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ABSTRACT Naturally acquired immunity against malaria is largely mediated by se-
rum antibodies controlling levels of blood-stage parasites. A limited understanding
of the antigenic targets and functional mechanisms of protective antibodies has
hampered the development of efficient malaria vaccines. Besides directly inhibiting
the growth of Plasmodium parasites, antibodies can opsonize merozoites and recruit
immune effector cells such as monocytes and neutrophils. Antibodies against the
vaccine candidate merozoite surface protein 1 (MSP-1) are acquired during natural
infections and have been associated with protection against malaria in several epi-
demiological studies. Here we analyzed serum antibodies from semi-immune individ-
uals from Burkina Faso for their potential (i) to directly inhibit the growth of P. falci-
parum blood stages in vitro and (ii) to opsonize merozoites and to induce the
antibody-dependent respiratory burst (ADRB) activity of neutrophils. While a few
sera that directly inhibited the growth of P. falciparum blood stages were identified,
immunoglobulin G (IgG) from all individuals clearly mediated the activation of neu-
trophils. The level of neutrophil activation correlated with levels of antibodies to
MSP-1, and affinity-purified MSP-1-specific antibodies elicited ADRB activity. Further-
more, immunization of nonhuman primates with recombinant full-size MSP-1 in-
duced antibodies that efficiently opsonized P. falciparum merozoites. Reversing the
function by preincubation with recombinant antigens allowed us to quantify the
contribution of MSP-1 to the antiparasitic effect of serum antibodies. Our data sug-
gest that MSP-1, especially the partially conserved subunit MSP-183, is a major target
of opsonizing antibodies acquired during natural exposure to malaria. Induction of
opsonizing antibodies might be a crucial effector mechanism for MSP-1-based ma-
laria vaccines.
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Despite remarkable progress over the past years, malaria remains a major global
health issue, with approximately 438,000 deaths and 214 million clinical cases

worldwide in 2015, most of which occur in Africa due to infection with Plasmodium
falciparum (1). The emergence of multidrug-resistant parasites emphasizes the need for
effective vaccines, which are currently not available (2). For vaccine development, it is
important to understand protective immune mechanisms, to identify antigenic targets,
and to establish robust and reliable assays measuring correlates of protection. Individ-
uals living in regions in which malaria is endemic naturally acquire immunity against
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the disease with increasing numbers of survived infections (3–6). This protection
appears largely mediated by serum antibodies controlling levels of blood-stage para-
sites (7).

Merozoites are key targets of naturally acquired antibodies (8–10), and associations
between antibody levels and protective human immunity have been reported for
several merozoite antigens (10–13). Antibodies targeting merozoites can function via
different pathways, such as direct growth inhibition or recruitment of immune effector
cells (reviewed in reference 14). However, it remains unclear which antibody mecha-
nisms determine protection against malaria. The direct growth inhibition assay (GIA) of
Plasmodium blood stages remains the most commonly used functional assay for
blood-stage vaccine candidates and merozoite antigens (15, 16), although whether
direct growth inhibitory activity in vitro correlates with protection against clinical
malaria is controversial (16).

Increasing evidence points toward an important role of opsonizing antibodies,
which bind to merozoites and recruit effector cells, such as monocytes (17, 18) or
neutrophils (19), via their Fc receptors; these eliminate the parasites, either by phago-
cytosis (18) or by secretion of reactive oxygen species (ROS) (19). Indeed, merozoites are
mainly targeted by the cytophilic antibodies immunoglobulin G1 (IgG1) and IgG3
(20–22), which can bind to the Fc receptors of immune cells (18) or fix complement
factors (23). The acquisition of opsonizing antibodies increases with age and malaria
exposure (18) and correlates with protection (18, 19). Four functional assays have been
developed to measure opsonizing antibodies in vitro, i.e., (i) the antibody-dependent
cellular inhibition (ADCI) assay (17), (ii) the opsonic phagocytosis assay (OPA) (18, 24),
(iii) the antibody-dependent complement inhibition (Ab-C) assay (23), and (iv) the
antibody-dependent respiratory burst (ADRB) assay (19). Importantly, several studies
using these assays show a correlation between opsonizing antibodies and protection
against malaria (18, 19, 23–27).

In the ADRB assay, antibodies opsonize P. falciparum merozoites and interact with
neutrophils via their Fc receptors, resulting in the production of ROS (19) (see Fig. S1
in the supplemental material). Oxidant damage mediated by ROS can kill the parasites
(28–32) and is associated with protection against malaria (19, 33, 34). Interestingly, the
antimalarial drugs mefloquine and artesunate cause parasite death by generating ROS
(29, 35), and ROS also protect against severe malaria in sickle and fetal erythrocytes (36)
as well as in thalassemic and glucose-6-phosphate dehydrogenase (G6PD)-deficient red
blood cells (RBCs) (33). In regions in which malaria is endemic, higher age (37) and a
more diverse antimerozoite antibody repertoire (38) promote ADRB activity, suggesting
that such activity plays a role in naturally acquired immunity. Indeed, ADRB activity
correlates with protection from clinical malaria in areas in Senegal in which the disease
is mesoendemic or holoendemic (19).

A number of merozoite antigens that elicit opsonizing antibodies, such as merozoite
surface protein 119 (MSP-119) (23, 39), MSP-1block2 (40), MSP-2 (18, 23), MSP-3 (18, 41,
42), MSP-5 (37), MSP-6 (43), merozoite surface protein Duffy binding-like-1 (MSPDBL-1)
and MSPDBL-2 (27, 44), and glutamate-rich protein (GLURP) (45), have been identified.
However, the antigenic targets of antibodies inducing complement fixation, opsonic
phagocytosis, or neutrophil respiratory burst might differ. So far, only MSP-119, the
small conserved C-terminal part of MSP-1, has been identified as an antigenic target
that contributes to neutrophil respiratory burst activity (39).

