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Abstract
Background: Assessment exposure and immunity to malaria is an important step in the fight against the disease.
Increased malaria infection in non-immune travellers under anti-malarial chemoprophylaxis, as well as the
implementation of malaria elimination programmes in endemic countries, raises new issues that pertain to these
processes. Notably, monitoring malaria immunity has become more difficult in individuals showing low antibody
(Ab) responses or taking medications against the Plasmodium falciparum blood stages. Commonly available
techniques in malaria seroepidemiology have limited sensitivity, both against pre-erythrocytic, as against blood
stages of the parasite. Thus, the aim of this study was to develop a sensitive tool to assess the exposure to malaria
or to bites from the vector Anopheles gambiae, despite anti-malarial prophylactic treatment.
Methods: Ab responses to 13 pre-erythrocytic P. falciparum-specific peptides derived from the proteins Lsa1, Lsa3,
Glurp, Salsa, Trap, Starp, CSP and Pf11.1, and to 2 peptides specific for the Anopheles gambiae saliva protein gSG6
were tested. In this study, 253 individuals from three Senegalese areas with different transmission intensities and
124 European travellers exposed to malaria during a short period of time were included.
Results: The multiplex assay was optimized for most but not all of the antigens. It was rapid, reproducible and
required a small volume of serum. Proportions of Ab-positive individuals, Ab levels and the mean number of
antigens (Ags) recognized by each individual increased significantly with increases in the level of malaria exposure.
Conclusion: The multiplex assay developed here provides a useful tool to evaluate immune responses to multiple
Ags in large populations, even when only small amounts of serum are available, or Ab titres are low, as in case of
travellers. Finally, the relationship of Ab responses with malaria endemicity levels provides a way to monitor
exposure in differentially exposed autochthonous individuals from various endemicity areas, as well as in travellers
who are not immune, thus indirectly assessing the parasite transmission and malaria risk in the new eradication
era.

Background
Malaria is a major threat in tropical and sub-tropical
regions, with nearly 50% of the world population
exposed to different degrees, and an estimated 250 million people suffer annually from the disease [1]. Despite
the adoption of effective interventions like artemisinin* Correspondence: christophe.rogier@wanadoo.fr
† Contributed equally
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IRBA & UMR6236, Marseille, France
Full list of author information is available at the end of the article

based combination therapies, malaria is still a worldwide
threat mainly due to the increasing prevalence of drugresistant strains, the increasing risk of transmission in
countries where malaria control has been reduced, and
increased travel and migration [2]. Thus, malaria
remains a major public health problem in the 109 endemic countries [3], as well as in other regions like Europe, where malaria due to travel is responsible for ca.
10,000 reported cases each year [4].
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Diagnosis of malaria exposure and prevalence, along
with the efficacy of anti-vectorial strategies and antimalarial control measures taken by travellers, are key
factors in disease control and management, though they
are often neglected issues in infectious diseases related
to poverty, as is malaria [5]. Some indicators that help
in monitoring these factors are the incidence of clinical
malaria cases and the estimation of the exposure to vector bites. However, such methods for monitoring
malaria impact can be time-consuming, subjective and
impractical. On the other hand, serological tools can be
employed for this purpose with higher consistency and
efficacy and less cost and time [6]. Indeed, seroconversion rates for malarial blood stages and pre-erythrocytic
Ags correlate closely with levels of exposure to P. falciparum [7]. Thus, the Ab immune response against Plasmodium Ags can be used as one means to evaluate the
exposure to malaria in travellers, even when they take
anti-malarial chemoprophylaxis [8]. Furthermore, evaluation of the human response to arthropod salivary
antigens could be an epidemiological indicator of exposure to vector bites, as described for the P. falciparum
vector A. gambiae [9].
Standard seroepidemiological approaches include
indirect immunofluorescence (IF) and ELISA tests,
which are labourious and have disadvantages, such as
the need for large amounts of serum and the limited
number of Ags that can be included in the test at one
time [10]. Currently, multiplex bead assays, such as
Luminex technology [11], are preferred for highthroughput screening [12] because they are cost- and
time-effective and minimize the sample volume requirements [13]. Moreover, they have been described to have
similar or improved sensitivity relative to ELISA assays
[13,14], and have proved useful as a tool for the detection of serum Abs directed against infectious pathogens
[10,15,16].
The objectives of the present study were to set up a
multi-Ag assay based on multiplex technology in order
to analyse Ab responses against 13 P. falciparum preerythrocytic peptides and two A. gambiae salivary peptides and to examine if individuals exposed to different
levels of malaria endemicity could be differentiated.
Most of the P. falciparum Ags included in the present
study have already been considered as malaria vaccine
candidates [17]. The pre-erythrocytic Ag circumsporozoite protein (CSP) is only actively expressed during the
sporozoite stage and is generally used as a reference for
the serological estimation of P. falciparum exposure
[18-20]. Thrombospondin-related anonymous protein
(Trap) [21] Ag is expressed on the surface of the sporozoite and is also reportedly associated with repeated
malaria exposure [22]. Liver stage antigen-1 (LSA-1)
[23] is expressed during the hepatic stage of P.
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falciparum infection. Ab responses against LSA-1
derived peptides have been previously shown to correlate with the cumulative exposure to malaria transmission [24]. Liver stage antigen 3 (LSA-3) [25], sporozoite
threonine- and asparagine-rich protein (Starp) [23] and
sporozoite- and liver-stage antigen (Salsa) are expressed
at both the sporozoite and hepatic stages [26] and have
been reported as antigenic [26,27]. SR11.1 Ag corresponds to a unique subregion of the megaprotein Pf
11.1 (Brahimi K., et al. unpublished data; Perlaza B.L., et
al. unpublished data), and it is expressed at sporozoite
and liver stages. Glutamate-rich protein (Glurp) Ag is
expressed at each stage of parasite life in the human
host and has been shown to be antigenic [28,29].
Studies among people living in areas endemic to
malaria [30] and among travellers transiently exposed
have shown that mosquito saliva is immunogenic for A.
gambiae-specific Ags [9]. In particular, the Ab response
against gSG6 (A. gambiae’s salivary gland 6) has been
described as useful for the evaluation of the intensity of
human-Anopheles contact [31].

