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Abstract

Background: Transmission of malaria from man to mosquito depends on the presence of gametocytes, the sexual
stage of Plasmodium parasites in the infected host. Naturally acquired antibodies against gametocytes exist and

may play a role in controlling transmission by limiting the gametocyte development in the circulation or by inter-
rupting gamete development and fertilization in the mosquito following ingestion. So far, most studies on antibody
responses to sexual stage antigens have focused on a subset of gametocyte-surface antigens, even though inhibitory
Ab responses to other gametocyte antigens might also play a role in controlling gametocyte density and fertility.
Limited information is available on natural antibody response to the surfaces of gametocyte-infected erythrocytes.

Methods: Ab responses to surface antigens of erythrocytes infected by in vitro differentiated Plasmodium falciparum
mature gametocytes were investigated in sera of semi-immune adults and malaria-exposed children. In addition,

the effect of immunization with GMZ2, a blood stage malaria vaccine candidate, and the effect of intestinal helminth
infection on the development of immunity to gametocytes of P. falciparum was evaluated in malaria-exposed chil-
dren and adults from Gabon. Serum samples from two Phase | clinical trials conducted in Gabon were analysed by
microscopic and flow-cytometric immunofluorescence assay.

Results: Adults had a higher Ab response compared to children. Ab reactivity was significantly higher after fixation
and permeabilization of parasitized erythrocytes. Following vaccination with the malaria vaccine candidate GMZ2,
anti-gametocyte Ab concentration decreased in adults compared to baseline. Ab response to whole asexual stage
antigens had a significant but weak positive correlation to anti-gametocyte Ab responses in adults, but not in chil-
dren. Children infected with Ascaris lumbricoides had a significantly higher anti-gametocyte Ab response compared to
non-infected children.

Conclusion: The current data suggest that antigens exposed on the gametocyte-infected red blood cells are recog-
nized by serum antibodies from malaria-exposed children and semi-immune adults. This anti-gametocyte immune
response may be influenced by natural exposure and vaccination. Modulation of the natural immune response to
gametocytes by co-infecting parasites should be investigated further and may have an important impact on malaria
control strategies.
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Background

Malaria remains a major global public health problem
affecting hundreds of millions of people annually, mainly
in sub-Saharan Africa. Each year approximately half a
million people die, mostly children younger than 5 years
[1]. Gametocytes, the sexual stage of the parasites, are
essential for transmission of the parasite from man to
mosquito. Malaria transmission can be interrupted by
drug treatment affecting gametocytes [2, 3], causal chem-
oprophylaxis, vector control as well as the acquisition of
immunity to sexual stage parasites by the human host [4,
5].

Transmission blocking interventions that target game-
tocyte development and gamete fertilization are con-
sidered an essential part of malaria control, especially
if containment or eradication of the disease is the aim.
Transmission blocking vaccines (TBVs) would have a
great public benefit in malaria-endemic countries by
breaking the life cycle and decreasing the number of new
infections. In addition, it is assumed that TBVs could
help in containing the spread of parasites resistant to
drugs or malaria vaccine components directed against
asexual blood stage or pre-erythrocytic stages [6, 7]. To
better understand immunity against the sexual stage of
the plasmodial life cycle and for the design and develop-
ment of TBVs, profiling the response to mature gameto-
cytes is of relevance.

Antibodies (Abs) are important mediators of sexual
stage immunity against Plasmodium and other apicompl-
exan parasites [8—12]. Such Abs can affect malaria trans-
mission either by inhibiting gametocyte development [5]
or by directly affecting viability of mature sexual stages
[13-15]. The latter might happen within the body or once
they are ingested by mosquitoes [5, 16—18], e.g. through
opsonization of gametes followed by phagocytosis [12].
In malaria-endemic areas, the age-dependent decline of
the duration of gametocyte carriage [19, 20] is most likely
due to an increase in gametocyte exposure and develop-
ment of sexual stage specific immune responses, in paral-
lel to the asexual immunity acquired with age [21].

Indirectly, immune responses to asexual stage anti-
gens may decrease transmission by limiting the number
of asexual parasites that develop to gametocytes [21],
similar to the decrease of gametocytogenesis that results
from the elimination of asexual infections by drugs [22].
However, development of sexual-stage immunity is dif-
ferent from the immune response directed to asexual
stage antigens [13, 15]. Gametocytes have distinct gene

expression patterns [23] and proteomic profiles [24]
compared to asexual stages. Similarly early and late stage
gametocytes differ; for example, the latter have a com-
paratively low representation of active export machinery
proteins. However, some overlaps are expected in the
proteomic profiles and exported proteins between the
different stages of the parasite’s life cycle [24].

Naturally acquired sexual-stage antibodies are pro-
duced against gametocyte-infected erythrocyte surface
antigens or gamete-specific antigens in the circulation
and also against mosquito-stage parasites that act follow-
ing ingestion of the parasite [25]. There are only few stud-
ies on natural immune responses to gametocyte-infected
erythrocyte surface antigens. Saeed et al. [15] showed
that 34% of Gambian children had plasma antibodies
recognizing stage V gametocyte-infected erythrocytes
in vitro, with no recognition of stages I-IV. In the same
study Abs to gametocyte surface antigens were associated
with lower gametocyte densities indicating the impor-
tance of Abs in reducing gametocyte carriage. Most other
studies on immune responses to sexual stage antigens
have focused on few specific antigens, mainly the TBV
candidates Pfs230 [18, 26—-31] and Pfs48/45 [18, 27-32].
The association of Ab response to these single antigens
and transmission reducing activity is not consistent.
After testing antibody response to both antigens, some
authors reported a correlation of transmission reduction
with both antigens [31], while others found associations
only with Pfs230 [18, 28] or only with Pfs48/45 [29, 30].
Even though correlation might be confounded by expo-
sure history to earlier malaria infections, these results
suggest that Ab responses to other gametocyte-specific
antigens may play an additional role in controlling trans-
mission [5]. Here, Ab responses to gametocyte-infected
erythrocyte surface antigens were measured in individu-
als from a malaria-endemic country (Gabon).