MSP-1 is the major protein at the surface of Plasmodium merozoites (46). The
approximately 190-kDa glycosylphosphatidylinositol (GPI)-anchored precursor protein
is processed into four major subunits (MSP-183, MSP-130, MSP-138, and MSP-142) by
PfSUB1 prior to invasion (47–49); MSP-142 is further processed into MSP-133 and
MSP-119 by PfSUB2. MSP-1 appears mainly dimorphic, and all P. falciparum strains can
be assigned to one of the two allelic types, namely, K1 (e.g., FCB1 strain) and Mad20
(e.g., 3d7 strain), corresponding to MSP-1F and MSP-1D, respectively. MSP-1 is essential
for Plasmodium blood stages (50) and plays an important role during erythrocyte
invasion (51), especially for the initial interaction between merozoites and RBCs (52, 53),
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as well as RBC rupture and parasite egress (54). Indeed, it was shown recently that
MSP-1 acts as a platform for several peripheral MSPs, such as MSP-3, MSP-6, MSP-7,
MSPDBL-1, and MSPDBL-2; interestingly, all of these complexes could be inhibited by
targeting MSP-183 with antibodies (55). Antibodies to MSP-1 can inhibit parasite growth
in vitro (51, 56) and have been associated with protection against malaria in several
epidemiological studies (57–60) and in immunization experiments with animals (46,
61–63).

In this study, we used heterologously produced MSP-1 spanning the entire amino
acid sequence of the 191-kDa molecule from P. falciparum strain 3d7, henceforth called
MSP-1D. Sera from semi-immune individuals from Burkina Faso were employed to
analyze the role of naturally acquired MSP-1-specific antibodies in mediating direct
growth inhibition and neutrophil respiratory burst activity. In addition to correlation
analyses of antibody levels and functional activity, affinity-purified MSP-1D antibodies
were examined for their activity in GIAs and ADRB assays. Furthermore, an antigen-
reversal GIA and antigen-reversal ADRB assay were established in order to quantify the
contribution of single antigens to functional activity. Results show that MSP-1D and its
subunit MSP-183 are major targets of opsonizing antibodies, which induce a neutrophil
respiratory burst in individuals with naturally acquired immunity. Furthermore, we
demonstrate that immunization with MSP-1D induces opsonizing antibodies in rhesus
monkeys.

RESULTS
Growth inhibitory potential of MSP-1-specific antibodies. Sera from 11 healthy

young adults from Nouna, Burkina Faso (an area with high rates of seasonal malaria
transmission), were analyzed for (i) antibodies directed toward P. falciparum-specific
antigens and (ii) their potential to inhibit parasite growth in vitro. Sera of malaria-naive
Europeans served as controls. There were strong correlations between the levels of
antibodies to MSP-1 and the levels of antibodies to P. falciparum schizont lysate or
merozoites (Spearman correlation coefficients of r � 0.899 [P � 0.001] and r � 0.886
[P � 0.001], respectively) (Fig. 1). Antibodies from four semi-immune individuals directly
inhibited the growth of P. falciparum blood-stage parasites in vitro (Fig. 2A). Total IgG

FIG 1 Antibody profiles of 11 semi-immune individuals from Burkina Faso. Levels of antibodies to P. falciparum 3d7
schizont lysate, merozoites, and MSP-1D were determined by ELISAs. Spearman’s rank correlation coefficients for levels of
antibodies to MSP-1 and to P. falciparum schizont (SZ) lysate or merozoites were r � 0.899 (P � 0.001) and r � 0.886
(P � 0.001), respectively. Nouna Pool, IgG from 11 semi-immune individuals from Nouna, Burkina Faso; WHO Pool, IgG from
malaria-exposed Kenyan adults (NIBSC code 10/198 [64]); Naive Pool, IgG from malaria-naive European individuals (n � 4).
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from the two donors with the highest growth inhibition (GI) activity were analyzed for
the contribution of MSP-1-specific antibodies to growth inhibitory activity by using an
antigen-reversal GIA. Here, growth inhibition assays were performed in the presence of
increasing concentrations of MSP-1D. While MSP-1D had no effect on IgG from donor
8, the growth inhibitory activity of IgG from donor 6 was diminished by about 50%
upon addition of MSP-1 (Fig. 2B). Interestingly, donor 6 had the highest titer of
antibodies to MSP-1 (Fig. 1), suggesting that high antibody concentrations are required
in GI assays. Thus, naturally acquired MSP-1-specific antibodies can contribute to
growth inhibitory activity in vitro.

Correlation of MSP-1 antibody titers with neutrophil respiratory burst activity.
Antibody-dependent cellular immunity was analyzed via the respiratory burst (ADRB)
assay (19), based on the killing of parasites by ROS from recruited neutrophils (see Fig.
S1 in the supplemental material). The ADRB assay, in which oxygen radicals are
measured by chemiluminescence monitoring using isoluminol, was established in our
laboratory. A clear chemiluminescence signal was detected only if all assay compo-
nents, i.e., P. falciparum merozoites, purified IgG from malaria-exposed individuals,
freshly purified polymorphonuclear neutrophils (PMNs), and isoluminol, were present.
Only background activity was obtained with IgG from malaria-naive individuals (Fig.
S2). The ADRB index was calculated as described previously (19, 37, 39), using the
chemiluminescence maximum of the curve. Interestingly, this readout correlated per-
fectly with the total area under the curve within the first 60 min (Pearson correlation
coefficient of r � 0.996) (Fig. S3). Furthermore, the ADRB assay showed remarkable
reproducibility even when different P. falciparum merozoite and PMN preparations
were used (intra-assay coefficient of variation [CV] of �6% and interassay CV of �12%)
(Fig. S4).