Methods
Sera samples

The study was conducted on three different populations:
non-exposed, transiently exposed and regularly exposed
to A. gambiae bites and P. falciparum. Twenty-one
serum samples from French adults, who have never
been in countries endemic to malaria and A. gambiae,
were used as unexposed negative controls. The transiently exposed group consisted of sera from 124 French
soldiers who lived in Ivory Coast between March and
June 2004 [32]. The exposed group consisted of 253
people living in the Senegalese villages of Dielmo (13°
45’N, 16°25’W; 82 individuals, 45 of whom were adults
sampled in March 1995), Ndiop (13°14’N, 16°23’W; 86
individuals, 40 of whom were adults sampled between
March and June 1995) and Diama (16°13’ N, 16°23’W;
85 individuals, 38 of whom were adults). These populations were exposed to high (Dielmo, about 200 infective
bites/person/year) [33], moderate (Ndiop, about 20
infective bites/person/year) [34] and low (Diama, about
2 infective bites/person/year) [35-37] malaria levels, with
A. gambiae as one of the main vectors.
For the calculation of the seropositivity threshold, the
means and standard deviations (SDs) of Ab intensity of
the negative control group for all Ags were estimated.
The lower limit of positivity for each Ab was taken as
mean + 3.09 SD of the negative control group values.
Under the hypothesis of a Normal distribution, values
above this limit are expected in less than 1/1000 negative individuals.
The protocol was approved by the ethical committee
of Marseille (France) and by the Senegal National Ethics
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As peptides with molecular weights smaller than 3000 g/
mol proved to couple poorly to beads (unpublished
data), P. falciparum peptide Ags (Table 1) were synthesized with an added N-terminal cysteine residue and
covalently coupled with the BSA (bovine serum albumin, Sigma-Aldrich, St. Louis, USA) by Genepep (Ales,
France), and were stored in aliquots at -20°C. Purity of
these Ags was estimated at or above 83% by HPLC and
mass spectrometry.
The gSG6 peptide was designed using bioinformatics
to maximize its Anopheles specificity and antigenicity, it
was then synthesized and purified (>80%) by Genosys
(Sigma-Genosys, Cambridge, UK) and then BSA-conjugated (N-terminal) [31].

mg/mL, Pierce Biotechnology), vortexed and incubated
at room temperature for 20 min in the dark (IKA, Staufen, Germany). Activated beads were washed twice with
400 μl of coupling buffer (50 mM of 2-[N-morpholino]
ethanesulfonic acid (MES) monohydrate pH 5, SigmaAldrich) and resuspended in 400 μl of coupling buffer
prior to peptide addition. For optimization purposes,
three different concentrations of peptides (0.075, 0.3 and
1.2 nmol) were added to the beads. Beads and peptides
were vortexed, sonicated and then incubated for 2.5 h in
the dark, with shaking at room temperature. Coupled
beads were blocked for 30 min with shaking in the dark
using 500 μl of PBS-TBN (5% BSA, 0.15% Tween-20
and 0.05% sodium azide, pH 7.4, Sigma-Aldrich) buffer.
Coupled beads were washed with 1 ml of PBS-TBN buffer, resuspended in 200 μl of the same buffer and stored
at 4°C in the dark. Four aliquots of 5 × 106 beads were
prepared for each peptide and mixed for homogenous
coupling.

Covalent coupling of Ags to beads

Bead-based assay

Carboxylated Luminex beads with different fluorescences (Biorad Inc, CA, USA) were covalently coupled
with BSA only or 15 peptide-BSA complexes using a
modification of the protocol from Luminex Corporation
(Austin, TX, USA) as follows. Beads (5 × 106 per assay
condition) were transferred into 1.5 ml tubes, vortexed,
sonicated (Bandelin, Berlin, Germany) and then precipitated by centrifugation at 8,000 g for 2 min. Beads were
washed with 400 μl of distilled water and pellets were
resuspended in 80 μl of activation buffer (0.1 M
NaH2PO4, pH 6.2). Beads were then activated using 10
μl of 1-ethyl-3-[3dimethylaminopropyl] carbodiimide
hydrochloride (EDC, Pierce Biotechnology, Rockford,
USA) and N-hydroxysulfosuccinimide (Sulfo-NHS, 50

Ag-coated beads were thoroughly resuspended by vortexing and sonication, and were diluted in equal
volumes of PBS and MFIA (Multiplexed Fluorescence
ImmunoAssay) diluents (Charles River Laboratories Inc,
MA, USA) at a final concentration of 80 beads/μl per
peptide. The 1.2-μm filter-bottom 96-well microtitre
plates (MSBVS 1210, Millipore, MA, USA) were prewetted with washing buffer (0.15% Tween 20, and 5%
BSA in PBS pH 7.4) using a vacuum manifold (Millipore). Equal volumes of beads and sera (diluted from
1:50 to 1:3200 in equal volumes of PBS and MFIA diluents) were added to the wells. Plates were incubated at
room temperature in the dark for 1 h with shaking at
500 rpm. After incubation, plates were washed eight

Committee (Dakar, Senegal). The informed consent of
each participant was obtained at the beginning of the
study, after a thorough explanation of its purpose.
Peptides

Table 1 Sequences of peptides used in the study
Peptide

Sequence (N-terminal to C-terminal)

g/mol

Spectral address

Reference

Lsa1-41

LAKEKLQEQQSDLEQERLAKEKLQEQQSDLEQERLAKEKEKLQC

5338,84

10

[23]

Lsa1J

ERRAKEKLQEQQSDLEQRKADTKKC

3087,36

15

[23]

Lsa3NR2

VLEESQVNDDIFNSLVKSVQQEQQHNVC

3271,46

20

[25]

Lsa3RE

VESVAPSVEESVAPSVEESVAENVEESVC

3032,12

25

[25]

Glurp

EDKNEKGQHEIVEVEEILC

2282,39

30

[28]

GlurpP3

EPLEPFPTQIHKDYKC

1986,19

40

[29]

Salsa1

SAEKKDEKEASEQGEESHKKENSQESAC

3164,15

45

[26]