In the present study, the concentration of anti-game-
tocyte Abs against in vitro differentiated mature game-
tocytes of one Plasmodium falciparum clinical isolate
and one laboratory strain (NF54) was measured by flow
cytometric immunofluorescence assay (IFA) in sera from
malaria-exposed children and semi-immune adults. Since
exposure to asexual blood stage antigens and co-infec-
tion with other highly prevalent parasites may modulate
immune responses [33, 34], here the anti-gametocyte
responses were related to infection status with intestinal
helminths. Assuming a reduced anti-gametocyte anti-
body response after vaccination with a malarial vaccine,
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additionally the anti-gametocyte antibody response to
antibodies induced by vaccination was related with the
asexual blood stage vaccine candidate GMZ2, a recombi-
nant fusion protein of P. falciparum glutamate-rich pro-
tein (GLURP) and merozoite surface protein 3 (MSP3)
[35]. Therefore, the collected serum samples during the
GMZ2 trials were used to investigate this in depth.

Methods

Study samples and sources

Gametocyte recognition of antibodies were investigated
in adults and children who had a different history of
exposures to malaria and infection status with intestinal
helminths. The serum samples analysed in the current
investigation are from two studies [36, 37] conducted
between July 2007 and October 2008 at the Centre de
Recherches Médicales de Lambaréné (CERMEL), Lam-
baréné in Gabon. The two sets of serum samples were
from Phase I clinical trials designed to assess safety and
immunogenicity of GMZ2, an experimental blood-stage
malaria vaccine candidate, in malaria-exposed adults and
children, respectively [36, 37], which shows partial effi-
cacy [38].

As part of the GMZ2 trials, samples were collected
from 30 children aged 1-5 years [36] and 40 semi-
immune adults (18—-45 years) [37]. At the time of this
investigation samples were only available for 36 adults.
Samples collected before (Day 0) and on Day 84 after
vaccination (4 weeks after the last immunization) were
analysed to assess if vaccination has an effect on the
development of antibody response to the sexual stages
of P falciparum. During the GMZ2 trials, participants
received three doses of either 30 or 100 ug GMZ2, adju-
vanted with aluminum hydroxide or a control vaccine
(Verorab) and were followed for 1 year. Further details of
the studies are published elsewhere [36, 37]. Serum sam-
ples were stored at —80 °C until analysed.

The studies were conducted according to the principles
of the Declaration of Helsinki and good clinical prac-
tice guidelines. The respective competent ethics com-
mittees: the Comité d’Ethique Régional Indépendant de
Lambaréné, CERIL and the Gabonese Ministry of Health
reviewed and approved the studies. A signed informed
consent was obtained from each participant or parent/
guardian of participant aged less than 18 years. Analysis
of Ab levels against P, falciparum was part of the respec-
tive study protocols.

Gametocyte culture and purification

Gametocyte culture was initiated from a continuous
culture of asexual P falciparum parasites as described
earlier [39]. Briefly, the asexual cultures were kept at 5%
haematocrit and less than 2% parasitaemia at 37 °C, 5%
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CO, and 5% O, with weekly sorbitol synchronization and
daily change of medium (RPMI 1640 supplemented with
25 mM HEPES, 28 mM NaHCO;, 50 pg/mL gentamycin,
0.5% w/v Albumax II, 2.4 mM L-glutamine, and 0.14 mM
hypoxanthine); medium of the clinical isolate contained
in addition 5% human serum. The P, falciparum labora-
tory strain NF54 (Sanaria Inc., Rockville, MD, USA) and
a laboratory adapted clinical isolate from Lambaréné,
Gabon where the samples had been collected were used
for the experiments. The clinical isolate (JH013) was cul-
tivated from a blood sample collected in 2009 from an
individual with P, falciparum mono-infection and cryo-
preserved at —150 °C in glycerolyte as reported previ-
ously [40].

Gametocyte culture was performed as described ear-
lier [41, 42] with some modifications. Human serum
(5%) was added to the gametocyte growth media and the
culture was initiated with a parasitaemia of 0.5 and 9%
haematocrit and kept at 5% O,/CO, at 37 °C with daily
change of medium without parasite dilution. On Day
7 the haematocrit was lowered to 4.5% by doubling the
volume of medium. Beginning with Day 11 the parasites
were treated with 50 mM N-acetyl-p-glucosamine (MP
Biomedicals GmbH, Santa Ana, CA, USA) for 4 days to
eliminate asexual stage parasites.

To enrich stage V gametocytes from approximately 2%
to more than 90% on Day 15 a density gradient centrifu-
gation (800g for 20 min) on 33% NycoPrep 1.077 cush-
ions (AXIS-SHIELD PoC AS, Oslo, Norway) followed by
magnetic separation with LD-MACS magnetic columns
(Miltenyi Biotec, Gladbach, Germany) was performed.

Fluorescence microscopy and flow cytometry-based IFA
For IFA, gametocyte-infected erythrocytes were analyzed
in three different ways: live [15], fixed, or fixed and per-
meabilized [43]. For assessment of Ab response to plas-
modial antigens, a P. falciparum culture was used, that
was enriched for late developmental stages of asexual
[44] and stage V gametocytes. In brief, for fixation, para-
sites were incubated for 30 min in a mixture of 4% Elec-
tron Microscopy (EM) grade paraformaldehyde (Merck,
Germany) and 0.0075% EM grade glutaraldehyde (Sigma-
Aldrich, Germany), then washed once with PBS and
stored at 4 °C until the IFA was performed. Prior to Ab
staining, a fraction of fixed cells was permeabilized by
PBS/0.1% Triton-X-100 for 10 min and washed once with
PBS.

All live, fixed or fixed and permeabilized parasites were
blocked using PBS/3%BSA for 1 h before the addition of
test or negative control sera. Following the blocking step,
evaluation of anti-gametocyte Ab response was done
using cytometry-based IFA as described earlier [44].
Serum samples (in PBS/3% BSA diluted 1/4000 and 1/50,
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respectively) from adults and children were added and
incubated for 1 h. Serum dilutions that gave the best dis-
crimination between negative and positive were used. In
the cohort children are less reactive compared to adults,
hence lower dilutions were used [45, 46]. After three
washes with PBS, secondary Ab staining was carried out
for 1 h with Alexa Fluor 488-labeled rabbit anti-human
IgG (Life Technologies GmbH, Darmstadt, Germany) at a
1:3000 dilution and washed three times before the quality
of the staining was assessed by fluorescence microscopy.