Purified IgG from all 11 semi-immune individuals from Burkina Faso could mediate
the activation of neutrophils and the release of ROS (Fig. 3A); remarkably, the ADRB
activity of these donors was higher than the activity measured with the WHO IgG pool
prepared from malaria-exposed Kenyan adults (National Institute for Biological Stan-
dards and Control [NIBSC] code 10/198 [64]) (Fig. S5A). The level of ADRB activity

FIG 2 Contributions of antibodies to MSP-1 to growth inhibitory activity. (A) Growth inhibitory activity of protein G-purified IgG from 11
semi-immune donors in three independent experiments, each with triplicate measurements. Statistical differences in the GI activities of
the semi-immune individuals and a malaria-naive pool were assessed by t tests. *, P � 0.05; ***, P � 0.001. (B) Antigen-reversal GIA with
increasing concentrations of MSP-1D. P. falciparum (3D7) parasites were cultured in the presence of purified IgG and increasing
concentrations of competitor antigen MSP-1D for one parasite cycle (40 h). The readout is the activity of Plasmodium LDH (pLDH). Mean
values are shown with standard deviations; statistical differences were assessed using paired t tests (donor 6, P � 0.024).
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correlated well with levels of antibodies to MSP-1D (Spearman’s r � 0.758; P � 0.001)
(Fig. 3B), MSP-1F (r � 0.615; P � 0.024) (Table S1), and P. falciparum schizont lysate
(r � 0.767; P � 0.001) and merozoites (r � 0.855; P � 0.001) (Fig. 3C). Thus, MSP-1-
specific antibodies may opsonize merozoites and activate neutrophils.

Affinity-purified MSP-1 antibodies opsonize P. falciparum merozoites. To fur-
ther examine opsonizing MSP-1-specific antibodies, sera from two semi-immune indi-
viduals (donors 2 and 8) were fractionated by antigen affinity purification with MSP-1D.
A preparation of MSP-1-specific antibodies was obtained (Fig. 4A and B), while the
flowthrough (FT) material was efficiently depleted, as shown by enzyme-linked immu-
nosorbent assay (ELISA) (Fig. 4B). Importantly, ADRB activity was reduced substantially
in the FT fraction, compared to total IgG, and MSP-1-specific antibodies could opsonize
merozoites and activate neutrophils (Fig. 4D). Interestingly, the same eluate fractions
containing MSP-1-specific antibodies were not active in the GI assay, while MSP-1-
depleted sera showed undiminished activity (Fig. 4C). Thus, MSP-1-specific antibodies
from donors 2 and 8, although not active in the GI assay, were capable of activating
neutrophils via opsonized merozoites.

MSP-1 and its processing fragment MSP-183 are major targets of opsonizing
antibodies. An antigen-reversal ADRB assay was established in order (i) to assess
whether MSP-1-specific antibodies play a role in opsonization in all 11 semi-immune
individuals from Burkina Faso, (ii) to examine potential cross-reactivity of the opsoniz-
ing antibodies between different P. falciparum strains, and (iii) to identify the MSP-1
processing fragments eliciting opsonizing antibodies. By preincubation of serum anti-
bodies with recombinant antigens such as MSP-1, the contribution of antigen-specific
antibodies to ADRB activity could be quantified. Prior to their use in antigen-reversal
ADRB assays, all recombinant antigens were pretested for their chemiluminescence
activity in the presence of PMNs and isoluminol but in the absence of merozoites; all
competitors showed only background chemiluminescence activity (Fig. S5B). Further-
more, preincubation of human IgG from semi-immune individuals together with con-
trol proteins such as bovine serum albumin (BSA) did not reduce ADRB activity (Fig.
S5A), indicating that the potential decrease of ADRB activity by preincubation of
antibodies with MSPs is specific. After identifying an appropriate IgG concentration for

FIG 3 Correlation of ADRB activity with MSP-1 antibody titers. (A) ADRB activity of 11 semi-immune
individuals and a malaria-naive pool (n � 4) against P. falciparum 3d7 merozoites. The means of duplicate
measurements with standard errors of the mean (SEMs) are shown. (B) MSP-1 antibody titers in
semi-immune sera, correlating with ADRB activity (Spearman’s rank correlation coefficient of r � 0.758).
(C) Levels of antibodies to P. falciparum 3d7 schizont lysate (�-SZL) and merozoites, correlating with
ADRB activity (Spearman’s rank correlation coefficients of r � 0.767 and r � 0.855, respectively).
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the antigen-reversal ADRB assay (200 �g/ml for human IgG) (Fig. S6), we determined
an adequate competitor antigen concentration by preincubation of IgG from semi-
immune individuals with increasing concentrations of MSP-1D, followed by the ADRB
assay. Neutrophil respiratory burst activity decreased substantially even at very low
MSP-1D concentrations (2 nM) and followed a hyperbolic decay curve (Fig. S7); to
ensure that nearly all antigen-specific antibodies were removed, a competitor antigen
concentration of 500 nM was chosen.

In the presence of 500 nM MSP-1D antigen, ADRB activity was strongly reduced in
all 11 semi-immune donors from Burkina Faso. The mean reductions were 58.6% using
P. falciparum (3d7) merozoites and 51.7% using P. falciparum (FCB1) merozoites (Fig. 5A
and B), indicating strong cross-reactivity of MSP-1-specific opsonizing antibodies. Levels
of antibodies to the partially conserved MSP-1D processing fragments MSP-183 and
MSP-142 were comparable in the 11 individuals from Burkina Faso (Fig. S8). Interest-
ingly, preincubation of antibodies from the semi-immune individuals with 500 nM
MSP-183 greatly reduced ADRB activity; the mean reduction was 50.2% (Fig. 5C). Thus,
MSP-1, especially its processing fragment MSP-183, was a major target of opsonizing
antibodies in individuals with naturally acquired immunity.