Salsa2
Trap1

NGKDDVKEEKKTNEKKDDGKTDKVQEKVLEKSPKC
DRYIPYSPDRYIPYSPDRYIPYSPC

4060,39
3138,44

50
55

[26]
[21,22]

Trap2

CHPSDGKCNCHPSDGKCNC

2046,2

60

[21,22]

StarpR

STDNNNTKTISTDNNNTKTIC

2340,34

65

[27]

CSP

NANPNANPNANPNANPNVDPNVDPC

2598,62

70

[19]

SR11.1

EEVVEELIEEVIPEELVLC

2254,46

75

[8]

Saliv1

EKVWVDRDNVYCGHLDCTRVATFC

2871,16

80

[46]

Saliv2

ATFKGERFCTLCDTRHFCECKETREPLC

3365,79

85

[46]
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times with 200 μl of washing buffer, then 100 μl of the
secondary Ab (R-phycoerythrin F(ab’)2 fragment of goat
anti-human IgG, Interchim, Montluçon, France) diluted
1:500 (1 μg/ml), was added to each well. After 30 min
of incubation in the dark at room temperature with
shaking, plates were washed as described previously.
Beads were resuspended in 100 μl of a solution of 5%
BSA-PBS, pH 7.4 and finally analysed on Luminex system. The system was set to read a minimum of 100
beads per spectral address, and results were expressed
as the median fluorescent intensity (MFI).
ELISA assay

A random sub-sample of 30 sera representative of those
used for the bead-based assays (i.e. from the four groups
: 8 travellers, 8 adults from Diama, 5 adults from Ndiop
and 9 adults from Dielmo) were also tested against the
same antigens by conventional ELISA using a method
previously described [8] that has been slightly modified,
i.e. using peptide-BSA complexes that were linked to the
beads and BSA-coated wells as control wells, i.e. without
peptide.
Statistical analysis

Statistical analyses were performed with the R software
package version 2.8 [38]. Proportions of Ab-positive
individuals, Ab levels and number of Ags recognized by
each person were analysed using the chi-squared test,
Fisher’s exact test, Kruskal-Wallis test and Spearman’s
rank correlation test, where appropriate. Differences
were considered statistically significant when p-values
were less than 0.05.

Results
Optimal serum dilution and Ag concentration

To determine the optimal Ag amount for bead coating,
three concentrations (0.075, 0.3 and 1.2 nmol) of synthetic peptides were coupled to 5 × 10 6 beads. BSAcoated beads were included as background control.
Coated beads were then incubated with the serum from
an exposed adult from Dielmo village (Figure 1). To
determine the optimal serum dilution for the analysis,
seven dilutions (from 1:50 to 1:3200) of the serum from
the exposed individual from Dielmo village were tested
in parallel (Figure 1) together with the serum from an
unexposed adult (white bars Figure 2a for 1:100
dilution).
As shown by the distribution of Ab MFI in figure 1,
all peptide concentrations were detected by the tested
serum. For the majority of peptides, the signal saturated
when 0.3 nmol of Ag was used. The lowest (0.075 nmol)
and the highest (1.2 nmol) Ag concentrations did not
yielded optimal results, the latter probably due to Ab
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competition. Background values (MFI values using BSAcoated beads) were low, compared to MFI values
obtained with other peptides, reaching a maximum of
600.
With regard to serum dilutions, the highest MFI
values were observed with the lowest 1:50 dilution (Figure 1). Nevertheless a working dilution of 1:100 was
preferred as being less sera consuming, and because as
shown in Figure 2a, 1:100 sera dilutions led to a clear
separation of MFI between the exposed (black bars, for
multiplex assay) and non exposed (white bars) individuals. MFI values obtained with the serum from the
exposed individual from Dielmo village ranged from
2130 (Trap1) to 28236 (Glurp), whereas with the serum
from the unexposed individual reached a maximum of
719 (Trap2). As expected, the background (MFI values
with BSA-coated beads) was equivalent for both sera.
Comparison between monoplex and multiplex assays

The Ab responses detected by multiplex assay (all Ags
tested in the same assay) were compared to those
detected by monoplex assay (each Ag tested in a separate assay). As shown in Figure 2a, the results obtained
from the exposed individual’s sera (1:100 dilution) from
Dielmo village incubated with single Ag-coated beads
(gray bars) or with equal amounts of the 15 tested Agcoated beads (black bars) were essentially identical. MFI
values, obtained by monoplex and multiplex assays
shown in figure 2a, were compared using a linear
regression curve, and a correlation coefficient of R2 =
0.9896 was determined. The high level of correlation
between the two assays indicated that individual peptides coupled to beads did not compete for the Abs in
the serum. Similar results were obtained regardless of
serum dilution, with correlation coefficients for all peptides as follows: dilution 1:50, R 2 = 0.995; 1:200, R 2 =
0.997; 1:400, R2 = 0.999; 1:800, R2 = 0.998; 1:1600, R2 =
0.998; and 1:3200, R2 = 0.999.
Coating stability over time