Subsequent acquisition of flow cytometry data was
done using a FACSCanto II cytometer equipped with the
FACSDiva software version 6.1.2 (BD Biosciences, San
Jose, USA). Fluorescence of each event was analysed and
the result expressed as percentage of positive fluores-
cent cells (PPFC) based on 20,000 erythrocytes (events)
acquired.

ELISA for measurement of Abs to GMZ2 antigens

For comparison, a subset of previously reported GMZ2-
specific IgG ELISA values (Days 0 and 84) of clinical trial
participants were used for the current analyses [36, 37].
ELISA data were generated using a standardized ELISA
protocol as described previously [36, 37].

Stool examination for worm infection

During follow up of study participants enrolled in the
Phase I paediatric clinical trial of GMZ2 [36], stool
samples were collected. They were freshly examined to
evaluate the prevalence of soil-transmitted helminths at
enrolment and on Day 84 as reported earlier [34].

Statistical analysis

GraphPad Prism version 5.0 (GraphPad Software, San
Diego California) and SPSS version 16 were used for sta-
tistical analysis. Nonparametric tests were used for statis-
tical testing. The significance level was set to a two-sided
alpha of 0.05 and corrected using the Bonferroni method
where applicable. Paired samples were tested with the
Wilcoxon signed-rank test whereas the Mann—Whit-
ney test was applied in case of unpaired data. Spearman
correlation between Ab responses to whole sexual and
asexual stage (including recombinant GMZ2) antigens
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were calculated and presented with 95% confidence
intervals [47]. A sample was declared sero-negative by
cytometric IFA if the percentage gated cells positive for a
given marker was within three standard deviations above
the mean of the negative controls (serum samples from
malaria naive individuals).

Results

Recognition of gametocyte antigens by Abs is enhanced

by fixation and permeabilization

The level and prevalence of Ab response to P. falciparum
mature gametocytes was evaluated in sera from adults
(n = 36) and children (n = 30) from the two GMZ2 tri-
als (Table 1) using live, fixed or fixed and permeabilized
NF54 P falciparum mature gametocyte infected eryth-
rocytes. As expected, the level of antigen recognition by
Abs was significantly higher after fixation and permea-
bilization of NF54 P falciparum gametocyte-infected
erythrocytes, two-fold and four-fold change, respectively
(Fig. 1). Apparently, immune recognition of the parasite
includes antigens not expressed on the surface of eryth-
rocytes (Fig. 2a, b). However, these intracellular antigens
could also be shared by the asexual and sexual antigens of
the parasite. Therefore, for all subsequent measurements,
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Fig. 1 Antibody response to in vitro differentiated live, fixed or
permeabilized Plasmodium falciparum gametocytes. The figure shows
the flow cytometric data obtained using live, fixed or permeabi-

lized gametocyte-infected erythrocytes. Dots represent percentage
positive cells (erythrocytes positive for AlexaFluor-488), one dot per
tested sample. Gates were set against controls, which are serum from
malaria naive individuals. NF non fixed, NP non permeabilized, f fixed,
P permeabilized. The Y-axis shows percentage of erythrocytes positive
for the used marker (Alexa.Fluor-488)

Table 1 Study name, background characteristics, grouping, hematological profiles and time of data collection of samples

used within the study

Study identifier Sampling period No. of partici-  Median age Mean hemoglobin Vaccine alloca-  Samples
(population) (month/year) pants in years (range) (g/dL) tion time points
GMZ2_3_08 09/2008-10/2009 30 35(1-5) 10.5 GMZ2 100 pg Days 0 and 84
(Children) [36] 10.5 GMZ2 30 pg

103 Rabies
GMZ2_2_07 07/2007-08/2008 32 26.3 (18-45) 13.8 GMZ2 100 ug Days 0 and 84
(Adults) [37] 14.1 Rabies
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non-fixed and non-permeabilized gametocyte-infected
erythrocytes were used.

Anti-gametocyte Ab responses of malaria-exposed

individuals in different P. falciparum parasite strains

The anti-gametocyte Ab-binding patterns of one clini-
cal isolate (JH013) and NF54 were compared to identify
the strain that is best recognized by participants’ Abs
[37]. There was no significant difference between the
two strains in the recognition of gametocytes by serum
antibodies from adults and children of the studies and,
therefore, further experiments were done only with the
P. falciparum laboratory strain NF54. The Ab response
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to mature gametocytes was higher in adults compared
to children (Fig. 3), as well as the seroprevalence of
anti-gametocyte Ab response (77% in adults and 57% in
children).

Asexual and sexual stage anti-malarial immune response

in GMZ2 vaccinated adults and children

The effect of GMZ2 vaccination on the development of
anti-gametocyte immune response in adults and children
was assessed. It was hypothesized that immune responses
generated by the GMZ2 vaccine may divert the immune
response towards the vaccine or lead to a lower gameto-
cyte density, despite its relatively low efficacy (11-14%)

by fluorescence microscopy before (a) and after (b) permeabilization

Fig. 2 Microscopic IFA of antibody response to P, falciparum gametocytes. The figures show an example picture of AlexaFluor-488 stained parasites

;.
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Fig. 3 Baseline levels of antibody response to gametocytes of P
falciparum in semi-immune adults and malaria exposed children.
Antibody response (percentage of positive cells) against in vitro
developed matured gametocytes (P, falciparum NF54 strain) of the
serum samples of the different trials conducted in Gabon (GMZ2
children on Day 0 [36] and GMZ2 adults on Day 0 [37]) at baseline.
Median, 25th and 75th percentiles, and minimum and maximum

% positive fluorescent cells

ranges are indicated

in children between 1 and 5 years [38]. Interestingly,
the anti-gametocyte Ab response in GMZ2 vaccinated
adult individuals was lower on Day 84 after vaccination
compared to baseline (Day 0) (Fig. 4a). In children, the
anti-gametocyte Ab response was not different after vac-
cination in both, the GMZ2 and rabies vaccinated control
group (Fig. 4b).