Immunization with MSP-1D induces opsonizing antibodies in rhesus monkeys.
Purified IgGs from rhesus monkeys (n � 5) that had been immunized three times with
formulated MSP-1D were examined with the antigen-reversal ADRB assay for opsonizing

FIG 4 MSP-1 as target of opsonizing antibodies. (A and B) Sera from two semi-immune individuals were
fractionated by antigen affinity purification with MSP-1D. The fractions were analyzed by Coomassie blue staining
(shown for donor 2) (A) and ELISA (B). MSP-1 antibody titers were strongly reduced in MSP-1-depleted IgG
(flowthrough [FT] fraction) and enriched in the eluate fractions (E and Econc.). (C) Affinity-purified MSP-1
antibodies did not neutralize the parasite. Affinity-purified MSP-1 antibodies (E) from donors 2 and 8 did not inhibit
parasite growth in vitro, while MSP-1-depleted sera (FT) showed undiminished activity, similar to that of total IgG
(L). (D) Affinity-purified MSP-1 antibodies opsonized merozoites. ADRB activity was reduced in MSP-1-depleted IgG
(FT), compared to the total IgG fraction (L). MSP-1-specific IgG (E) could recruit neutrophils. Statistical differences
were assessed using one-way repeated-measures ANOVA. **, P � 0.01; ***, P � 0.001.
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antibodies directed against MSP-1D and MSP-183. Sera were sampled 2 weeks (day 70)
and �4 months (day 182) after the third immunization. Levels of antibodies against
MSP-1D were comparable in immunized rhesus monkeys (day 70) and in the Nouna IgG
pool (Fig. S8B). Interestingly, the observed high level of ADRB activity induced by
immunization with MSP-1D was similar to the activity found for the Nouna IgG pool
(Fig. 6) and was efficiently competed out by preincubating the IgGs with 500 nM
MSP-1D. A substantial decrease was also observed after preincubation with 500 nM

FIG 5 MSP-1 as target of opsonizing antibodies (antigen-reversal ADRB assay) and importance of conserved
regions. ADRB activity of protein G-purified IgG from 11 semi-immune donors was analyzed against P.
falciparum 3d7 (A and C) and FCB-1 (B) merozoites in the absence and presence of MSP-1D (A and B) or its
processing fragment MSP-183 (C). Mean values of duplicate measurements are shown as individual columns
(left) and in vertical point plots (right); statistical differences were calculated using paired t tests. The
average reductions of the means in the presence of competitor were 58.6% (MSP-1D with 3d7 merozoites),
50.2% (MSP-183 with 3d7 merozoites), and 51.7% (MSP-1D with FCB1 merozoites). N, IgG from malaria-naive
European donors (n � 4). ***, P � 0.001.
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MSP-183 (Fig. 7). Comparable results were obtained with P. falciparum 3d7 or FCB1
strains. Remarkably, ADRB activities were similar at day 70 and day 182 (Fig. 6),
indicating that immunization of nonhuman primates with MSP-1D apparently induces
a long-lasting antibody response capable of opsonizing P. falciparum merozoites. In
summary, both natural exposure to malaria and immunization of rhesus monkeys with
recombinant MSP-1D elicited antibodies against MSP-1 and its processing fragment
MSP-183 that were effective in merozoite opsonization and neutrophil activation.

DISCUSSION

The importance of antibodies for protection against malaria was established in 1961
by passive transfer experiments with immunoglobulins (7). Their antigenic targets and
protective mechanisms remain unclear, but such information is urgently needed for
malaria vaccine development. Correlations between direct growth inhibition of Plas-
modium blood stages in vitro, as measured in the GIA, and protection against malaria
have been weak and inconsistent (reviewed in reference 16), suggesting that protective
antibodies may act via other functional mechanisms. Indeed, recent studies strongly
implicated the importance of opsonizing antibodies for naturally acquired immunity

FIG 6 Immunization with MSP-1D eliciting opsonizing antibodies in rhesus macaques. Rhesus monkeys
(n � 5) were immunized three times (days 0, 28, and 56) with recombinant MSP-1D and adjuvant
(CoVaccine HT). Blood was sampled on days 0, 70, and 182. The ADRB activity of protein G-purified IgG
from blood was analyzed against P. falciparum 3d7 (A) and FCB1 (B) merozoites. d0, preimmune control
IgG; Nouna IgG Pool, protein G-purified IgG from 11 semi-immune individuals from Nouna, Burkina Faso.
Statistical differences were assessed by one-way repeated-measures ANOVA. **, P � 0.01.

FIG 7 Antigen-reversal ADRB assay with rhesus MSP-1D antibodies and MSP-1 competitors. Protein
G-purified IgG from rhesus monkeys (n � 5) that had been immunized three times with MSP-1D (day 70)
was analyzed for opsonizing activity with 3d7 (A) and FCB1 (B) merozoites, in the presence of 500 nM
MSP-1D or MSP-183. Shown are the means of two independent experiments, each with duplicate
measurements. Statistical differences were assessed using one-way ANOVA. ***, P � 0.001.
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(18, 19, 23–27). Antibodies that opsonize P. falciparum merozoites and mediate the
release of reactive oxygen species from neutrophils can be measured in the ADRB
assay. ADRB activity is associated with protection against clinical malaria in different
transmission areas in Senegal (19), as well as with protection against severe malaria in
Kenyan children within the first 6 months of life (65). Despite a poor correlation
between ADRB activity and GIA activity (18, 38), total IgG active in both assays is
associated with protection against severe malaria in Kenyan children (38). Thus, pro-
tective immunity may result from a combination of antibody-mediated mechanisms.

Here, we provide further support for opsonizing antibodies mediating respiratory
bursts of neutrophils in individuals with naturally acquired immunity against malaria
and we identify P. falciparum MSP-183 as a major target antigen of ADRB activity. By
using sera from semi-immune individuals from Burkina Faso, we show that (i)
MSP-1-specific antibodies partly contribute to direct growth inhibitory activity (Fig.
2), (ii) the titers of antibodies to MSP-1 correlate with ADRB activity (Fig. 3), (iii)
antibodies eliciting respiratory burst activity are mainly cross-reactive (Fig. 5), and
(iv) MSP-1 and its partially conserved subunit MSP-183 are important targets of
opsonizing antibodies (Fig. 4 and 5). Furthermore, we could induce in nonhuman
primates antibodies that were functional in ADRB assays by immunization with
recombinant MSP-1D (Fig. 6 and 7).

