from Ghana and 58 (42.6 %) were
from Madagascar. Approximately half (46.3 %) of the
studied population were males, with a mean age of
31.9 ± 6.6 years, which was lower than that of the total
study population (33.6 ± 6.8 years). The mean age of
the females in the study was 35.1 ± 6.8 years. The participants from Ghana were younger (p < 0.0001) compared to their Malagasy counterparts. A similar trend
(p = 0.007) was observed when the male study subjects
were compared to their female counterparts.
The mean reactivity of the samples was highest against
the 3D7 lysate followed by AMA1 and then MSP3, and
lowest in MSP1-19. The same trend was observed when
the study population was stratified by country and by
gender (Fig. 1).
The mean reactivity and 95 % CI of the total study population against AMA1 was 1.7 (95 % CI: 1.3–2.2) (Fig. 1a).
This was lower than the mean reactivity of the Ghanaian
subjects 2.4 (95 % CI: 1.7–3.1) but higher than the one
for the Malagasy subjects [0.8 (95 % CI: 0.4–1.2)], which
means that the Ghanaian subjects showed a significantly
higher reactivity to AMA1 than the Malagasy subjects
(p < 0.0001). The mean reactivity of the male subjects in
the study [2.4 (95 % CI: 1.6–3.3)] was significantly higher
(p = 0.0012) than the one of the female subjects [1.1
(95 % CI: 0.8–1.5)].
Figure 1b, c and d show similar results for the other targets. The mean reactivity of the Ghanaian subjects was
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significantly higher than that of the Malagasy donors for
MSP1-19 1.2 (95 % CI: 0.7–1.3) vs 0.5 (95 % CI: 0.2–0.9),
(p < 0.0001), MSP3 1.6 (95 % CI: 0.9–1.5) vs 0.6 (95 % CI:
0.4–0.9) (p < 0.0001) and 3D7 lysate 4.5 (95 % CI: 3.8–5.3)
vs 2.3 (95 % CI: 1.3–3.3) (p < 0.0001). The mean reactivity of the male subjects was also significantly higher than
that of the female subjects for MSP1-19 1.3 (95 % CI:
0.8–1.7) vs 0.6 (95 % CI: 0.4–0.7) (p = 0.0442), MSP3 1.6
(95 % CI: 1.2–2.0) vs 0.8 (95 % CI: 0.6–1.1) (p = 0.0063)
and 3D7 lysate 4.4 (95 % CI: 3.5–5.3) vs 2.9 (95 % CI: 2.0–
3.7) (p = 0.0006).
Antibody prevalence stratified by country and gender

As shown in Fig. 2, antibodies against the 3D7 lysate were
detected in 94 of the 136 subjects and were therefore the
most prevalent (69.1 %). Antibodies against AMA1 were
detected in 66 subjects (48.5 %), those against MSP3 were
detected in 50 subjects (36.8 %) and those against MSP119 were found in 29 subjects (21.3 %). The Ghanaian subjects generally showed greater antibody prevalence than
the Malagasy donors, and males showed greater antibody
prevalence than the females (Fig. 2 and Table 1).
Invasion inhibition results stratified by country and gender

The invasion inhibition was estimated in vitro. The
inhibitory eﬀect of a positive control (rabbit anti-AMA1
polyclonal serum) was 84.8 ± 2 %. In the human study
samples, despite the clear diﬀerences in antibody prevalence and reactivity, there was no significant diﬀerence
in the eﬃcacy of erythrocyte invasion inhibition when
the study population was stratified by country and gender (Fig. 3). The median invasion inhibition was higher
in the Ghanaians than in the Malagasy; these diﬀerences
were, however, not statistically significant (Fig. 3a). It is
interesting to note that although the male population
showed a statistically significant higher antigen reactivity
and prevalence over the females, there was no diﬀerence
in invasion inhibition activity. When the participants
were stratified by country and gender simultaneously to
produce four comparative groups, there was again no
statistically significant diﬀerence in the median invasion
inhibition between Ghanaian males and females, and
between Malagasy males and females (Fig. 3b).
Correlation between reactivity and invasion inhibition

Figure 4 shows a linear regression of reactivity and erythrocyte invasion inhibition for each antigen, which was
carried out to test the use of reactivity to predict invasion
inhibition eﬃcacy. To test for the correlation of both variables, Spearman’s Rank Correlation Coeﬃcient test was
used. For every unit increase in MSP1-19 reactivity there
was a significant increase of 57 % in erythrocyte invasion
inhibition (p = 0.0308). For the other antigens, there was