Since sexual stage immunity may be developed inde-
pendently from asexual-stage immunity [13, 15], possible
associations were tested between sexual stage immune
response (anti-gametocyte Abs) to the asexual stage
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immunity (Abs against asexual blood stages) and Ab
responses to the GMZ2 vaccine antigen in the two vacci-
nated groups. For this analysis, our previously published
data on anti-plasmodial (against whole asexual stage
antigens) [44] and anti-GMZ2 [36, 37] Abs were used
to assess correlations with anti-gametocyte Abs. There
was a positive correlation on Day 0 before vaccination
between the sexual and asexual Ab responses in the semi-
immune population (Table 2). No correlation was found
in data from children. The Ab response to GMZ2 was not
associated with sexual Ab response neither in adults nor
in children (Table 2).

Effect of helminth infection on development

of anti-gametocyte immunity

The anti-plasmodial immune response is modulated
by co-infection of P falciparum with other infectious
agents including helminths [48-50]. Previously an effect
of intestinal helminths on anti-GMZ2 responses in 20
GMZ2 vaccinated children was found [34] and, there-
fore, also in this study the effect of intestinal parasites co-
infection on the modulation of anti-gametocyte immune
responses in children was assessed. Parasitological data
of all 30 children included in the GMZ2 Phase Ib trial
[36] were used to explore the modulation of anti-game-
tocyte immune response by helminths. Overall, five dif-
ferent helminths were recorded. Trichuris trichiura and
Ascaris lumbricoides were present in a relative high pro-
portion on enrolment (14/30; 47% and 8/30; 27%) and on
Day 84 (15/30; 50% and 11/30; 37%), respectively. There
was also a low rate of infections (<7%) by Strongyloides,
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Fig. 4 Effect of GMZ2 vaccination on the development of antibody response to mature P, falciparum gametocytes. a, b Show the antibody
response in semi-immune adults and malaria-exposed children, respectively. In adults, 73.3% (11/15) show a decrease of Ab response after vac-
cination while 20% (3/15) show an increase and one person has shown no change (6.7%). DO Day 0, D84 Day 84, GMZ2 100 pg or GMZ2 30 pg:
participants who received 100 or 30 pug of GMZ2 vaccine, respectively. Rabies: participants who received the control rabies vaccine
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Table 2 Spearman correlation of the antibody response to sexual stage antigens with asexual stage antigens and the
GMZ2 vaccine antigen of P. falciparum in adults/children from Gabon

Study participants and vaccination

Antibody against whole asexual stage anti-
gens by C-IFA (Mean PPFC)

Antibody against GMZ2
by ELISA (Mean Ab titers)

Rho (95% Cl)

Antibody against stage V gametocytes by C-IFA (Mean PPFC)
Adults

D0O?

D84 (GMZ2)

D84 (Rabies)
Children

DO*

D84 (GMZ2, 30 ug dose)

D84 (GMZ2, 100 ug dose)

D84 (Rabies)

Rho (95% Cl)

0.39(0.03, 0.66)*
041(=0.17,0.78)
040 (—-0.21,0.79)

0.17 (—0.18,0.48)
044 (—0.13,0.80)
0.54 (—0.03,0.85)

0.16 (—0.24,0.51) 0.28 (—0.11,0.60)
0.02 (—0.62,0.64) —0.10 (—0.69, 0.57)
0.06 (=0.59, 0.67) 0.22 (—0.48,0.75)
—0.27 (=0.77,0.44) 0.22 (—0.48,0.75)

C-IFA Cytometric immunofluorescence assay, ELISA Enzyme-linked immunosorbent assay, PPFC percent positive fluorescent cells, C/ Confidence interval

Significant p value is indicated as follows: * P < 0.05

@ DO Values represent both GMZ2 and Rabies groups together. DO Day 0, D84 Day 84

Schistosoma, and Ancylostoma. Interestingly, children
infected with Ascaris lumbricoides had significantly
higher anti-gametocyte Ab response compared to unin-
fected children when using live non-permeabilized
gametocytes (Fig. 5a). When the assay was done using
fixed and permeabilized parasites, a significantly lower
Ab response was observed in Trichuris trichiura-infected
children (Fig. 5b).

Discussion

Understanding the development of Ab responses to
sexual stages of P falciparum in malaria-exposed popu-
lations is important for understanding transmission

patterns and the design and development of TBVs. In this
study in a highly malaria endemic area, adults showed
higher Ab responses to sexual stage antigens than chil-
dren. The effect of age on anti-gametocyte Ab production
and transmission reducing activity has been addressed
in several studies and resulted in contradictory results.
Some have shown an increase in antibody response to
fixed whole parasites [51] and to Pfs48/45 and Pfs230
with age [46], others a decline in transmission reducing
activity of sera with age [27]. The difference may be due to
the varying age ranges, different epidemiological settings
and inconsistent assays for anti-gametocyte Ab meas-
urements between the studies. Since effective humoral
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Fig. 5 Antibody response to P falciparum mature gametocytes in children from Gabon infected with intestinal parasites. The x-axis shows helminth
infection status on Day 0 before vaccination in children, N = 30. a, b show antibody recognition of live and permeabilized gametocyte infected
erythrocytes, respectively. Y-axis shows percentage of erythrocytes positive for AlexaFluor-488. PPFC % positive fluorescent cells, IQR Interquartile

range. Median and IQR are indicated
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immunity to intraerythrocytic gametocytes requires pro-
longed exposure to the parasite [52], the epidemiological
setting shall play an important role and the interpretation
of divergent results needs to account for that.

The anti-gametocyte seropositivity rate was 77% in
adults and 57% in children. Similar seropositivity rates
have been recorded earlier, more than 50% in Ghana-
ian children with asymptomatic infection [53] and 34%
in Gambian children with uncomplicated malaria and
gametocytaemia [15]. In another cohort of Gambian
children, who were gametocytaemic, an Ab response
was detected in all participants [51]. This response
might have been so high, as they fixed gametocytes with
acetone that simultaneously permeabilizes the cell [54].
The same study reported a lower (42%) sero-prevalence
when live gametes were used. Unfortunately, gametocyte
carriage rates were not recorded in our studies. Due to
different methodologies, direct comparison to the pre-
viously reported results is not possible. Of note, game-
tocyte prevalence is not always associated to antibody
response to gametocytes [55] and transmission capacity
[56, 57].