So far, only one antigenic target of ADRB activity has been identified, namely, the
conserved C-terminal part of MSP-1, P. falciparum MSP-119 (39). Antibodies to P.
falciparum MSP-119 were shown to contribute about 33% of the total neutrophil
respiratory burst activity in two Senegalese villages, using isogenic P. falciparum
parasites with the non-cross-reactive MSP-119 orthologue from Plasmodium chabaudi or
sera after removal of P. falciparum MSP-119-specific antibodies (39). Since we used
alternative experimental approaches, including an ADRB protocol that differs in certain
respects, such as the use of sera versus purified IgG and the use of sera from a different
African country, direct comparison of our results with those of the previous study is not
possible. However, we show that antibodies, either acquired by natural exposure to
malaria or by immunization of rhesus monkeys with recombinant MSP-1D, opsonize P.
falciparum merozoites of different strains equally well and ADRB activity against the P.
falciparum FCB1 strain can be efficiently reduced with MSP-1 from the 3d7 strain
(MSP-1D). Thus, cross-reactive regions within MSP-1 appear to be the main targets of
opsonizing antibodies that elicit neutrophil respiratory burst activity. Interestingly,
opsonizing antibodies that recruit monocytes for merozoite phagocytosis, as measured
in the OPA, are effective against 15 different parasite strains, indicating high strain
transcendence (26). Thus, opsonizing antibodies that are functional in the ADRB assay
or the OPA seem to target mainly cross-reactive regions within merozoite antigens,
which would be beneficial for vaccine development.

Here, two experimental approaches were employed to quantify the contributions of
single antigens to ADRB activity, namely, affinity purification of MSP-1-specific antibod-
ies and the antigen-reversal ADRB assay. Several studies have tested affinity-purified
antibodies against several merozoite antigens for their opsonizing capacity, using
different assays such as the ADCI assay (44, 66) and the OPA (18, 27). However, this
approach is quite time-consuming, requires special equipment for immunoaffinity
chromatography, and uses relatively large amounts of serum and antigen. Thus, the
antigen-reversal ADRB methodology, in which preincubation of serum antibodies with
recombinant antigens allows us to quantify the contributions of certain antigens to
ADRB activity, was developed. Since this relatively easy approach requires only small
amounts of serum and recombinant antigen, it could be readily adapted to other
merozoite antigens.

Importantly, we could induce opsonizing antibodies that cause neutrophil respira-
tory burst activity in rhesus monkeys by immunization with recombinant full-length
MSP-1 (Fig. 6). This finding has several major implications. First, we demonstrate here
for the first time that antibodies raised in nonhuman primates are compatible with
human Fc� receptors on neutrophils. To date, this has been one of the major limitations
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of the ADRB assay, since no animal species in which compatible antibodies can be
generated has been known and neutrophils from other species, such as mice, differ
substantially from human neutrophils regarding their Fc� receptor expression and
binding abilities (67). Second, we show for the first time that antibodies functional in
ADRB activity can be induced by immunization with a recombinant protein. In a recent
study, ADRB-effective antibodies could not be induced by vaccination of mice with
AdHu5-PyMSP-142 but could be induced by primary infection with Plasmodium yoelii
(68). Opsonizing activity of antibodies raised in mice or rabbits by immunization with
different merozoite antigens was recently reported for opsonic phagocytosis (69) and
complement-dependent inhibition (23). However, this is the first report on opsonizing
antibodies induced in primates. Third, we reveal that immunization with recombinant
MSP-1D generates antibodies that are (i) long-lasting, with undiminished ADRB activity
more than 4 months after the last immunization, (ii) cross-reactive, with similar activities
against P. falciparum 3d7 and FCB1 parasites, and (iii) active via the same functional
mechanisms as naturally acquired antibodies, thus supporting full-length MSP-1 as a
promising vaccine candidate.

Indeed, protective potential of MSP-1 has been suggested by various epidemiolog-
ical studies in regions in which malaria is endemic (57–60), as well as by immunization
experiments with mice (46) and monkeys (61–63, 70, 71). However, the epitopes within
MSP-1 that elicit protective antibodies and their immune mechanisms have not been
identified. Most studies to date have analyzed the direct growth inhibitory potential of
MSP-1-specific antibodies in vitro, although a correlation between this mechanism and
protective immunity remains elusive. Furthermore, it is controversial whether and
under what circumstances MSP-1 contributes to direct growth inhibition of Plasmodium
blood stages, since some publications reported MSP-1-specific GI activity (50, 51, 56,
71–75) and others presented contradicting data (17, 63, 76–78). The different results
regarding MSP-1-specific GI activity both in previous studies and in our study could
have several explanations, i.e., (i) there may be different IgG isotypes or affinities of
MSP-1 antibodies that partly inhibit the growth of P. falciparum in vitro, (ii)
antibodies may target various MSP-1 epitopes and only some are growth inhibitory,
and (iii) the MSP-1 antibody titer may be too low for detectable GI activity in the in
vitro assay. The latter is a very reasonable possibility, since high antibody levels are
necessary for direct growth inhibitory activity in vitro (76), although this might not
reflect the in vivo situation. We could measure a contribution of MSP-1 antibodies
to GI activity only for the African donor with the highest MSP-1 antibody titer (Fig.
2). Interestingly, affinity-purified antibodies against MSP-183 from the same indi-
vidual efficiently inhibited the growth of P. falciparum in vitro (56), supporting our
results with the antigen-reversal GIA.