Addai-Mensah et al. Malar J (2016) 15:65

no correlation with the invasion inhibition tests detectable. All samples with a reactivity superior to 2 showed
at least an in vitro invasion inhibition of 50 % (Fig. 4b).
For the other antigens tested, no correlation of the corresponding reactivity in the tested samples and the
potential to inhibit the invasion could be detected. The
corresponding data and p values are shown in Fig. 4a, c
and d.
Invasion inhibition and breadth of the antibody response

A Kruskal–Wallis test with a Dunn’s post test showed a
gradual increase in the eﬃcacy of erythrocyte invasion
inhibition as the breadth of antibody response broadened
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(Fig. 5) although the trend was not statistically significant
(p = 0.1444).

Discussion
This population-based cross-sectional immuno-epidemiological study profiled the immune response to MSP1-19,
AMA1, MSP3 and the P. falciparum 3D7 lysate within
and between two diverse malaria endemic populations
in Ghana and Madagascar with focus on the ability of
plasma from such individuals to inhibit erythrocyte invasion. In this study, immune correlates of protection in
two endemic regions were compared, in order to provide
the basis for the distribution of the most antigen-specific

Fig. 1 Antigen reactivity of plasma samples from the Ghanaian and Malagasy study population. Plasma samples were collected from 136 Ghanaian
and Malagasy volunteers, and the respective reactivity towards the malarial antigens AMA-1 (a), MSP1-19 (b), MSP3 (c) and total 3D7 parasite lysate
(d) quantified using standard ELISA towards 50 ng coated antigen each. As negative control, a pool of plasma samples from malaria-naïve European
volunteers was used (dashed line). Sample reactivity was quantified after addition of goat anti-human IgG antibody (Thermo Scientific) at a dilution
of 1:5000 and subsequent addition of pNPP. The arbitrary units on the y-axis are the sample reactivity divided by the reactivity of the negative
control. For statistical analysis of the populations, the non-parametric Kruskal–Wallis and Dunn’s post test was used, asterisks indicate the level of
statistical significance
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immune responses in these areas. These study objectives were achieved by using ELISAs to measure total IgG
antibody responses to MSP1-19, AMA1, MSP3 and the
P. falciparum 3D7 lysate in the stratified study population. The prevalence of the antibodies was determined,
and correlations between antibody reactivity, prevalence and erythrocyte invasion inhibition eﬃcacy were
investigated.
The relationship between the mean reactivity to MSP119, MSP3 and the 3D7 lysate antigens and age has been
established in several studies [31–33]. However, most
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of these studies were done in infants, children and adolescents, whereas the present study focused on people with fully developed protective immune responses.
This notwithstanding, the observations made in this
study corroborate the findings of the earlier studies. On
the other hand, the prevalence of antibodies was higher
in Ghanaian males compared to Ghanaian females for
both antibodies to MSP3 and to 3D7 lysate, in contrast
to observations made elsewhere [10]. Nevertheless, this
did not have an eﬀect on the inhibitory potential of the
purified polyclonal antibodies from these donors, giving

Fig. 2 Prevalence of antibodies in plasma samples from the Ghanaian and Malagasy study population recognizing antigens a AMA1, b MSP1-19,
c MSP3 and d 3D7 lysate stratified by country and gender. The antibody titers of the plasma samples were determined by ELISA. Positive reactivity
was defined as reactivity higher than the respective negative control plus two times the value of the standard deviation of the negative control. Differences in the antibody prevalence were estimated by the Fisher’s exact test and in case of statistical significance corresponding p values are given
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a hint that the quantity of functional, (in vitro) neutralizing antibodies in both populations is similar. It is under
debate whether the in vitro assays give a real hint for protection from clinical malaria in an epidemiological setting. Whereas Marsh et al. [34] did not find any relation
of invasion inhibition and protection, Crompton et al. saw
a significantly reduced risk of having a malaria attack in
people with high in vitro invasion inhibition activity [35].
The reactivity of the samples to the three antigens
(MSP1-19, AMA1 and MSP3) and one antigen mixture
(3D7 lysate) considered in this study was related to the
gender and ethnicity of the participants. This appears to
be the first time in which all these antigens were examined in a single study to define the immune response in
adults from malaria-endemic areas. Whereas Ghanaian
men showed higher reactivity to all antigens in comparison to the Malagasy counterparts, Ghanaian women
showed higher levels of reactivity against AMA1, MSP119 and 3D7 lysate compared to the Malagasy female
counterparts (Table 1).
The variation in reactivity observed among the individuals may reflect a number of underlying factors, such
as diﬀerent exposure levels and transmission intensities
across the study areas, the diﬀerence in the minimal time
period since the last clinical malaria infection as reported
during the recruitment, diﬀerences in host genetic factors, and diﬀerences in the predominant parasite strains
in the tested areas. With regard to endemicity, Kumasi
(Ashanti region, Ghana) represents a holoendemic
region with year-round malaria transmission, whereas
Mahajanga (Boeny region, Madagascar) is meso- to
hyperendemic with a seasonal transmission pattern [36,

