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     INTRODUCTION 

 Most emerging and reemerging diseases are transmitted by 
arthropod vectors such as mosquitoes (malaria, dengue, and 
chikungunya), ticks (Lyme disease), and sandflies (leishmania-
sis). Among these vector-borne diseases, malaria represents the 
greatest worldwide public health problem. The World Health 
Organization (WHO) estimates that 350–500 million people 
are infected by malaria annually, which causes 1.1–2.7 million 
deaths. 1  Most of these deaths occur in children from southern 
Saharan Africa and are caused by  Plasmodium falciparum , 
which causes the most severe form of the disease. In these 
areas, the  Anopheles gambiae  complex is the major vector. 1  

 Today, many preventive methods are available against both 
parasite (chemoprophylaxis) and vector (insecticide-based 
control of either larvae or adults) and are in widespread use. It 
has been well-documented that the use of synthetic insecticides 
can dramatically reduce the incidence of insect-borne diseases, 
notably malaria. 1–  3  Among such strategies, insecticide-treated 
nets (ITNs) are currently the most efficient at reducing vector 
exposure,  Plasmodium  transmission, and malaria morbidity. 4–  7  
When correctly used, even moderate coverage of adults and 
children (35–65%) can result in greater community benefit 
than personal protection. 8–  11  

 Evaluating ITNs efficacy is currently based on entomologi-
cal methods (mosquito abundance, blood feeding rates, mortal-
ity, etc.) and in humans, parasitological tests. 4,  12,  13  The reference 
WHO method for phase 3 trials is measurement of the density 
of  P. falciparum . 12  However, these methods have certain lim-
itations when it comes to large-scale field studies, especially 
where transmission rates and exposure levels are low (dry sea-
son, altitude, and urban context). For example, the evaluation 
of  Plasmodium  density requires a precise and active follow-up 
of populations in longitudinal studies. Entomological meth-
ods are mainly applicable at the population level and do not 
give a measure of the heterogeneity of individual exposure. 

Human-landing catch using adult volunteers is currently the 
best method for evaluating individual human exposure; how-
ever, this method raises ethical questions, and the results may 
not extrapolate to children. 14  In addition, as exposure levels 
dropped after the introduction of ITNs in endemic areas, these 
monitoring methods became less effective in National Malaria 
Control Programs. 15  

 To improve vector control in line with the WHO recommen-
dations, much effort is being devoted to developing new indi-
cators and methods to evaluate—at the individual level—the 
efficacy of ITNs and other malaria vector-control strategies. 

 One approach is based on the idea that exposure to arthro-
pod vector bites can be assessed by monitoring human–vector 
contact. It had been previously shown that the human anti-
body (Ab) response to arthropod salivary proteins could give 
a measure of exposure to vector bites. 16  At the time of biting, 
the female mosquito injects saliva containing bioactive mole-
cules, including vasodilators and anticoagulants, that make the 
blood meal possible. 17,  18  Human Ab responses to the saliva of 
 Triatoma , vectors of Chagas disease, 19   Ixodes  ticks, vectors of 
 Borrelia bugdorferi , 20  phlebotomies, 21,  22  vectors of  Leishmania , 
 Glossina , 23  and vectors of human African trypanosomia-
sis have been reported as reliable immunological markers 
for vector exposure. With respect to mosquitoes, anti-saliva 
Ab responses can give a measure of exposure to  Culex  and 
 Aedes  24–  27  as well as  An. gambiae . 28  

 This work addresses a potentially important application of 
this “saliva” biomarker as an immunological tool to evaluate 
the efficacy of ITN-based strategies. Human immunoglobulin 
G (IgG) responses to whole  An. gambiae  saliva were evalu-
ated before and after the introduction of ITNs in children and 
adults living in a malaria-endemic and semi-urban area. The 
results were compared with the reference data derived using 
entomological and parasitological methods. 