The effect of anti-GMZ2 Ab and Ab responses to whole
asexual stage antigens and the effect of GMZ2 vaccina-
tion on the development of sexual-stage immunity was
evaluated. The result showed a significant but weak posi-
tive correlation between Ab response to gametocyte anti-
gens and whole asexual stage antigens, but not to GMZ2
antigen in adults, showing that exposure is correlated to
Ab response to gametocytes in the investigated popula-
tion. The level of sexual Ab response was significantly
reduced after vaccination in GMZ2 vaccinated adults,
but this difference was not seen in the rabies control
group. An effective asexual malaria vaccine should lead
to a reduced asexual parasite load and, therefore, reduced
gametocyte production. The recently reported results of
the GMZ2 vaccine shows 11-14% efficacy in children
[38], therefore, the expected effect on gametocytes would
be rather low. There is no evidence for the expression
of either of the GMZ2 component proteins (MSP3 and
GLURP) on the surface of gametocyte infected erythro-
cytes even though it was previously reported that GLURP
is expressed in different stages of the parasite life cycle
including the pre-erythrocytic stage [58]. The results
show no boosting of the anti-gametocyte Ab response,
supporting the data that none of the components is pre-
sent at the sexual stage.

In children, there was no correlation between the Ab
response to gametocyte antigens and GMZ2 (and other
asexual antigens). The difference of the correlation results
between adults and children might be due to the very
low level of anti-gametocyte immune response in chil-
dren complicating to see differences between groups.
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Additionally, Ab response to matured gametocytes did
not change in children following vaccination with GMZ2
or the rabies control vaccine. Unfortunately our analysis
has been underpowered to detect subtle differences in
the study populations. Our result shall be confirmed with
a bigger sample size.

As expected, antigen recognition by immune sera was
significantly enhanced after fixation and permeabiliza-
tion of gametocyte-infected erythrocytes as reported
earlier [51]. This effect may be partly due to intracellu-
lar targets of transmission-blocking Abs [52] that are not
exposed on the infected erythrocyte surface. However,
the response measured after fixation and permeabiliza-
tion of cells might not be gametocyte specific, but rep-
resent a response to the cocktail of internal asexual and
sexual stage proteins [59]. Therefore, non-fixed and non-
permeabilized gametocyte-infected erythrocytes were
used to analyse the effect of age, vaccination, coinfection,
and parasite strain variation on Ab responses to gameto-
cytes. The natural Ab response to gametocyte antigens
might inhibit gametocyte development and thereby inter-
rupt the transmission of the parasite as shown in vitro by
co-cultivation of early gametocytes with plasma from
malaria patients [5]. In addition, Abs may also act follow-
ing exflagellation in the mosquito midgut [60]. To get a
deeper insight, characterization of naturally acquired
transmission blocking Abs might improve the portfolio
of TBVs.

Recognition of P, falciparum gametocytes of the labora-
tory strain NF54 and a clinical isolate by serum antibod-
ies of semi-immune adults was assessed. Both lab strain
and clinical isolate have been detected by the serum anti-
bodies and no significant difference in the level of Ab
recognition of the two strains could be seen. This was
unexpected as the clinical isolate was collected from the
area where the study participants were recruited. How-
ever, similar to the finding presented here, it has been
shown earlier by Dinko et al. that the plasma antibodies
from Ghanian participants recognizing the laboratory
strain 3D7 and a clinical isolate from Kenia [55].

The immune response to malaria is modulated by
co-infection with other infectious agents [33]. There
were lower Ab responses in Trichuris trichiura infected
children when the assay was done with permeabilized
gametocytes. However this might not represent the
suppression of the immune response to gametocytes
but rather the response to the asexual or both stages
of the parasite. This corroborates earlier findings in the
same population, which showed that Trichuris trichiura
infection is associated with 3.4-fold reduced Ab lev-
els to the blood-stage asexual GMZ2 vaccine antigen
while the response was increased in Ascaris lumbri-
coides-infected participants [34]. However, the effect
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of Trichuris trichiura infection could not be seen in the
assay using non-permeabilized gametocyte-infected
erythrocytes. In line with this, a cross-sectional study
has reported a significant reduction of gametocyte spe-
cific (Pfs48/45) antibody titers in individuals infected
with Schistosoma haematobium, though this effect is
not seen when comparing another gametocyte specific
antigen (Pfs230) [61].

The response to any gamete-specific antigens was not
measured and therefore activation of non-fixed gameto-
cytes cannot be ruled out. Mature gametocytes should
be handled with care and a drop in temperature could
provoke exflagellation. Therefore, the small fraction of
recognized erythrocytes with gametocytes could also be
a small fraction that was accidentally activated. However,
we tried to ensure that non-fixed and non-permeabilized
erythrocytes in the assay were intact and controlled for
exflagellation by microscopy. Therefore, the measured
response most probably represents largely the antibody
response to antigens displayed on the surface of gameto-
cyte-infected erythrocytes. Another explanation for the
low response could be that only a fraction of gametocytes
transport proteins to the outside and express surface pro-
teins on the surface of erythrocytes. A reduced transport
of proteins to the erythrocyte surface is known for asex-
ual parasites of laboratory strains in long-term culture.
To check this, the prevalence of positive cells was tested
also for one clinical isolate (JH013), but did not find a dif-
ference in the percentage of recognized cells when com-
pared to NF54.

Infection with Ascaris lumbricoides resulted in an
increased anti-gametocyte immune response compared
to the uninfected participants. This was surprising but
similar effects on the anti-malarial immune response
have been observed earlier [34]. However, due to the
relatively small sample size and exploratory nature of the
experiment, confirmatory studies will be required. There-
fore, monitoring of anti-gametocyte responses should
be done in further larger studies. In addition, it would
be interesting to validate the immuno-modulatory effect
of co-infections on the development of asexual and sex-
ual stage immune responses and the transmissibility of
malaria in other co-endemic areas.

Conclusions

The level of Ab responses to mature gametocytes can be
measured using flow cytometry. Adults show higher Ab
responses when compared to children. Anti-gametocyte
Ab responses are enhanced following permeabilization
but may include responses to asexual antigens. Helminth
infections and anti-malarial interventions modulate the
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humoral immune response to asexual and sexual blood
stage P. falciparum parasitaemia. This may have a signifi-
cant impact on malaria control strategies with the aim to
reduce transmission of malaria.