37]. The presence of other infectious diseases, whose epidemiology may be regional or gender-biased, may also
prevent the development of antibodies against malarial
antigens. There may also be erythrocytic heterogeneity
among the stratified populations, resulting in the selection of particular parasite ligands that can mediate successful invasion [38].
A significant positive correlation between reactivity to
MSP1-19 and invasion inhibition could be observed in the
presented study, as well as a positive relationship between
AMA1 and MSP3 reactivity and invasion inhibition albeit
below the threshold of statistical significance. The clinical
relevance for the specific in vitro invasion inhibition eﬀect
of antibodies which are specific for MSP1-19 and their
protective eﬀect from malaria infection has been reported
before for a cohort from a highly endemic area in Kenya
[39]. In this study, the upper quartile of donors had a significant protection from reinfection with the observation
period of 10 weeks after parasite clearance. Nevertheless, they could not find a direct correlation of the total
amounts of MSP1-19 antibodies and the concentration of
inhibitory antibodies, which might be due to a high concentration of antibodies binding epitopes which are not or
less relevant for direct invasion inhibition.
The mechanism of how AMA1 antibodies protect from
malaria are regarded as similar to the protection oﬀered
by MSP1-19 antibodies. Both antibody types are capable of inhibiting the merozoite invasion directly by steric
hindrance [40–42].
MSP3-specific antibodies are also described as being
capable of inhibiting the invasion of merozoites into the
erythrocytes directly [33, 43]. Generally, however, the

Table 1 Reactivity to AMA1, MSP1-19, MSP3 and 3D7 lysate stratified by country and gender
Ghana

Madagascar

Kuskal–Wallis

Female (A)

Male (B)

Female (C)

Male (D)

Age (years, ± SD)

32.2 ± 7.4

29.2 ± 4.7

37.5 ± 5.1

38.7 ± 5.7

MSP1-19 (AU)

0.7 (0.5–1.0)

1.5 (0.9–2.0)

0.7 (0.0–1.4)

MSP3 (AU)

1.0 (0.5–1.4)

2.0 (1.5–2.6)

3D7 lysate (AU)

3.5 (2.6–4.4)

5.2 (4.1–6.3)

AMA1 (AU)

1.6 (1.2–1.9)

3.0 (1.9–4.2)

p (A vs. B)

p (C vs. D)

<0.0001

0.1617

>0.9999

0.001

<0.0001

<0.0001

0.5952

0.2926

<0.0001

0.0011

0.8 (−0.3–1.9)

0.0002

0.3937

>0.9999

0.0294

0.0043

1.0 (0.3–1.7)

0.9 (−0.2–2.1)

<0.0001

0.0141

>0.9999

0.2725

0.0002

2.3 (0.9–3.7)

2.4 (1.1–3.7)

<0.0001

0.0423

0.701

0.003

0.0005

0.7 (0.1–1.3)

0.9 (0.4–1.4)

Prevalence of antibodies to the variant antigens (%)
33

AMA1

21 (63.6)

34 (75.6)

5 (12.5)

7 (38.9)

6 (18.2)

17 (37.8)

4 (10.0)

2 (11.1)

MSP3

11 (33.3)

28 (62.2)

3D7 lysate

27 (81.8)

44 (87.8)

40

9 (22.5)
14 (35)

P (A vs. C)

P (B vs. D)

Chi square test

N

MSP1-19

45

Dunn‘s post test

18

p (A vs. B)

p (C vs. D)

p (A vs. C)

p (B vs. D)

0.2541

0.0217

<0.0001

0.0058

0.0608

0.8977

0.3116

0.0372

3 (16.7)

0.0117

0.6119

0.3017

0.0011

9 (50.0)