Importantly, besides direct growth inhibition, MSP-1 also elicits opsonizing antibod-
ies that can act at much lower antibody levels, compared to the GIA. Different immune
mechanisms mediated by MSP-1-specific opsonizing antibodies have been described,
including (i) the recruitment of monocytes by MSP-1block 2 antibodies, as measured via
the ADCI assay (40), (ii) the fixation of complement factors by antibodies directed
against MSP-119 and MSP-1block 2, as detected via antibody-mediated complement-
dependent inhibition (23), and (iii) the induction of neutrophil respiratory burst activity,
as analyzed via the ADRB assay and reported for antibodies to MSP-119 (39) and
MSP-183 (this work). However, MSP-119 antibodies did not seem to play a role in
monocyte opsonic phagocytosis, since the OPA response for transgenic P. falciparum
merozoites with the MSP-119 orthologue from P. chabaudi did not differ from that
for wild-type parasites (26). Furthermore, we observed a high level of cross-reactivity
between different parasite strains in the ADRB assay, suggesting that antibodies to the
highly polymorphic block 2 of MSP-1, which is located within MSP-183, likely play no
role in neutrophil respiratory burst activity. Thus, opsonizing antibodies elicited by
different regions within MSP-1 appear to act by various independent immune mech-
anisms. Interestingly, higher antibody levels and their actions via multiple mechanisms
are associated with naturally acquired immunity (79, 80), suggesting that several
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antibody-mediated mechanisms contribute to protection against malaria. Since the
antigenic epitopes within MSP-1 are distributed over the whole protein and elicit a
variety of immune responses, we propose full-length MSP-1 as a malaria vaccine
candidate.

In summary, we show that the malaria antigen MSP-1 elicits not only neutralizing
but also opsonizing antibodies against P. falciparum blood-stage parasites. Our data
suggest that full-length MSP-1 is a major target of opsonizing antibodies, which elicit
neutrophil respiratory burst activity and are acquired during natural exposure to
malaria. Furthermore, we show for the first time that opsonizing antibodies can be
induced in primates by immunization with a recombinant antigen, and we provide
further support for the ADRB assay as a robust functional assay of humoral immunity.
Finally, our data strengthen the idea of full-length MSP-1 as a promising vaccine
candidate, with the induction of opsonizing antibodies as an important immune
mechanism.

MATERIALS AND METHODS
Study population. Blood samples were obtained from 11 healthy young adults (18 to 31 years of

age) from Nouna, an area in Burkina Faso with high rates of seasonal malaria transmission. Blood donors
(i) had experienced no fever episodes within the previous 15 days, (ii) had not been vaccinated within
the previous month, (iii) had received no medication within the previous 2 weeks, and (iv) were HIV,
hepatitis B virus (HBV), and syphilis (VDRL test) negative. Blood donations of 100 ml each were taken at
the end of the dry season (with low rates of malaria transmission). Lymphocytes and sera were prepared
via Ficoll centrifugation and were transported to Heidelberg. Ethical approval was granted by the Ethical
Committee of the Medical Faculty, University of Heidelberg, and B. Kouyaté, director of the Centre de
Recherche en Santé de Nouna (CRSN).

Rhesus monkey immunizations. Rhesus monkey immunizations and antibody preparation were
carried out at the Biomedical Primate Research Centre (BPRC) (Rijswijk, Netherlands) in 2010. The BPRC
is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and is compliant with recommendations of the Weatherall report on the use of nonhuman primates in
research (81). The study was approved by an independent ethics committee at BPRC, constituted in
accordance with Dutch law (DEC598) and European Acts (directive 2010/63/EU) on animal experimen-
tation. To minimize animal discomfort, immunization and blood sampling were all performed under
ketamine sedation. Animals were assigned in a manner that ensured that age, weight, and sex
distributions were similar among groups, and treatments were randomly assigned to groups. Captive-
bred rhesus macaques (n � 5 [2 female and 3 male]; age, 4.6 to 12.5 years) were immunized
intramuscularly 3 times (on days 0, 28, and 56) with 100 �g MSP-1D per dose, formulated with CoVaccine
HT (82, 83), in a 500-�l volume. From each animal, 29 ml blood was collected by venous puncture on days
0, 28, 56, 70, 126, and 182. IgGs from sera were purified by protein G affinity purification and were stored
at �80°C.

Rabbit immunizations. Rabbit immunizations were performed at Confarma France SARL (Hom-
bourg, France), in compliance with animal health legal regulations and according to European Commis-
sion good manufacturing practice (GMP) and current GMP guidelines. New Zealand White rabbits (n �
6) were immunized intramuscularly with lyophilized full-length P. falciparum MSP-1D (50 �g) and
Infectious Disease Research Institute (IDRI) soluble emulsion (SE) adjuvant plus glucopyranosyl lipid
adjuvant (GLA) (100 �g), in a total volume of 500 �l, on days 0, 28, and 56. Two weeks after the last
immunization (day 70), blood was sampled by heart puncture and serum was prepared and transported
to Heidelberg. There, IgGs were purified from serum via protein A affinity chromatography and were
tested for growth inhibitory activity.

P. falciparum merozoite antigens. MSP-1D was produced in Escherichia coli and purified under
GMP-compatible conditions by Biomeva GmbH (Heidelberg, Germany), as will be described elsewhere.
Recombinant MSP-1F (183.4 kDa, from the FCB1 strain) and the MSP-1D fragments MSP-142, MSP-138, and
MSP-130 were produced and purified as described by Kauth et al. (84). MSP-183 (81.8 kDa, from the 3d7
strain) was expressed and purified as described previously (85). All proteins except MSP-1D contain a
N-terminal hexahistidine tag. BSA (66 kDa) was obtained commercially (product number 8076.2; Carl
Roth, Karlsruhe, Germany).