Abbreviations

Abs: antibodies; A. lumbricoides: Ascaris lumbricoides; ELISA: enzyme linked
immunosorbent assay; IFA: immunofluorescence assay; TBV: transmission
blocking vaccines; T. trichiura: Trichuris trichiura.

Authors’ contributions

The study was conceived and experiments designed by TG AA BM JH.TG
performed the experiments and TG AA BM JH analysed the data. TG AA MT
ME UAN SI'AAA PGK BM JH contributed reagents/materials/analysis tools and
wrote the paper. All authors read and approved the final manuscript.

Author details

Tnstitute of Tropical Medicine, University of Tibingen, Wilhelmstral3e 27,
72074 Tubingen, Germany. 2 German Centre for Infection Research (DZIF), Part-
ner Site Tuibingen, Germany. 3 Centre de Recherches Médicales de Lambaréné
(CERMEL), Lambaréné, Gabon. * German Centre for Infection Research (DZIF),
Partner Site Lambaréné, Gabon. ° Department of Medical Laboratory Sciences,
College of Medical and Health Sciences, Haramaya University, Harar, Ethiopia.
6 Department for Congenital Disorders, Statens Serum Institut, Copenhagen,
Denmark. ” Center for Medical Parasitology at Department of International
Health, Immunology and Microbiology, University of Copenhagen, Copenha-
gen, Denmark. & Department of Parasitology, Leiden University Medical Center,
Leiden, The Netherlands. ® Fondation pour la Recherche Scientifique (FORS),
Cotonou, Benin.

Acknowledgements
We thank the study participants and their families, the teams at CERMEL and
University of Tibingen, in particular Thomas Engleitner for help with statistical
questions, Aurore Larissa Bouyoukou Hounkpatin and Dejon Agobe Jean
Claude for screening and follow up of study participants.

Serum for parasite culture was kindly provided by Torsten J. Schulze, Blood
Donation Centre, Institute of Transfusion Medicine and Immunology, Man-
nheim, Germany.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

The respective competent ethics committees, the Comité d’Ethique Régional
Indépendant de Lambaréné, CERIL and the Gabonese Ministry of Health
reviewed and approved the studies.

Funding

This work was supported by the EU-funded project, the Immunological
Interplay between Poverty Related Diseases and Helminth infections: An
African—European Research Initiative "IDEA” (HEALTH-F3-2009-241642); and the
European and Developing Countries Clinical Trials Partnership (EDCTP, grant
IP2007.31100.001); as well as the German Federal Ministry of Education and
Research (BMBF, Grant 01KA0804 and 01KA1307). TG received a scholarship
from Deutscher Akademischer Austauschdienst (DAAD).We acknowledge sup-
port by Deutsche Forschungsgemeinschaft and Open Access Publishing Fund
of University of Tibingen.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



Gebru etal. Malar J (2017) 16:176

Received: 10 February 2017 Accepted: 19 April 2017
Published online: 26 April 2017

References

1.

WHO. World Malaria Report 2016. Geneva: World Health Organization;
2016. http://apps.who.int/iris/bitstream/10665/252038/1/9789241511711-
eng.pdf?ua=1. Accessed 15 Feb 2017.

Abay SM. Blocking malaria transmission to Anopheles mosquitoes using
artemisinin derivatives and primaquine: a systematic review and meta-
analysis. Parasit Vectors. 2013;6:278.

Abdul-Ghani R, Beier JC. Strategic use of antimalarial drugs that block
falciparum malaria parasite transmission to mosquitoes to achieve local
malaria elimination. Parasitol Res. 2014;113:3535-46.

Bousema T, Sutherland CJ, Churcher TS, Mulder B, Gouagna LC, Riley EM,
et al. Human immune responses that reduce the transmission of Plasmo-
dium falciparum in African populations. Int J Parasitol. 2011;41:293-300.
Tonwong N, Sattabongkot J, Tsuboi T, Iriko H, Takeo S, Sirichaisinthop J,

et al. Natural infection of Plasmodium falciparum induces inhibitory anti-
bodies against gametocyte development in human hosts. Jon J Infect
Dis. 2012;65:152-6.

Carter R, Stowers A. Current developments in malaria transmission-block-
ing vaccines. Expert Opin Biol Ther. 2001;1:619-28.

WHO. Malaria transmission blocking vaccines: an ideal public good.
Geneva: World Health Organization; 2000. http://www.who.int/tdr/publi-
cations/documents/malaria-transmission-blocking.pdf. Accessed 15 Feb
2017.

Lensen A, Mulder L, Tchuinkam T, Willemsen L, Eling W, Sauerwein R.
Mechanisms that reduce transmission of Plasmodium falciparum malaria
in semiimmune and nonimmune persons. J Infect Dis. 1998;177:1358-63.
Carter R, Mendis K. Transmission immunity in malaria: reflections on

the underlying immune mechanisms during natural infections and
following artificial immunization. Mem Inst Oswaldo Cruz. 1992;87(Suppl
3):169-73.

Wallach M. The importance of transmission-blocking immunity in

the control of infections by apicomplexan parasites. Int J Parasitol.
1997;27:1159-67.

. Healer J, McGuinness D, Hopcroft P, Haley S, Carter R, Riley E. Comple-

ment-mediated lysis of Plasmodium falciparum gametes by malaria-
immune human sera is associated with antibodies to the gamete surface
antigen Pfs230. Infect Immun. 1997,65:3017-23.

Frolich S, Entzeroth R, Wallach M. Comparison of protective immune
responses to apicomplexan parasites. J Parasitol Res. 2012;2012:852591.
Baird JK, Jones TR. Purnomo null, Masbar S, Ratiwayanto S, Leksana B.
Evidence for specific suppression of gametocytemia by Plasmodium
falciparum in residents of hyperendemic Irian Jaya. Am J Trop Med Hyg.
1991,44:183-90.

Sutherland CJ. Surface antigens of Plasmodium falciparum gametocytes—
a new class of transmission-blocking vaccine targets? Mol Biochem
Parasitol. 2009;166:93-8.

Saeed M, Roeffen W, Alexander N, Drakeley CJ, Targett GAT, Sutherland
CJ. Plasmodium falciparum antigens on the surface of the gametocyte-
infected erythrocyte. PLoS ONE. 2008;3:22280.