0.0148

0.2800

<0.0001

<0.0001

Continuous data are presented as mean ± SD for the age and as means with 95 % confidence interval for the antigens reactivity and analyzed using the Kruskal–Wallis
rank sum test and Dunn’s post test. Categorical data are presented as proportions and analyzed using a Chi square test
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Fig. 3 Box-plots of percentage invasion inhibition, stratified by
country and gender. The invasion inhibition potential was estimated
by a standard invasion inhibition assay using Plasmodium falciparum strain 3D7 and readout by flow cytometry after staining of the
parasites with ethidium bromide. Groups were compared using nonparametric Kruskal–Wallis test. There was no statistically significant
diﬀerence between the median invasion inhibition of the Ghanaians
in comparison to the Malagasy, and the males in comparison to the
females. The lower and upper margins of the box represent the 25th
and 75th percentiles, and the extended arms represent the 10th and
90th percentiles. The median is shown as the horizontal line within
each box

mechanism of how MSP3-antibodies contribute to protection is regarded as being based on ADCI [30]. The
purified human antibody fractions used in this study
were polyclonal IgG likely directed at a whole spectrum
of plasmodial antigens—as well as antigens completely
unrelated to Plasmodium. Therefore, in order to pinpoint
any eﬀect of MSP3-specific IgG, it would be worth testing just this fraction of IgG of the semi-immune donors.
In this study, this could not be performed due to the limited availability of plasma volume per sample.
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The selection of the study population was based on the
absence of a clinical malaria infection for at least 2 years.
Immunity to malaria is thought to be short-lived, nevertheless, continuous exposure steadily boosts the immune
response [44]. One explanation of the diﬀerence of antibody titers in male and female study participants could
be a predicted diﬀerence in the respective entomological
inoculation rates (EIR), but at least within the first year of
life, some diﬀerences in the EIR just seem to have a limited
eﬀect on the antibody levels [45]. Within the first 2 years,
children with lower exposure were found to have higher
malaria-specific antibody levels, even though this relationship decreased with age [46]. The tendency for more males
than females to congregate at night in many African communities due to cultural reasons might also explain the
higher mean reactivity of the males in the study population.
A study in Madagascar also found the interesting result that
the incidence of malaria attacks during the high transmission season was higher in males than in females, giving a
hint that they are more often infected and therefore might
show higher parasite-specific antibody levels over time [25].
Despite the diﬀerences we found in polyclonal plasma
IgG reactivity against AMA1, MSP1-19 and MSP3, a gender-related diﬀerence in the eﬃcacy of invasion inhibition in vitro was not found in this study. The main aspect
to consider here is that inhibition is likely brought about
by a vast spectrum of diﬀerent immunoglobulins—some
of whose targets are yet to be identified—and not exclusively by AMA1-, MSP1-19- or MSP3-specific antibodies. Possibly, in women the protective antibody spectrum
does diﬀer as compared to men, but still unfolds the same
inhibitory eﬃcacy, at least in the in vitro assays.
A technical aspect of the measurement of the invasion
inhibition is the potential loss of some subclass of IgG3
by the purification of the immunoglobulins by protein A
chromatography. This might become especially important, when measuring the ADCI using monocytes, as
here, IgG3 seems to play a crucial role [21].
Studies such as the one presented are the essential basis
for the characterization of diﬀerent populations in order
to define the best qualified groups of individual donors for
the isolation of human antibodies [28, 30]. Further studies should address (1) the eﬀect of polyclonal IgG directed
at one plasmodial antigen only, e.g., MSP3-specific IgG;
(2) the incorporation of more plasmodial antigens in the
analysis, e.g., PfRh4, PfRh5 or Ron2, the ligand of AMA1;
(3) the eﬀect of anti-plasmodial IgG besides mere binding,
e.g., by incorporating immune eﬀector cells such as neutrophilic granulocytes to assess secondary functions [29]. The
immune response to the various antigens is relatively heterogeneous, indicating that in order to provide broad protection against the malaria infection; a vaccine should cover
multiple malarial antigens.
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Fig. 4 Linear regression between reactivity to the malarial antigens AMA1, MSP1-19, MSP3 and 3D7 lysate and erythrocyte invasion inhibition. Invasion inhibition activities of the antibodies, as well as specific antibody concentration in the plasma samples were estimated. The correlation of the
data sets was estimated using the Spearman’s Rank Correlation Coeﬃcient. The data shown represent the correlation of the invasion inhibition and
a the concentration of AMA1-specific antibodies, b the concentration of MSP1-19-specific antibodies, c the concentration of MSP3-specific antibodies and d the concentration of 3D7 lysate-specific antibodies. The lines are the result of a linear fitting. 95 % confidence intervals of the linear fitting
model are shown. Respective p values are given

Conclusion
There is inter-population and inter-individual variation
in the response of plasma samples to the malaria antigens
tested. This is the first report of tests that (1) involves
these selected antigens for the characterization of antibody levels in adults in two malaria endemic regions, and
that (2) stratifies the study subjects on the basis of gender and geography; these may have implications on the
design and distribution of a malaria vaccine.