P. falciparum (3d7) schizont extract was produced from a highly synchronous late-schizont-stage
culture with high levels of parasitemia via saponin lysis (0.2% saponin in 7.5 mM NaCl plus 0.25 mM
sodium citrate [pH 7.0]) of RBCs, followed by complete lyses of parasite schizonts and protein solubili-
zation using radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich). The parasite protein extract
was stored at �80°C.

Antibody controls. Positive controls included (i) a serum pool from malaria-semi-immune individ-
uals (n � 11) from Nouna, Burkina Faso, called the Nouna IgG pool, and (ii) a WHO reference reagent for
anti-malaria (P. falciparum) human serum, i.e., a serum pool from malaria-exposed individuals from
Kisumu, Kenya (NIBSC code 10/198 [64]). Negative controls were two pools of sera from malaria-naive
individuals (each n � 4) from Europe.
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Purification of antibodies from human sera. Sera were heat inactivated for 30 min at 56°C. Total
IgG was purified by protein G affinity chromatography (Pierce, Thermo Scientific), according to the
manufacturer’s instructions. Briefly, 5 ml serum was diluted with 10 ml binding buffer, incubated
overnight at 4°C, and centrifuged at 2,400 � g for 10 min at 4°C, and the supernatant was passed over
5 ml of washed and equilibrated resin (protein G immobilized to agarose). After washing with binding
buffer (Per-Bio) and phosphate-buffered saline (PBS), IgG was eluted with 10 ml elution buffer (0.1 M
glycine [pH 2.5]) and immediately neutralized with 1.5 ml 1 M Tris (pH 8.0). IgG was then dialyzed against
RPMI 1640 medium and concentrated using Amicon Ultra centrifugal filters (Millipore), followed by sterile
filtration (0.22 �m) and adjustment of the concentration to 30 mg/ml with RPMI 1640 medium. The IgG
preparations were stored at �20°C.

Chromatographic affinity purification of MSP-1-specific antibodies from human serum was performed
using the Äkta Purifier 100 system (GE Healthcare). MSP-1D was covalently coupled to a preactivated
resin (Ultra Link Biosupport; Thermo Scientific) according to the manufacturer’s instructions. In total, 44
mg MSP-1D was coupled to 625 mg dry beads, corresponding to 5 ml resin. Human serum (20 ml) was
diluted 1:1 with PBS, incubated overnight at 4°C, and centrifuged at 2,400 � g for 10 min, and the
supernatant was applied to the column with a flow rate of 0.5 ml/min. After washing with PBS,
anti-MSP-1 antibodies were eluted with an acidic buffer (75 mM glycine, 0.5 M NaCl [pH 2.8]) and
immediately neutralized with 0.1 volume of 1 M Tris (pH 8.0). The eluate was sterile filtered (0.22 �m),
concentrated, and dialyzed against RPMI 1640 medium using Amicon Ultra centrifugal filters (Millipore).
All fractions from the affinity purification were analyzed via Coomassie blue-stained SDS gels and a
MSP-1D ELISA.

ELISA. The ELISA was performed as described previously (86, 87), with minor modifications; 96-well
microtiter plates (Nunc MaxiSorp; Thermo Fisher) were coated with 100 nM recombinant protein in 0.1
ml coating buffer (34 mM Na2CO3, 16 mM NaHCO3 [pH 10.6]) or with 0.5 �g P. falciparum merozoites or
schizont extract in 0.1 ml PBS. Goat anti-human IgG-alkaline phosphatase conjugate (Sigma-Aldrich,
Germany), diluted 1:30,000 in blocking buffer, was used as the secondary antibody. The reaction was
stopped with 0.1 ml NaOH (0.2 M), and the optical density at 405 nm (OD405) was determined.

Antibody titers against recombinant antigens were calculated using a trendline generated with
optical density (OD) values of serial dilutions in the linear range; antibody endpoint titers corresponded
to the antibody dilutions at OD405 values of 0.2. Since a close correlation between single-point OD values
at appropriate dilutions and antibody endpoint titers has been reported (88, 89), single-point OD values
in the linear range were used as proxies for levels of antibodies against merozoites and the schizont
lysate. To define the linear range, a standard curve was generated using the IgG pool from malaria-
exposed individuals from Kenya (WHO standard), in serial dilutions. For quality control, samples were
analyzed in duplicate and pools from malaria-naive donors (n � 4) and malaria-exposed donors from
Burkina Faso (n � 11) and Kenya (NIBSC code 10/198 [64]) were included for each measurement.

Growth inhibition assay. Protein G-purified IgG from human sera was analyzed for its ability to
inhibit growth of P. falciparum (3d7) parasites based on the activity of Plasmodium lactate dehydroge-
nase (LDH), according to previously described protocols (56, 90) with modifications. Briefly, 25 �l (total
volume) IgG at different concentrations and 25 �l schizont-stage parasites (0.6% parasitemia and 4%
hematocrit) were added in triplicate to a sterile 96-well F-bottom plate (Greiner). Controls, i.e., (i) 25 �l
RPMI 1640 medium plus 25 �l parasites (parasite growth control), (ii) 25 �l culture medium plus 25 �l
4% hematocrit (RBC control), (iii) rabbit anti-AMA-1 antibodies (BG98 GIA standard from BPRC) (positive
control), and (iv) IgG pool from malaria-naive individuals (n � 4) (negative control), were included.
Following 40 h of incubation, parasite growth was detected using a biochemical assay based on
Plasmodium LDH activity, measured as OD650. Growth inhibition was calculated as follows: inhibition
(%) � 100% � [(OD650 for IgG sample � OD650 for RBC control)/(OD650 for parasite growth control �
OD650 for RBC control)] � 100.