Roeffen W, Mulder B, Teelen K, Bolmer M, Eling W, Targett GA, et al.
Association between anti-Pfs48/45 reactivity and P, falciparum
transmission-blocking activity in sera from Cameroon. Parasite Immunol.
1996;18:103-9.

. Roeffen W, Geeraedts F, Eling W, Beckers P, Wizel B, Kumar N, et al.

Transmission blockade of Plasmodium falciparum malaria by anti-
Pfs230-specific antibodies is isotype dependent. Infect Immun.
1995,63:467-71.

Graves PM, Carter R, Burkot TR, Quakyi IA, Kumar N. Antibodies to Plas-
modium falciparum gamete surface antigens in Papua New Guinea sera.
Parasite Immunol. 1988;10:209-18.

Bousema JT, Gouagna LC, Drakeley CJ, Meutstege AM, Okech BA, Akim
INJ, et al. Plasmodium falciparum gametocyte carriage in asymptomatic
children in western Kenya. Malar J. 2004;3:18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 10 of 11

Dunyo S, Milligan P, Edwards T, Sutherland C, Targett G, Pinder M.
Gametocytaemia after drug treatment of asymptomatic Plasmodium
falciparum. PLoS Clin Trials. 2006;1:20.

Piper KP, Hayward RE, Cox MJ, Day KP. Malaria transmission and naturally
acquired immunity to PfEMP-1. Infect Immun. 1999;67:6369-74.

White NJ. The role of anti-malarial drugs in eliminating malaria. Malar J.
2008;7(Suppl 1):S8.

Young JA, Fivelman QL, Blair PL, de la Vega P, Le Roch KG, Zhou Y, et al.
The Plasmodium falciparum sexual development transcriptome: a micro-
array analysis using ontology-based pattern identification. Mol Biochem
Parasitol. 2005;143:67-79.

Silvestrini F, Lasonder E, Olivieri A, Camarda G, van Schaijk B, Sanchez

M, et al. Protein export marks the early phase of gametocytogenesis of
the human malaria parasite Plasmodium falciparum. Mol Cell Proteom.
2010;9:1437-48.

Stone WJR, Dantzler KW, Nilsson SK, Drakeley CJ, Marti M, Bousema T,

et al. Naturally acquired immunity to sexual stage P, falciparum parasites.
Parasitology. 2016;143:187-98.

Williamson KC, Keister DB, Muratova O, Kaslow DC. Recombinant Pfs230, a
Plasmodium falciparum gametocyte protein, induces antisera that reduce
the infectivity of Plasmodium falciparum to mosquitoes. Mol Biochem
Parasitol. 1995;75:33-42.

Drakeley CJ, Bousema JT, Akim NIJ, Teelen K, Roeffen W, Lensen AH,

et al. Transmission-reducing immunity is inversely related to age

in Plasmodium falciparum gametocyte carriers. Parasite Immunol.
2006;28:185-90.

Kapulu MC, Da DF, Miura K, Li Y, Blagborough AM, Churcher TS, et al. Com-
parative assessment of transmission-blocking vaccine candidates against
Plasmodium falciparum. Sci Rep. 2015;5:11193.

van der Kolk M, de Vlas SJ, Sauerwein RW. Reduction and enhancement
of Plasmodium falciparum transmission by endemic human sera. Int J
Parasitol. 2006;36:1091-5.

Mulder B, Lensen T, Tchuinkam T, Roeffen W, Verhave JP, Boudin C, et al.
Plasmodium falciparum: membrane feeding assays and competition
ELISAs for the measurement of transmission reduction in sera from Cam-
eroon. Exp Parasitol. 1999;92:81-6.

. Bousema T, Roeffen W, Meijerink H, Mwerinde H, Mwakalinga S, van

Gemert G-J, et al. The dynamics of naturally acquired immune responses
to Plasmodium falciparum sexual stage antigens Pfs230 & Pfs48/45 in a
low endemic area in Tanzania. PLoS ONE. 2010;5:14114.

Outchkourov NS, Roeffen W, Kaan A, Jansen J, Luty A, Schuiffel D, et al.
Correctly folded Pfs48/45 protein of Plasmodium falciparum elicits
malaria transmission-blocking immunity in mice. Proc Natl Acad Sci USA.
2008;105:4301-5.

Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, parasites, and the
hygiene hypothesis. Science. 2002;296:490-4.

Esen M, Mordmdiller B, de Salazar PM, Adegnika AA, Agnandji ST, Schaum-
burg F, et al. Reduced antibody responses against Plasmodium falciparum
vaccine candidate antigens in the presence of Trichuris trichiura. Vaccine.
2012;30:7621-4.

Theisen M, Soe S, Brunstedt K, Follmann F, Bredmose L, Israelsen H, et al.
A Plasmodium falciparum GLURP-MSP3 chimeric protein; expression in
Lactococcus lactis,immunogenicity and induction of biologically active
antibodies. Vaccine. 2004;22:1188-98.

Bélard S, Issifou S, Hounkpatin AB, Schaumburg F, Ngoa UA, Esen M, et al.
A randomized controlled phase Ib trial of the malaria vaccine candidate
GMZ2 in African children. PLoS ONE. 2011,6:€22525.

Mordmdiller B, Szywon K, Greutelaers B, Esen M, Mewono L, Treut C, et al.
Safety and immunogenicity of the malaria vaccine candidate GMZ2 in
malaria-exposed, adult individuals from Lambaréné, Gabon. Vaccine.
2010;28:6698-703.

Sirima SB, Mordmiller B, Milligan P, Ngoa UA, Kironde F, Atuguba F, et al. A
phase 2b randomized, controlled trial of the efficacy of the GMZ2 malaria
vaccine in African children. Vaccine. 2016;34:4536-42.

Ifediba T, Vanderberg JP. Complete in vitro maturation of Plasmodium
falciparum gametocytes. Nature. 1981;294:364-6.