Fig. 5 Relationship between invasion inhibition and the breadth of
the antibody response in the Ghanaian and Malagasy study population.
The breadth of the antibody response towards the antigens AMA1,
MSP1-19, MSP3 and 3D7 lysate, each defined as a reactivity superior of
more than two standard deviations above the negative control, was
determined. To test for the dependence of the invasion inhibition on
the breadth of antibody response, a Kruskal–Wallis test was performed

Authors’ contributions
OAM enrolled the study population in Ghana performed the laboratory work,
contributed to the study design and wrote the manuscript. MS, SK, GB, CF,
HSch contributed to the laboratory work and revised the manuscript. DM
enrolled the study population in Madagascar, performed laboratory experiments and revised the manuscript. NA performed the statistical analysis. EOD,
MF, RR, RFi and SB contributed to the overall study design and supervised
the study. AR and TK prepared the population studies and sample transfers,
contributed to the overall study design and revised the manuscript. RFe performed experiments, planned the study, performed the statistical analysis and
wrote the manuscript. All authors read and approved the final the manuscript.

Addai-Mensah et al. Malar J (2016) 15:65

Author details
1
Fraunhofer Institute for Molecular Biology and Applied Ecology IME,
Forckenbeckstraße 6, 52074 Aachen, Germany. 2 RWTH Aachen University,
Institute for Molecular Biotechnology, Worringerweg 1, 52074 Aachen,
Germany. 3 Faculty of Allied Health Sciences, Kwame Nkrumah University
of Science and Technology, Kumasi, Ghana. 4 Department of Biomedical
Laboratory Science, School of Medicine and Health Science, University
for Development Studies, Tamale, Ghana. 5 Kumasi Centre for Collaborative
Research, Kwame Nkrumah University of Science and Technology, Kumasi,
Ghana. 6 Department of Molecular Medicine, Kwame Nkrumah University
of Science and Technology, Kumasi, Ghana. 7 Laboratoire de Microbiologie et
de Parasitologie, ESSAGRO-Faculté de Médecine, Université d’Antananarivo,
Antananarivo, Madagascar. 8 Department of Experimental Medicine
and Immunotherapy, Institute for Applied Medical Engineering at RWTH
Aachen University and Hospital, Pauwelsstraße 20, 52074 Aachen, Germany.
9
South African Research Chair in Cancer Biotechnology, Institute of Infectious
Disease and Molecular Medicine (IDM), Department of Integrative Biomedical Sciences, Faculty of Health Sciences, University of Cape Town, Anzio Road,
Observatory 7925, South Africa.
Acknowledgements
This work was supported by the “Fraunhofer Zukunftsstiftung”. First of all, we
would like to thank all the blood donors in Ghana and Madagascar for their
participation in the study. In Mahajanga we would like to thank Mamirina
Razafimahefa, Jean Louis Razafindrakoto, Valisoa Jocelyn Ramanambahy
(Centre Hospitalier Universitaire d’Androva, Mahajanga, Madagascar), Francine
Rasoafaralalao, Pascal Rakotozanany (Centre de Santé de Base, Mahajanga,
Madasacar). We acknowledge Ed Remarque (BPRC Rijswijk, The Netherlands)
and Stephan Hellwig (Fraunhofer IME, Germany) for providing the DiCo AMA1
antigen, Markus Sack (RWTH Aachen University, Germany) and Holger Spiegel
(Fraunhofer IME, Aachen) for many fruitful scientific discussions and Thomas
Rademacher (Fraunhofer IME, Aachen) for the provision of Nicotiana benthamiana plants. We would like to thank Serena Tschan and Benjamin Mordmüller
(Institute of Tropical Medicine Tübingen, Germany) for their kind technical
help. Melanie Seidel was supported by the “Doktorandinnen-Programm” of the
Fraunhofer Society. Dominika Maskus was a scholarship holder of the Jürgen
Manchot Foundation. Stephanie Kapelski obtained a stipend from “RWTHGraduiertenförderung”. We thank Richard Twyman for critical review of the
manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 31 October 2015 Accepted: 19 January 2016

Page 10 of 11

7.

8.

9.

10.

11.

12.

13.
14.

15.

16.

17.