The stability of Ag-coupled beads after 1, 2 and 3
months storage at 4°C was examined by testing against
sera from the exposed and unexposed adults; results are
shown in Figures 1 and 2a. As reported in Figure 2b,
the results were consistent for all Ags, indicating that
the storage time had no effect on coupling stability,
except for the StarpR peptide. The correlation between
the results obtained with beads stored for 1 and 3
months was high, and the correlation coefficient for all
peptides except StarpR was R 2 = 0.994. Therefore,
StarpR-coupled beads had to be used within 1 month
after preparation, whereas all other Ags-coupled beads
can be stored for longer periods before use.
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Figure 1 Determining the optimal Ag concentration to be used for bead coating and the optimal serum dilution. The figure shows MFI
values obtained from the serum of an exposed adult from Dielmo village at seven different dilutions (from 1:50 to 1:3200) with beads coated
with three concentrations (0.075, 0.3 and 1.2 nmol) of synthetic peptides. All peptides were detected by the tested serum and their signals were
much higher than the background signal against BSA-coated beads (upper left graph).
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Figure 2 Comparison between exposed and unexposed adults: monoplex and multiplex assays showing coated bead-stability over
time. In the upper panel (a), the same serum from the exposed individual from Dielmo village (black bars) tested in figure 1 and serum from an
unexposed adult (white bars) were compared at a dilution of 1:100 by the multiplex assay. The assay allows a clear separation of peptide-specific
MFI between the two samples, whereas the backgrounds (MFI values with BSA-coated beads) were equivalent. The serum from the exposed
individual from Dielmo village was also tested for the same Ab responses by the monoplex assay with single peptide-coated beads (gray bars).
Results with monoplex and multiplex assays were almost identical (correlation coefficient R2 = 0.9896). The lower panel (b) shows results
obtained using peptide-coupled beads after 1 (white bars), 2 (light gray bars) and 3 (dark gray bars) months of storage at 4°C against the 1:100
diluted serum from the exposed adult from Dielmo village and the 1:100 diluted serum from the unexposed adult (black bars, superimposed to
the corresponding time delay). MFIs were consistent for all Ags, except StarpR (the correlation coefficient comparing values using coated beads
after 1 and 3 months for each peptide, except StarpR, was R2 = 0.9874).

Proportion of seropositive individuals according to
malaria exposition level

In total, 377 individuals exposed to malaria from areas
with different endemicities were tested for all of the studied Ags. Among adults, for the Ags Lsa1-41, Lsa1J,
Lsa3NR2, Glurp, Salsa2, StarpR, CSP and SR11.1, the
proportion of seropositive adults increased significantly
with the malaria endemicity (Figure 3, bars from left to
right p ≤ 0.01). For GlurpP3 and Salsa1 Ags the increase

was observed with the exception of the higher exposed
group from Dielmo (Figure 3, comparison among the
three far left bars p ≤ 0.01). For the A. gambiae Saliv1
Ag (Figure 3, bottom left), the proportion of seropositives in transiently exposed adults was undetectable,
while Abs were detected in exposed adults living in villages endemic for malaria (no significant difference
among individuals from Ndiop, Diama and Dielmo). For
the four remaining Ags (Lsa3RE, Trap1, Trap2, Saliv2),
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Figure 3 The proportion of seropositive individuals increases with malaria exposure level. Among the adults (124 travelers, 45 from
Dielmo, 40 from Ndiop and 38 from Diama), the proportion of seropositives for Lsa1-41 (p < 0.001), Lsa1J (p < 0.001), Lsa3NR2 (p < 0.001), Glurp
(p < 0.001), GlurpP3 (p < 0.001), Salsa1 (p < 0.001), Salsa2 (p < 0.001), StarpR (p < 0.001), CSP (p < 0.001), SR11.1 (p < 0.001) and Saliv1 (p =
0.001) peptides differed significantly between groups (Fischer’s exact test). In travellers, no Abs against Saliv1 Ag were detected; Abs were
detected in exposed adults (three far left bars). 95% confidence intervals are shown in table 2.

Ambrosino et al. Malaria Journal 2010, 9:317
http://www.malariajournal.com/content/9/1/317

Page 8 of 12

Table 2 Number and proportion of seropositives adults (%)
Travelers (N = 124)
pos

%

95%CI

LSA1-41

7

5,6%

2,3%

LSA1-J

4

3,2%

LSA3-NR2

1

LSA3-RE

0

GLURP

5

Diama (N = 38)
pos

%

95%CI

11,3%

19

50%

33%

0,9%

8,1%

4

11%

0,8%

0,0%

4,4%

3

0,0%

0,0%

2,9%

0

4,0%

1,3%

9,2%

25

Ndiop (N = 40)
pos

%

95%CI

67%

33

83%

67%

3%

25%

15

38%

8%

2%

21%

7

0%

0%

9%

0

66%

49%

80%

39

Dielmo (N = 45)
pos

%

93%

39

87%

95%CI
73%

95%

23%

54%

26

58%

42%

72%

18%

7%

33%

15

33%

20%

49%

0%

0%

9%

3

7%

1%

18%

98%

87%

100%

45

100%

92%

100%

GLURP P3

1

0,8%

0,0%

4,4%

7

18%

8%

34%

21

53%

36%

68%

15

33%

20%

49%

SALSA1
SALSA2

0
2

0,0%
1,6%

0,0%
0,2%

2,9%
5,7%

7
16

18%
42%

8%
26%

34%
59%

23
23

58%
58%

41%
41%

73%
73%

24
43

53%
96%

38%
85%

68%
99%

TRAP1

0

0,0%

0,0%

2,9%

0

0%

0%

9%

3

8%

2%

20%

2

4%

1%

15%

TRAP2

0

0,0%

0,0%

2,9%

0

0%

0%

9%

0

0%

0%

9%

1

2%

0%

12%

STARP-R

1

0,8%

0,0%

4,4%

3

8%

2%

21%

15

38%

23%

54%

36

80%

65%

90%

CSP

7

5,6%

2,3%

11,3%

10

26%

13%

43%

32

80%

64%

91%

43

96%

85%

99%

SR11.1

1

0,8%

0,0%

4,4%

9

24%

11%

40%

12

30%

17%

47%

29

64%

49%

78%

SALIV1

0

0,0%

0,0%

2,9%

3

8%

2%

21%

2

5%

1%

17%

5

11%

4%

24%

SALIV2

1

0,8%

0,0%

4,4%

0

0%

0%

9%

0

0%

0%

9%

0

0%

0%

8%

pos. : seropositve. 95%CI : 95% confidence interval.

the proportion of seropositives in the groups was too
low to yield any significant difference. All proportions of
seropositive adults for the 15 tested Ags are listed in
Table 2, with the respective CI 95% value.
The proportion of seropositive children (<10 years
old) and young people (from 10 to 20 years old) within
the three groups living in endemic areas was also compared. The comparison showed that the proportion
increased significantly with age and according to the
level of malaria exposure for the following Ags: Lsa1-41,
Lsa1J, Lsa3NR2, Glurp, GlurpP3, Salsa1, Salsa2, StarpR,
CSP, SR11.1 and Saliv1 (p ≤ 0.001).
The Intensity of specific Ab response also increases as a
function of malaria exposure