Held J, Westerman R, Kremsner PG, Mordmdiller B. In vitro activity of
mirincamycin (U24729A) against Plasmodium falciparum isolates from
Gabon. Antimicrob Agents Chemother. 2010;54:540-2.


http://apps.who.int/iris/bitstream/10665/252038/1/9789241511711-eng.pdf%3fua%3d1
http://apps.who.int/iris/bitstream/10665/252038/1/9789241511711-eng.pdf%3fua%3d1
http://www.who.int/tdr/publications/documents/malaria-transmission-blocking.pdf
http://www.who.int/tdr/publications/documents/malaria-transmission-blocking.pdf

Gebru etal. Malar J (2017) 16:176

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Lelievre J, Almela MJ, Lozano S, Miguel C, Franco V, Leroy D, et al. Activity
of clinically relevant antimalarial drugs on Plasmodium falciparum mature
gametocytes in an ATP bioluminescence “transmission blocking”assay.
PLoS ONE. 2012;7:€35019.

Gebru T, Mordmdiller B, Held J. Effect of fluorescent dyes on in vitro-dif-
ferentiated, late-stage Plasmodium falciparum gametocytes. Antimicrob
Agents Chemother. 2014;58:7398-404.

Tonkin CJ, van Dooren GG, Spurck TP, Struck NS, Good RT, Handman E,

et al. Localization of organellar proteins in Plasmodium falciparum using a
novel set of transfection vectors and a new immunofluorescence fixation
method. Mol Biochem Parasitol. 2004;137:13-21.

Ajua A, Engleitner T, Esen M, Theisen M, Issifou S, Mordmiller B. A flow
cytometry-based workflow for detection and quantification of anti-
plasmodial antibodies in vaccinated and naturally exposed individuals.
Malar J. 2012;11:367.

Baird JK. Host Age as a determinant of naturally acquired immunity to
Plasmodium falciparum. Parasitol Today. 1995;11:105-11.

Jones S, Grignard L, Nebie I, Chilongola J, Dodoo D, Sauerwein R,

et al. Naturally acquired antibody responses to recombinant Pfs230

and Pfs48/45 transmission blocking vaccine candidates. J Infect.
2015;71:117-27.

Bonett DG, Wright TA. Sample size requirements for estimating pearson,
kendall and spearman correlations. Psychometrika. 2000,65:23-8.
Hartgers FC, Obeng BB, Kruize YCM, Dijkhuis A, McCall M, Sauerwein RW,
et al. Responses to malarial antigens are altered in helminth-infected
children. J Infect Dis. 2009;199:1528-35.

Metenou S, Dembele B, Konate S, Dolo H, Coulibaly Y1, Diallo AA,

et al. Filarial infection suppresses malaria-specific multifunctional Th1
and Th17 responses in malaria and filarial coinfections. J Immunol.
1950;2011(186):4725-33.

Wammes LJ, Hamid F, Wiria AE, de Gier B, Sartono E, Maizels RM,

et al. Regulatory T cells in human geohelminth infection suppress
immune responses to BCG and Plasmodium falciparum. Eur J Immunol.
2010;40:437-42.

Drakeley CJ, Eling W, Teelen K, Bousema JT, Sauerwein R, Greenwood BM,
et al. Parasite infectivity and immunity to Plasmodium falciparum gameto-
cytes in Gambian children. Parasite Immunol. 2004;26:159-65.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 11 of 11

Premawansa S, Gamage-Mendis A, Perera L, Begarnie S, Mendis K, Carter
R. Plasmodium falciparum malaria transmission-blocking immunity
under conditions of low endemicity as in Sri Lanka. Parasite Immunol.
1994;16:35-42.

Dinko B, Bousema T, Sutherland CJ. Recognition of Plasmodium falcipa-
rum gametocyte surface antigens by plasma antibodies in asymptomatic
Ghanaian school children. Malar J. 2012;11:P24.

Jamur MC, Oliver C. Permeabilization of cell membranes. Methods Mol
Biol. 2010;588:63-6.

Dinko B, King E, Targett GT, Sutherland CJ. Antibody responses to surface
antigens of Plasmodium falciparum gametocyte-infected erythrocytes
and their relation to gametocytaemia. Parasite Immunol. 2016;38:352-64.
Karl S, Gurarie D, Zimmerman PA, King CH, Pierre TG, Davis TME. A sub-
microscopic gametocyte reservoir can sustain malaria transmission. PLoS
ONE. 2011;6:220805.

Schneider P, Bousema JT, Gouagna LC, Otieno S, van de Vegte-Bolmer

M, Omar SA, et al. Submicroscopic Plasmodium falciparum gametocyte
densities frequently result in mosquito infection. Am J Trop Med Hyg.
2007;76:470-4.

Borre MB, Dziegiel M, Hagh B, Petersen E, Rieneck K, Riley E, et al. Primary
structure and localization of a conserved immunogenic Plasmodium falci-
parum glutamate rich protein (GLURP) expressed in both the preeryth-
rocytic and erythrocytic stages of the vertebrate life cycle. Mol Biochem
Parasitol. 1991:49:119-31.

Lasonder E, Ishihama 'Y, Andersen JS, Vermunt AMW, Pain A, Sauerwein
RW, et al. Analysis of the Plasmodium falciparum proteome by high-
accuracy mass spectrometry. Nature. 2002;419:537-42.

Vermeulen AN, Ponnudurai T, Beckers PJ, Verhave JP, Smits MA, Meuwis-
sen JH. Sequential expression of antigens on sexual stages of Plasmo-
dium falciparum accessible to transmission-blocking antibodies in the
mosquito. J Exp Med. 1985;162:1460-76.

Ateba-Ngoa U, Jones S, Zinsou JF, Honkpehedji J, Adegnika AA, Agobe
J-CD, et al. Associations between helminth infections, Plasmodium falci-
parum parasite carriage and antibody responses to sexual and asexual
stage malarial antigens. Am J Trop Med Hyg. 2016,95:394-400.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Recognition of Plasmodium falciparum mature gametocyte-infected erythrocytes by antibodies of semi-immune adults and malaria-exposed children from Gabon
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study samples and sources
	Gametocyte culture and purification
	Fluorescence microscopy and flow cytometry-based IFA
	ELISA for measurement of Abs to GMZ2 antigens
	Stool examination for worm infection
	Statistical analysis

	Results
	Recognition of gametocyte antigens by Abs is enhanced by fixation and permeabilization
	Anti-gametocyte Ab responses of malaria-exposed individuals in different P. falciparum parasite strains
	Asexual and sexual stage anti-malarial immune response in GMZ2 vaccinated adults and children
	Effect of helminth infection on development of anti-gametocyte immunity

	Discussion
	Conclusions
	Authors’ contributions
	References