18.
References
1. WHO. World Malaria Report 2014. Geneva: World Health Organization.
2014.
2. National Malaria Control Programme. Annual Report of the Ghana
National Malaria Control Programme. Ghana; 2006.
3. Soe S, Theisen M, Roussilhon C, Aye K, Druilhe P. Association between
protection against clinical malaria and antibodies to merozoite surface
antigens in an area of hyperendemicity in Myanmar: complementarity
between responses to merozoite surface protein 3 and the 220-kilodalton glutamate-rich protein. Infect Immun. 2004;72:247–52.
4. Vestergaard LS, Lusingu JP, Nielsen MA, Mmbando BP, Dodoo D, Akanmori BD, et al. Diﬀerences in human antibody reactivity to Plasmodium falciparum variant surface antigens are dependent on age and
malaria transmission intensity in northeastern Tanzania. Infect Immun.
2008;76:2706–14. doi:10.1128/IAI.01401-06.
5. Dodoo D, Aikins A, Kusi KA, Lamptey H, Remarque E, Milligan P, et al.
Cohort study of the association of antibody levels to AMA1, MSP119,
MSP3 and GLURP with protection from clinical malaria in Ghanaian
children. Malar J. 2008;7:142. doi:10.1186/1475-2875-7-142.
6. Dodoo D, Hollingdale MR, Anum D, Koram KA, Gyan B, Akanmori BD,
et al. Measuring naturally acquired immune responses to candidate

19.

20.

21.
22.

23.

malaria vaccine antigens in Ghanaian adults. Malar J. 2011;10:168.
doi:10.1186/1475-2875-10-168.
Kusi KA, Dodoo D, Bosomprah S, van der Eijk M, Faber BW, Kocken
CH, et al. Measurement of the plasma levels of antibodies against
the polymorphic vaccine candidate apical membrane antigen
1 in a malaria-exposed population. BMC Infect Dis. 2012;12:32.
doi:10.1186/1471-2334-12-32.
Osier FH, Weedall GD, Verra F, Murungi L, Tetteh KK, Bull P, et al. Allelic
diversity and naturally acquired allele-specific antibody responses to Plasmodium falciparum apical membrane antigen 1 in Kenya. Infect Immun.
2010;78:4625–33. doi:10.1128/IAI.00576-10.
Lyke KE, Wang A, Dabo A, Arama C, Daou M, Diarra I, et al. Antigen-specific B memory cell responses to Plasmodium falciparum malaria antigens
and Schistosoma haematobium antigens in co-infected Malian children.
PLoS One. 2012;7:e37868. doi:10.1371/journal.pone.0037868.
Baumann A, Magris MM, Urbaez M, Vivas-Martinez S, Durán R, Nieves
T, et al. Naturally acquired immune responses to malaria vaccine
candidate antigens MSP3 and GLURP in Guahibo and Piaroa indigenous communities of the Venezuelan Amazon. Malar J. 2012;11:46.
doi:10.1186/1475-2875-11-46.
Li X, Chen H, Oo TH, Daly TM, Bergman LW, Liu S, et al. A co-ligand
complex anchors Plasmodium falciparum merozoites to the erythrocyte
invasion receptor band 3. J Biol Chem. 2004;279:5765–71. doi:10.1074/
jbc.M308716200.
Goel VK, Li X, Chen H, Liu S, Chishti AH, Oh SS. Band 3 is a host receptor
binding merozoite surface protein 1 during the Plasmodium falciparum
invasion of erythrocytes. Proc Natl Acad Sci USA. 2003;100:5164–9.
doi:10.1073/pnas.0834959100.
Blackman MJ. Proteases involved in erythrocyte invasion by the malaria
parasite: function and potential as chemotherapeutic targets. Curr Drug
Targets. 2000;1:59–83.
Srinivasan P, Ekanem E, Diouf A, Tonkin ML, Miura K, Boulanger MJ, et al.
Immunization with a functional protein complex required for erythrocyte invasion protects against lethal malaria. Proc Natl Acad Sci USA.
2014;111:10311–6. doi:10.1073/pnas.1409928111.
Pizarro JC, Vulliez-Le Normand B, Chesne-Seck M, Collins CR, Withers-Martinez C, Hackett F, et al. Crystal structure of the malaria vaccine candidate
apical membrane antigen 1. Science. 2005;308:408–11. doi:10.1126/
science.1107449.
Mitchell GH, Thomas AW, Margos G, Dluzewski AR, Bannister LH. Apical
membrane antigen 1, a major malaria vaccine candidate, mediates the
close attachment of invasive merozoites to host red blood cells. Infect
Immun. 2004;72:154–8.
Mital J, Meissner M, Soldati D, Ward GE. Conditional expression of
Toxoplasma gondii apical membrane antigen-1 (TgAMA1) demonstrates
that TgAMA1 plays a critical role in host cell invasion. Mol Biol Cell.
2005;16:4341–9. doi:10.1091/mbc.E05-04-0281.
Harris PK, Yeoh S, Dluzewski AR, O’Donnell RA, Withers-Martinez C,
Hackett F, et al. Molecular identification of a malaria merozoite surface
sheddase. PLoS Pathog. 2005;1:241–51. doi:10.1371/journal.ppat.0010029.
Murungi LM, Kamuyu G, Lowe B, Bejon P, Theisen M, Kinyanjui SM, et al.
A threshold concentration of anti-merozoite antibodies is required for
protection from clinical episodes of malaria. Vaccine. 2013;31:3936–42.
doi:10.1016/j.vaccine.2013.06.042.
Bouharoun-Tayoun H, Attanath P, Sabchareon A, Chongsuphajaisiddhi T, Druilhe P. Antibodies that protect humans against Plasmodium
falciparum blood stages do not on their own inhibit parasite growth
and invasion in vitro, but act in cooperation with monocytes. J Exp Med.
1990;172:1633–41.
Tebo AE, Kremsner PG, Luty AJ. Plasmodium falciparum: a major role for IgG3
in antibody-dependent monocyte-mediated cellular inhibition of parasite
growth in vitro. Exp Parasitol. 2001;98:20–8. doi:10.1006/expr.2001.4619.
Oeuvray C, Bouharoun-Tayoun H, Gras-Masse H, Bottius E, Kaidoh T,
Aikawa M, et al. Merozoite surface protein-3: a malaria protein inducing
antibodies that promote Plasmodium falciparum killing by cooperation
with blood monocytes. Blood. 1994;84:1594–602.
Oeuvray C, Theisen M, Rogier C, Trape JF, Jepsen S, Druilhe P. Cytophilic
immunoglobulin responses to Plasmodium falciparum glutamate-rich
protein are correlated with protection against clinical malaria in Dielmo,
Senegal. Infect Immun. 2000;68:2617–20.