The mean of MFI values of seropositive adults are presented in Figure 4. The results shown have been corrected for the MFI for each Ag (MFI Ag/MFIBSA ). The
median specific Ab intensity increased significantly with
the malaria exposure level for Lsa1-41 (p < 0.02), Glurp
(p < 0.002), and CSP (p = 0.002) Ags. Moreover, a similar trend was observed for some of the remaining Ags,
as shown in Figure 4. Comparisons for Lsa3RE, Trap1,
Trap2, and Saliv2 were not significant.
Number of Ags that showed seropositivity

The number of Ags in the different groups that produced seropositive results was investigated. Figure 5
shows the distribution of the mean number of P. falciparum Ags for which adults within the groups were seropositive. The higher the exposure level to malaria, the
higher the mean number of P. falciparum Ags that produced seropositivity. In the travellers group, the median

number of P. falciparum Ags for which individuals were
seropositive was one, whereas it was three for individuals from Diama, six for individuals from Ndiop and
seven for individuals from Dielmo. The difference
between groups was significant (p < 0.0001).
Correlation of the evaluations of Ab responses by beadbased assays and ELISA

There were significant correlations of the evaluations of
the Ab responses obtained by bead-based assay and conventional ELISA assay with the peptides Lsa1-41, Lsa1-J,
Lsa3-NR2, Glurp, Glurp P3, Salsa1, Salsa2, Trap1, StarpR, CSP and Saliv1 (Spearman’s rank correlation coefficient ranging from 0.79 to 0.35, mean coef. 0.58; 0.0001
≤ p-values < 0.05; additional file 1). The correlations
were not significant for the Lsa3-RE, Trap2, SR11.1 and
Saliv2 peptides, possibly in relation with a lack of antigenicity of the peptites coated on beads or with the narrowness of the differences in Ab responses to these
antigens between the sera used for the present analysis.

Discussion
In this study, a multiplex assay to simultaneously measure responses to 13 peptides derived from pre-erythrocytic P. falciparum Ags and 2 peptides derived from one
A. gambiae salivary Ag has been developed.
Though multiplex immunoassays have already proven
to be useful in serological [39-42] and malaria research
[10,43], the present multiplex assay is the first to include
15 peptides simultaneously and to combine P. falciparum and A. gambiae Ags.
No interference between bead sets was observed in the
present study (Figure 2a) or in work from others [10].
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Figure 4 MFI response in seropositive individuals increased with exposure to malaria. The distribution of corrected MFI (median
fluorescent intensity) values (MFIAg/MFIBSA) within groups is shown for the peptides Lsa1-41, Lsa1J, Lsa3NR2, Glurp, GlurpP3, Salsa1, Salsa2,
StarpR, CSP, SR11.1 and Saliv1. The difference between groups was significant for Lsa1-41 (p = 0.02), Glurp (p = 0.0014) and CSP (p = 0.002),
Kruskal-Wallis test. The number of seropositive individuals per group is presented in table 2.

Ambrosino et al. Malaria Journal 2010, 9:317
http://www.malariajournal.com/content/9/1/317

Figure 5 The number of P. falciparum peptides that produced
seropositive results increased with malaria exposure. The
distribution of the total number of P. falciparum peptides for which
each individual was seropositive is shown. The number of
recognized peptides increased significantly with the malaria
exposure level (p < 0.0001). The middle lines of the boxes represent
the median distribution; the upper lines indicate the upper quartiles
and the lower lines show the lower quartile. The upper and the
lower lines outside the boxes represent the upper and lower nonoutsider observations, respectively, while the dots are the outliers.

Furthermore, previous reports have shown that multiplex results are consistent with those obtained by ELISAs and that both methodologies are equally sensitive
[14,44]. The multiplex assay is a flexible technique,
allowing new targets to be included when required. The
simultaneous evaluation of multiple Abs leads to a
reduction in both the time needed for the measurement
and in its cost. The small volume of serum required is
an important criterion, as it is fitted to the screening
against several Ags of large populations of children,
from whom minimal amounts of blood can be obtained.
Therefore, multiplex assays can reliably test Abs to multiple Ags at one time in a fast and affordable manner.
The high price of the Luminex machine prevents however that it is as widespread as the ELISA machines.
Thirteen pre-erythrocytic peptides from P. falciparum
were included in the assay; such peptides are useful for
monitoring the exposure to the malaria parasite. Using
peptides in place of intact proteins in such immunological essay could lead to a loss of sensitivity (i.e. a restriction on the number of epitopes) and may on occasion
give unexpected cross-reactivities. However, the peptides
chosen for the present study had been previously compared to recombinant proteins in ELISA essays and
were shown to give consistent results. A high prevalence
of Ab response to pre-erythrocytic Ags has been found