The antigen-reversal GIA was developed in order to quantify the contribution of antigen-specific
antibodies to growth inhibitory activity. A total volume of 10 �l/well competitor antigen (MSP-1D, 1
mg/ml) in serial dilutions and 15 �l IgG (stock concentrations of 40 mg/ml for human IgG and 20 mg/ml
for rabbit IgG) were preincubated in a sterile 96-well plate (Greiner) for 1 h at 37°C, in 5% CO2 and 3%
O2 with 95% humidity. Then 25 �l schizont-stage parasites (0.6% parasitemia and 4% hematocrit) were
added and incubated for 40 h. In addition to the controls described above, a competitor control (highest
competitor concentration used, with no IgG) and an IgG control (no competitor) were included. The
following procedure was performed as described above.

P. falciparum culture and merozoite preparation. P. falciparum 3d7 and FCB1 laboratory strains
were cultured at 37°C, in 5% CO2 and 3% O2 with 95% humidity, in culture medium (RPMI 1640 medium
supplemented with L-glutamine, 25 mM HEPES, 0.1 mM hypoxanthine, 20 �g/ml gentamicin, and 10%
human serum) at 4% hematocrit. Parasite cultures were synchronized with 5% D-sorbitol at the ring stage.

Merozoite extracts were prepared from synchronized schizont-stage cultures with about 5% para-
sitemia. Schizonts were ruptured by mechanical force (pipetting) and centrifuged twice at 400 � g for
20 min to remove erythrocytes (pellet), and merozoites were recovered from the supernatant by
centrifugation for 15 min at 1,500 � g. The merozoite pellet was resuspended in RPMI 1640 medium and
stored at �20°C. The quality of the merozoite preparation was assessed via Giemsa-stained smears, and
merozoite numbers were estimated by fluorescence-activated cell sorting (FACS) measurements. Prior to
use, all merozoite preparations were tested in parallel with the NA pool in the ADRB assay and their
concentration was adjusted to show the same ADRB activity.

PMN purification. Whole-blood samples from malaria-naive healthy adults were collected in lithium-
heparin-containing tubes (Sarstedt). Written informed consent was obtained from all participants, and
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ethical approval was granted by the Ethical Committee of the Medical Faculty, University of Heidelberg.
Blood from 3 donors (12 ml each) was pooled, mixed 1:1 with 3% dextran (Carl Roth) in 0.9% NaCl, and
incubated for 18 min at room temperature to pellet RBCs. The supernatant was centrifuged (500 � g for
10 min at 4°C), and the thin white layer of PMNs was resuspended in 0.9% NaCl. This suspension was
layered carefully on top of Ficoll-Histopaque (Sigma-Aldrich) and centrifuged at 400 � g for 35 min at
room temperature without break. The thin PMN layer above the erythrocytes was resuspended in
ice-cold double-distilled water, incubated for 30 s to lyse remaining erythrocytes, and neutralized with
an equal volume of 1.8% NaCl. After centrifugation (500 � g for 5 min at 4°C), the pellet was washed with
Hanks’ balanced salt solution (Thermo Fisher Scientific) and centrifuged, and the PMN pellet was
resuspended in cold PBS. The quality of the preparation and PMN numbers were determined in a
hemacytometer after trypan blue staining. The PMN concentration was adjusted to 1.3 � 107 cells/ml
(ADRB assay) or 2.5 � 107 cells/ml (antigen-reversal ADRB assay) with sterile PBS; the purity and viability
of the cells were �95%. PMNs were stored at 4°C and used for ADRB assays within �1 h after isolation.

ADRB assay. The ADRB assay measures the generation of ROS via chemiluminescence; it was
performed as described previously (19) with modifications. Briefly, 40 �l P. falciparum merozoites
(�2.5 � 105 merozoites) and 10 �l protein G-purified IgG (10 mg/ml) were incubated for 1 h at 37°C in
opaque white 96-well Lumitrac microplates (Greiner Bio-One). Freshly purified human PMNs (100 �l/well,
1.3 � 107 cells/ml PBS) and isoluminol (4-aminophthalhydrazide) (100 �l/well of a 1:100 dilution in PBS
of a 4-mg/ml stock solution in dimethyl sulfoxide; Santa Cruz Biotechnology) were added rapidly using
an Eppendorf multichannel pipette. Chemiluminescence detection started immediately using a FLUOstar
Optima microplate reader (BMG Labtech), with 1-s measurements every minute for 2 h.

For the antigen-reversal ADRB assay, 50 �l competitor protein (2.5 �M in PBS, sterile filtered) or PBS
and 10 �l protein G-purified IgG (human IgG, 5 mg/ml; rhesus IgG, 1.25 mg/ml) were incubated for 1.5
h at 37°C in opaque white 96-well Lumitrac microplates. P. falciparum merozoites (40 �l) were added to
each well and incubated for 1.5 h at 37°C. Freshly purified human PMNs (50 �l/well, 2.5 � 107 cells/ml
PBS) and isoluminol were added rapidly and the subsequent procedure was performed as described
above.

For calculation of the ADRB index, the chemiluminescence activity (in light units [LU]) of a sample was
normalized to the chemiluminescence activity of a semi-immune IgG pool from Burkina Faso by
calculating the ADRB index with the following formula: ADRB index � (LU for the sample maximum/LU
for the semi-immune IgG pool maximum) � 1,000. The semi-immune IgG pool from Burkina Faso (n �
11), an isoluminol-only control, and at least one malaria-naive pool (n � 4) were included on each plate.
Competitor proteins were pretested (i) without merozoites and (ii) without merozoites plus IgG. To
enable rapid handling, less than 60 wells per plate were used. All samples were measured in duplicate.

Statistical analysis. SigmaPlot version 12.3 (Systat Software) was used for data analysis. Antibody
levels (ELISA), GIA values, and ADRB activity levels were compared by Spearman’s rank correlation. Paired
data were analyzed for statistical significance using paired t tests (for two samples) or one-way
repeated-measures analysis of variance (ANOVA) (for �2 samples); unpaired data were examined using
t tests (for two samples) or one-way ANOVA (for �2 samples).
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