Addai-Mensah et al. Malar J (2016) 15:65

24. Sarpong N, Owusu-Dabo E, Kreuels B, Fobil JN, Segbaya S, Amoyaw F,
et al. Prevalence of malaria parasitaemia in school children from two districts of Ghana earmarked for indoor residual spraying: a cross-sectional
study. Malar J. 2015;14:260. doi:10.1186/s12936-015-0772-6.
25. Rabarijaona LP, Randrianarivelojosia M, Raharimalala LA, Ratsimbasoa
A, Randriamanantena A, Randrianasolo L, et al. Longitudinal survey
of malaria morbidity over 10 years in Saharevo (Madagascar): further lessons for strengthening malaria control. Malar J. 2009;8:190.
doi:10.1186/1475-2875-8-190.
26. Kusi KA, Remarque EJ, Riasat V, Walraven V, Thomas AW, Faber BW, et al.
Safety and immunogenicity of multi-antigen AMA1-based vaccines formulated with CoVaccine HT™ and Montanide ISA 51 in rhesus macaques.
Malar J. 2011;10:182. doi:10.1186/1475-2875-10-182.
27. Niesen J, Stein C, Brehm H, Hehmann-Titt G, Fendel R, Melmer G, et al.
Novel EGFR-specific immunotoxins based on panitumumab and
cetuximab show in vitro and ex vivo activity against diﬀerent tumor
entities. J Cancer Res Clin Oncol. 2015;141:2079–95. doi:10.1007/
s00432-015-1975-5.
28. Feller T, Thom P, Koch N, Spiegel H, Addai-Mensah O, Fischer R, et al.
Plant-based production of recombinant Plasmodium surface protein
pf38 and evaluation of its potential as a vaccine candidate. PLoS One.
2013;8:e79920. doi:10.1371/journal.pone.0079920.
29. Kapelski S, Klockenbring T, Fischer R, Barth S, Fendel R. Assessment of
the neutrophilic antibody-dependent respiratory burst (ADRB) response
to Plasmodium falciparum. J Leukoc Biol. 2014;96:1131–42. doi:10.1189/
jlb.4A0614-283RR.
30. Maskus DJ, Bethke S, Seidel M, Kapelski S, Addai-Mensah O, Boes A, et al.
Isolation, production and characterization of fully human monoclonal antibodies directed to Plasmodium falciparum MSP10. Malar J.
2015;14:276. doi:10.1186/s12936-015-0797-x.
31. Shi YP, Sayed U, Qari SH, Roberts JM, Udhayakumar V, Oloo AJ, et al.
Natural immune response to the C-terminal 19-kilodalton domain of
Plasmodium falciparum merozoite surface protein 1. Infect Immun.
1996;64:2716–23.
32. Taylor RR, Allen SJ, Greenwood BM, Riley EM. IgG3 antibodies to
Plasmodium falciparum merozoite surface protein 2 (MSP2): increasing
prevalence with age and association with clinical immunity to malaria.
Am J Trop Med Hyg. 1998;58:406–13.
33. Singh S, Soe S, Mejia J, Roussilhon C, Theisen M, Corradin G, et al. Identification of a conserved region of Plasmodium falciparum MSP3 targeted
by biologically active antibodies to improve vaccine design. J Infect Dis.
2004;190:1010–8. doi:10.1086/423208.
34. Marsh K, Otoo L, Hayes RJ, Carson DC, Greenwood BM. Antibodies to
blood stage antigens of Plasmodium falciparum in rural Gambians and
their relation to protection against infection. Trans R Soc Trop Med Hyg.
1989;83:293–303.