Page 10 of 12

in individuals living in malaria endemic areas [23,26,27],
and the level of exposure to P. falciparum correlates
with prevalence rates for those Ags [7]. In agreement
with previous data, the present results showed that for
some of these peptides, such as Lsa1-41, Lsa1J,
Lsa3NR2, Glurp, Salsa2, StarpR, CSP and SR11.1, the
proportion of seropositive individuals clearly increases
with malaria exposure levels (Figure 3), and higher Ab
response rates were seen with the Lsa1-41, Glurp,
Salsa2, and CSP peptides. This data suggests that such
Ags can be considered as possible biomarkers of exposure, and further studies in such direction would be
valuable. Moreover, for all peptides shown in Figure 3,
the proportion was higher in exposed individuals living
in malaria endemic countries, compared to transiently
exposed travellers. This trend was similar for median
fluorescence intensities of Lsa1-41, Glurp, Salsa1, Salsa2
and CSP SR11.1 peptides (Figure 4). The very low
responses recorded towards LSA3-RE are in sharp contrast with the high prevalence rates and titers obtained
previously when using the same peptide in ELISA assays
([22], and unpublished observation in the same study
populations investigated here). This may reflect alterations of antigenicity related to the coating to BSA or to
multiplex beads, and raise doubts about the results
obtained with that particular peptide in the multiplex
assay.
When evaluating the distribution of the mean number
of peptides against which individuals were seropositive,
the value was found related to the level of malaria endemicity to which they were exposed. Figure 5 shows that
such measurements can clearly stratify individuals based
on their exposure levels, with a clearly higher number of
peptides recognized by individuals exposed to high
malaria transmission.
In addition to pre-erythrocytic P. falciparum Ags, the
assay also included two peptides derived from one A.
gambiae salivary Ag. As previously shown, the evaluation of immune responses to mosquito salivary Ags can
indicate exposure to vector bites. Studies have demonstrated that children living in malaria endemic regions
develop Abs against the vector’s salivary proteins [30].
Thus, Abs against A. gambiae salivary Ags represent an
immunological marker of exposure to malaria vector
[30]. One of these Ag, the gSG6 salivary protein, was
first described in 1999 [45]. The gSG6 Ag is highly conserved among Anopheles species. It was reported to be
potentially antigenic in travellers briefly exposed to Anopheles bites and was more recently confirmed as antigenic in Senegalese children [31].
The two peptides derived from gSG6 protein included
in the assay (Saliv1 and Saliv2) were antigenic, but the
intensity of their IgG responses was peptide-dependent,
where Saliv1 showed the higher response [46]. In the
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present study, Saliv1 was the target of an Ab response
only in regularly exposed individuals (Figures 3 and 4,
and Table 2). The results of the present study indicated
that the immune response to Saliv1 peptide could be
used to differentiate individuals, based on their exposure
to Anopheles bites, short-term exposure in travellers and
long-term exposure in people living in endemic countries. Furthermore, immune responses against such peptides are difficult to detect in briefly exposed travellers,
though a response was observed when the Abs were
tested directly against mosquito saliva [9].
It has been reported recently that the gSG6-P1 peptide
(corresponding to Saliv1) can be used to evaluate lowlevel exposures to Anopheles bites, notably in Senegalese
children ≥2 years of age [31]. Unfortunately, in the present study population, the number of young children
was too low to confirm these findings. Furthermore, the
low-level exposure group (travellers) was exposed to
Anopheles bites at a lower rate compared to Senegalese
children due shorter exposure times and systematic use
of anti-vectorial devices (impregnated bed nets, longsleeved battledresses and repellents). This factor,
together with the different assay used - multiplex at a
1:100 dilution of sera in our case and ELISA at a 1:20
dilution of sera in the study performed by Poinsignon et
al [31] - could explain why Abs against Saliv1 were not
detected in the travellers group. Further, the epitopes
used could be less representative of the native ones present in humans and, therefore, less antigenic.

Conclusions
The multiplex technology developed in the present
study is a reliable and fast method to test immune
responses to P. falciparum and A. gambiae salivary Ags
in large populations, allowing efficient identification of
putative protective Abs. Furthermore, the association of
Ab responses to malaria exposure levels provides a way
to monitor exposure in differentially exposed indigenous
people, as well as in travellers not immune to the parasite, allowing the assessment of P. falciparum transmission and malaria risk.
Additional material
Additional file 1: Correlation between Luminex and ELISA results
obtained with 30 sera. The Spearman correlation coefficient and the
Pearson correlation coefficient between Luminex and ELISA results have
been estimated on 30 sera.

Acknowledgements
The authors are grateful to all the volunteers from Senegal and from the
French army who agreed to participate in the study. The authors would like
to thank the commanding officers and physicians of the companies for their

Page 11 of 12

hospitality. We also thank those who worked on the “Dielmo & Ndiop”,
“Diama” and “Impact - Vector” projects and participated in the collection of
the data. We thank Dr C. Dane for her irreplaceable support. This study was
financially supported by the Délégation Générale pour l’Armement (DGA
CO07co406 “Salivaplus” and 03co009-05 “Impact-Vector”) and by a grant
from the EXXON MOBIL Foundation.
Author details
1
IRBA & UMR6236, Marseille, France. 2Institut Pasteur, Paris, France. 3IRD,
Montpellier, France. 4Institut Pasteur de Dakar, Dakar, Senegal. 5IRD, Dakar,
Senegal and UMR6236, Marseille, France. 6ONG Espoir pour la Santé, St-Louis
du Sénégal. 7GENEPEP, Montpellier France.
Authors’ contributions
EA carried out statistical analysis and interpretation of the data, drafted and
revised the manuscript. CD developed the techniques, carried out all the
immunological investigations, carried out initial statistical analysis and
revised the manuscript. AP carried out the ELISA analysis. ATB, AT, CS, J-FT,
EO-P, FR and JBS collected data and sera. TF, FR, AP, EO-P and PD
contributed to the design of the method and to the choice of the antigens
and peptides. KP produced the peptides. CR was the principal investigator
of the study, conceived the research programme, participated in the
development of the technique, statistical analysis, interpretation of the data
and revision of the manuscript. All authors read and approved the final
manuscript
Competing interests
The authors declare that they have no competing interests.
Received: 24 June 2010 Accepted: 8 November 2010
Published: 8 November 2010
References
1. WHO: World malaria Report 2008. 2008.
2. Pasvol G: The treatment of complicated and severe malaria. Br Med Bull
2005, 75-76:29-47.
3. Vitoria M, Granich R, Gilks CF, Gunneberg C, Hosseini M, Were W,
Raviglione M, De Cock KM: The global fight against HIV/AIDS,
tuberculosis, and malaria: current status and future perspectives. Am J
Clin Pathol 2009, 131:844-848.
4. WHO: International travel and health. 2009.
5. Hopkins HAC, Bell D: Access to antimalarial therapy: accurate diagnosis is
essential to achieving long term goals. BMJ 2009, 339:b2606.
6. Corran P, Coleman P, Riley E, Drakeley C: Serology: a robust indicator of
malaria transmission intensity? Trends Parasitol 2007, 23:575-582.
7. Drakeley CJ, Corran PH, Coleman PG, Tongren JE, McDonald SL, Carneiro I,
Malima R, Lusingu J, Manjurano A, Nkya WM, Lemnge MM, Cox J,
Reyburn H, Riley EM: Estimating medium- and long-term trends in
malaria transmission by using serological markers of malaria exposure.
Proc Natl Acad Sci USA 2005, 102:5108-5113.
8. Orlandi-Pradines E, Penhoat K, Durand C, Pons C, Bay C, Pradines B, Fusai T,
Josse R, Dubrous P, Meynard JB, Durand JP, Migliani R, Boutin JP, Druilhe P,
Rogier C: Antibody responses to several malaria pre-erythrocytic
antigens as a marker of malaria exposure among travelers. Am J Trop
Med Hyg 2006, 74:979-985.
9. Orlandi-Pradines E, Almeras L, Denis de Senneville L, Barbe S, Remoue F,
Villard C, Cornelie S, Penhoat K, Pascual A, Bourgouin C, Fontenille D,
Bonnet J, Corre-Catelin N, Reiter P, Pages F, Laffite D, Boulanger D,
Simondon F, Pradines B, Fusai T, Rogier C: Antibody response against
saliva antigens of Anopheles gambiae and Aedes aegypti in travellers in
tropical Africa. Microbes Infect 2007, 9:1454-1462.
10. Fouda GG, Leke RF, Long C, Druilhe P, Zhou A, Taylor DW, Johnson AH:
Multiplex assay for simultaneous measurement of antibodies to multiple
Plasmodium falciparum antigens. Clin Vaccine Immunol 2006, 13:1307-1313.
11. Giavedoni LD: Simultaneous detection of multiple cytokines and
chemokines from nonhuman primates using luminex technology. J
Immunol Methods 2005, 301:89-101.
12. Nolan JP, Mandy F: Multiplexed and microparticle-based analyses:
quantitative tools for the large-scale analysis of biological systems.
Cytometry A 2006, 69:318-325.

Ambrosino et al. Malaria Journal 2010, 9:317
http://www.malariajournal.com/content/9/1/317

13. van der Heyde HC, Burns JM, Weidanz WP, Horn J, Gramaglia I, Nolan JP:
Analysis of antigen-specific antibodies and their isotypes in
experimental malaria. Cytometry A 2007, 71:242-250.
14. Elshal MF, McCoy JP: Multiplex bead array assays: performance evaluation
and comparison of sensitivity to ELISA. Methods 2006, 38:317-323.
15. Pickering JW, Martins TB, Schroder MC, Hill HR: Comparison of a multiplex
flow cytometric assay with enzyme-linked immunosorbent assay for
auantitation of antibodies to tetanus, diphtheria, and Haemophilus
influenzae Type b. Clin Diagn Lab Immunol 2002, 9:872-876.
16. Lal G, Balmer P, Joseph H, Dawson M, Borrow R: Development and
evaluation of a tetraplex flow cytometric assay for quantitation of serum
antibodies to Neisseria meningitidis serogroups A, C, Y, and W-135. Clin
Diagn Lab Immunol 2004, 11:272-279.
17. Rogier C, Orlandi-Pradines E, Fusai T, Pradines B, Briolant S, Almeras L:
Vaccins contre le paludisme: perspectives et realité. Med Mal Infect 2006,
36:414-422.
18. Druilhe P, Pradier O, Marc JP, Miltgen F, Mazier D, Parent G: Levels of
antibodies to Plasmodium falciparum sporozoite surface antigens reflect
malaria transmission rates and are persistent in the absence of
reinfection. Infect Immun 1986, 53:393-397.
19. Webster HK, Gingrich JB, Wongsrichanalai C, Tulyayon S, Suvarnamani A,
Sookto P, Permpanich B: Circumsporozoite antibody as a serologic
marker of Plasmodium falciparum transmission. Am J Trop Med Hyg 1992,
47:489-497.
20. Jelinek T, Nothdurft HD, Loscher T: Evaluation of circumsporozoite
antibody testing as a sero-epidemiological tool for the detection of
Plasmodium falciparum infection in non-immune travelers. Trop Med
Parasitol 1995, 46:154-157.
21. Robson KJ, Hall JR, Jennings MW, Harris TJ, Marsh K, Newbold CI, Tate VE,
Weatherall DJ: A highly conserved amino-acid sequence in
thrombospondin, properdin and in proteins from sporozoites and blood
stages of a human malaria parasite. Nature 1988, 335:79-82.
22. Charoenvit Y, Fallarme V, Rogers WO, Sacci JB Jr, Kaur M, Aguiar JC,
Yuan LF, Corradin G, Andersen E, Wizel B, Houghten RA, Oloo A, De la
Vega P, Hoffman SL: Development of two monoclonal antibodies against
Plasmodium falciparum sporozoite surface protein 2 and mapping of Bcell epitopes. Infect Immun 1997, 65:3430-3437.
23. Fidock DA, Gras-Masse H, Lepers JP, Brahimi K, Benmohamed L, Mellouk S,
Guerin-Marchand C, Londono A, Raharimalala L, Meis JF: Plasmodium
falciparum liver stage antigen-1 is well conserved and contains potent B
and T cell determinants. J Immunol 1994, 153:190-204.
24. Migot-Nabias F, Deloron P, Ringwald P, Dubois B, Mayombo J, Minh TN,
Fievet N, Millet P, Luty A: Immune response to Plasmodium falciparum
liver stage antigen-1: geographical variations within Central Africa and
their relationship with protection from clinical malaria. Trans R Soc Trop
Med Hyg 2000, 94:557-562.
25. Daubersies P, Thomas AW, Millet P, Brahimi K, Langermans JA, Ollomo B,
BenMohamed L, Slierendregt B, Eling W, Van Belkum A, Dubreuil G, Meis JF,
Guerin-Marchand C, Cayphas S, Cohen J, Gras-Masse H, Druilhe P:
Protection against Plasmodium falciparum malaria in chimpanzees by
immunization with the conserved pre-erythrocytic liver-stage antigen 3.
Nat Med 2000, 6:1258-1263.
26. Bottius E, BenMohamed L, Brahimi K, Gras H, Lepers JP, Raharimalala L,
Aikawa M, Meis J, Slierendregt B, Tartar A, Thomas A, Druilhe P: A novel
Plasmodium falciparum sporozoite and liver stage antigen (SALSA)
defines major B, Thelper, and CTL epitopes. J Immunol 1996,
156:2874-2884.
27. Pasquetto V, Fidock DA, Gras H, Badell E, Eling W, Ballou WR, Belghiti J,
Tartar A, Druilhe P: Plasmodium falciparum sporozoite invasion is
inhibited by naturally acquired or experimentally induced polyclonal
antibodies to the STARP antigen. Eur J Immunol 1997, 27:2502-2513.
28. Theisen M, Vuust J, Gottschau A, Jepsen S, Hogh B: Antigenicity and
immunogenicity of recombinant glutamate-rich protein of Plasmodium
falciparum expressed in Escherichia coli. Clin Diagn Lab Immunol 1995,
2:30-34.
29. Theisen M, Soe S, Jessing SG, Okkels LM, Danielsen S, Oeuvray C, Druilhe P,
Jepsen S: Identification of a major B-cell epitope of the Plasmodium
falciparum glutamate-rich protein (GLURP), targeted by human
antibodies mediating parasite killing. Vaccine 2000, 19:204-212.
30. Remoue F, Cisse B, Ba F, Sokhna C, Herve JP, Boulanger D, Simondon F:
Evaluation of the antibody response to Anopheles salivary antigens as a