Page 11 of 11

35. Crompton PD, Miura K, Traore B, Kayentao K, Ongoiba A, Weiss G, et al. In
vitro growth-inhibitory activity and malaria risk in a cohort study in mali.
Infect Immun. 2010;78:737–45. doi:10.1128/IAI.00960-09.
36. Kreuels B, Kobbe R, Adjei S, Kreuzberg C, von Reden C, Bäter K, et al. Spatial variation of malaria incidence in young children from a geographically homogeneous area with high endemicity. J Infect Dis. 2008;197:85–
93. doi:10.1086/524066.
37. Malaria Atlas Project. http://www.map.ox.ac.uk/. Accessed 8 Oct 2015.
38. Hodgson JA, Pickrell JK, Pearson LN, Quillen EE, Prista A, Rocha J, et al.
Natural selection for the Duﬀy-null allele in the recently admixed
people of Madagascar. Proc Biol Sci. 2014;281:20140930. doi:10.1098/
rspb.2014.0930.
39. John CC, O’Donnell RA, Sumba PO, Moormann AM, de Koning-Ward TF,
King CL, et al. Evidence that invasion-inhibitory antibodies specific for
the 19-kDa fragment of merozoite surface protein-1 (MSP-119) can play
a protective role against blood-stage Plasmodium falciparum infection in
individuals in a malaria endemic area of Africa. J Immunol. 2004;173:666–
72. doi:10.4049/jimmunol.173.1.666.
40. Miura K, Zhou H, Moretz SE, Diouf A, Thera MA, Dolo A, et al. Comparison of biological activity of human anti-apical membrane antigen-1
antibodies induced by natural infection and vaccination. J Immunol.
2008;181:8776–83.
41. Dicko A, Diemert DJ, Sagara I, Sogoba M, Niambele MB, Assadou MH,
et al. Impact of a Plasmodium falciparum AMA1 vaccine on antibody
responses in adult Malians. PLoS One. 2007;2:e1045. doi:10.1371/journal.
pone.0001045.
42. Courtin D, Oesterholt M, Huismans H, Kusi K, Milet J, Badaut C, et al. The
quantity and quality of African children’s IgG responses to merozoite surface antigens reflect protection against Plasmodium falciparum malaria.
PLoS One. 2009;4:e7590. doi:10.1371/journal.pone.0007590.
43. Muellenbeck MF, Ueberheide B, Amulic B, Epp A, Fenyo D, Busse CE, et al.
Atypical and classical memory B cells produce Plasmodium falciparum
neutralizing antibodies. J Exp Med. 2013;210:389–99. doi:10.1084/
jem.20121970.
44. Marsh K. Malaria—a neglected disease? Parasitology.
1992;104(Suppl):S53–69.
45. Kitua AY, Urassa H, Wechsler M, Smith T, Vounatsou P, Weiss NA, et al.
Antibodies against Plasmodium falciparum vaccine candidates in infants
in an area of intense and perennial transmission: relationships with clinical malaria and with entomological inoculation rates. Parasite Immunol.
1999;21:307–17.
46. Singer LM, Mirel LB, ter Kuile FO, Branch OH, Vulule JM, Kolczak MS, et al.
The eﬀects of varying exposure to malaria transmission on development
of antimalarial antibody responses in preschool children. XVI. Asembo
Bay Cohort Project. J Infect Dis. 2003;187:1756–64. doi:10.1086/375241.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