Page 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.

46.

potential marker of risk of malaria. Trans R Soc Trop Med Hyg 2006,
100:363-370.
Poinsignon A, Cornelie S, Ba F, Boulanger D, Sow C, Rossignol M, Sokhna C,
Cisse B, Simondon F, Remoue F: Human IgG response to a salivary
peptide, gSG6-P1, as a new immuno-epidemiological tool for evaluating
low-level exposure to Anopheles bites. Malar J 2009, 8:198.
Orlandi-Pradines E, Rogier C, Koffi B, Jarjaval F, Bell M, Machault V, Pons C,
Girod R, Boutin JP, Pages F: Major variations in malaria exposure of
travellers in rural areas: an entomological cohort study in western Cote
d’Ivoire. Malar J 2009, 8:171.
Fontenille D, Lochouarn L, Diagne N, Sokhna C, Lemasson JJ, Diatta M,
Konate L, Faye F, Rogier C, Trape JF: High annual and seasonal variations
in malaria transmission by anophelines and vector species composition
in Dielmo, a holoendemic area in Senegal. Am J Trop Med Hyg 1997,
56:247-253.
Fontenille D, Lochouarn L, Diatta M, Sokhna C, Dia I, Diagne N,
Lemasson JJ, Ba K, Tall A, Rogier C, Trape JF: Four years’ entomological
study of the transmission of seasonal malaria in Senegal and the
bionomics of Anopheles gambiae and A. arabiensis. Trans R Soc Trop Med
Hyg 1997, 91:647-652.
Diallo TO, Remoue F, Schacht AM, Charrier N, Dompnier JP, Pillet S,
Garraud O, N’Diaye AA, Capron A, Capron M, Riveau G: Schistosomiasis coinfection in humans influences inflammatory markers in uncomplicated
Plasmodium falciparum malaria. Parasite Immunol 2004, 26:365-369.
Faye O, Gaye O, Konate L, Molez JF, Feller-Dansokho E, Herve JP:
[Prediction and prevention of malaria epidemics in the valley of the
Senegal River]. Sante 1998, 8:347-352.
Dia I, Konate L, Samb B, Sarr JB, Diop A, Rogerie F, Faye M, Riveau G,
Remoue F, Diallo M, Fontenille D: Bionomics of malaria vectors and
relationship with malaria transmission and epidemiology in three
physiographic zones in the Senegal River Basin. Acta Trop 2008,
105:145-153.
The R project. [http://www.r-project.org].
Binnicker MJ, Jespersen DJ, Harring JA, Rollins LO, Beito EM: Evaluation of a
multiplex flow immunoassay for detection of epstein-barr virus-specific
antibodies. Clin Vaccine Immunol 2008, 15:1410-1413.
Drummond JE, Shaw EE, Antonello JM, Green T, Page GJ, Motley CO,
Wilson KA, Finnefrock AC, Liang X, Casimiro DR: Design and optimization
of a multiplex anti-influenza peptide immunoassay. J Immunol Methods
2008, 334:11-20.
Ferbas J, Thomas J, Hodgson J, Gaur A, Casadevall N, Swanson SJ:
Feasibility of a multiplex flow cytometric bead immunoassay for
detection of anti-epoetin alfa antibodies. Clin Vaccine Immunol 2007,
14:1165-1172.
Komatsu N, Shichijo S, Nakagawa M, Itoh K: New multiplexed flow
cytometric assay to measure anti-peptide antibody: a novel tool for
monitoring immune responses to peptides used for immunization.
Scand J Clin Lab Invest 2004, 64:535-545.
Cham GK, Kurtis J, Lusingu J, Theander TG, Jensen AT, Turner L: A semiautomated multiplex high-throughput assay for measuring IgG
antibodies against Plasmodium falciparum erythrocyte membrane
protein 1 (PfEMP1) domains in small volumes of plasma. Malar J 2008,
7:108.
Vignali DA: Multiplexed particle-based flow cytometric assays. J Immunol
Methods 2000, 243:243-255.
Arca B, Lombardo F, de Lara Capurro M, della Torre A, Dimopoulos G,
James AA, Coluzzi M: Trapping cDNAs encoding secreted proteins from
the salivary glands of the malaria vector Anopheles gambiae. Proc Natl
Acad Sci USA 1999, 96:1516-1521.
Poinsignon A, Cornelie S, Mestres-Simon M, Lanfrancotti A, Rossignol M,
Boulanger D, Cisse B, Sokhna C, Arca B, Simondon F, Remoue F: Novel
peptide marker corresponding to salivary protein gSG6 potentially
identifies exposure to Anopheles bites. PLoS One 2008, 3:e2472.

doi:10.1186/1475-2875-9-317
Cite this article as: Ambrosino et al.: A multiplex assay for the
simultaneous detection of antibodies against 15 Plasmodium falciparum
and Anopheles gambiae saliva antigens. Malaria Journal 2010 9:317.