   MATERIALS AND METHODS 

  Study population.   This study was conducted in Lobito, a 
coastal city of western Angola, from March 2005 to October 
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2006. The site is in the tropical savannah with a rainy season 
from October to May, and the area is typical of the humid 
tropical and intertropical regions of Africa with approximately 
600–700 mm of rain per year. The duration of the malaria 
transmission season varies between 7 and 12 months with a 
peak between January and May. The most important malaria 
vector in this area is the  An. gambiae  s.l. complex. 29,  30  

 Twenty-one households of workers for the Société Nationale 
de Métallurgie (SONAMET)  company were randomly selected 
from a malaria register of 2004 of the SONAMET in-patient 
clinic. These families lived in the same district of Bella Vista 
under the aegis of the SONAMET Malaria Control Program 
(MCP). The number of individuals in each household varied 
from 2 to 23. Two hundred thirty individuals of the twenty-one 
selected households, including all children and adults, were 
included for longitudinal follow-up, and evaluations occurred 
every 6 weeks over two periods: from March 2005 to January 
2006 and from April 2006 to October 2006. The families were 
given ITNs (long-lasting insecticide net; LLIN) treated with del-
tamethrin (Permanet mosquito nets) in February 2006 (accord-
ing to the number of rooms and beds per household). At each 
visit, thick blood smear and dried blood spot (on filter paper) 
samples were collected from each individual for parasitological 
measurements and immunological analysis, respectively. Para-
site density (parasitaemia) was calculated as the number of 
 P. falciparum  parasites per microliter of blood; mean parasi-
taemia values ( x  + 1) were calculated by including positive 
and negative individual readings. Immunological tests were 
performed in a subsample of the whole study population 
( N  = 109; 76 children aged from 0 to 10 years and 33 individuals 
aged more than 10 years) for whom blood spots were available 
for at least 12 of 14 visits; only 21 of 109 individuals missed one 
( N  = 13) or two ( N  = 8) visits. Filter papers were kept at 4°C in 
Silicagel before testing. 

 The present study was conducted in accordance with the 
Edinburgh revision of the Helsinki Declaration and was 
approved by the ethical authorities (National MCP of the 
Ministry of Health of Angola, October 17, 2008). 

   Entomological analysis and survey of ITN use.   Mosquitoes 
were collected every 6 weeks during the studied period at six 
reference households that were representative of the studied 
area.  An. gambiae  density was evaluated using capture by 
light traps (Center for Disease Control and Prevention [CDC] 
miniature light trap) placed from 19:00 hours to 07:00 hours 
for two consecutive nights. Polymerase chain reaction (PCR) 
was used to confirm genus and species to yield an estimate of 
the number of  An. Gambiae  per trap per night. 

 After the introduction of ITNs, their use was checked by 
local staff and through the administration of questionnaires 
every 6 weeks in all studied households. The questionnaires 
covered (1) the number of ITNs installed, (2) the number of 
exchanged ITNs, and (3) the number of damaged ITNs (holes, 
torn, etc.). 

   Method of  Anopheles  salivation.   A mosquito salivation 
technique was improved to collect whole salivary extracts 
(WSE) from uninfected female  An. gambiae  bred in an 
insectarium (Institut de Recherche pour le Développement 
(IRD) , Dakar, Senegal), as previously described. 28  Briefly, 
mosquitoes were sedated with CO 2 , and their legs and wings 
were removed. Their proboscis was placed in 10 μL Hepes–
NaCl buffer in a conventional plastic tip fixed on a glass slide. 
Salivation was stimulated by topical application of 0.25% 

malathion in acetone to the thorax region. After 1 hour of 
salivation at room temperature, the liquid in the tip (saliva + 
buffer) was collected and pooled with other mosquito saliva. 
Despite variability, this technique of salivation yielded 100–
400 μg/mL of salivary proteins, which corresponded to 20–
75 ng/mosquito. 28  The WSE batch was then pooled to obtain 
only one WSE that had been stored frozen at −20°C before 
use in immunological tests. 

   Evaluation of human IgG Ab levels by enzyme-linked 
immunosorbent assay.   The standardized dried blood spots 
(blood fills one 1-cm circle) were eluted by incubation in 
300 μl of phosphate buffer (PBS; Tween 0.1 %, Sigma-Aldrich, 
St. Louis, MO) at 4°C for 24 hours. 

 A Maxisorp plate (Nunc, Roskilde, Denmark) was coated 
with 32 μL of the pooled WSE batch diluted (1/200) in car-
bonate/bicarbonate buffer for 2 hours and 30 minutes at 37°C. 
After washing, each eludate was incubated in duplicate at 4°C 
overnight at a 1/20 dilution (Tween 0.1%). This optimal dilu-
tion was determined after several preliminary experiments. 
Mouse biotinylated Ab to human IgG (BD Pharmingen, San 
Diego, CA) was incubated at a 1/1,000 dilution (1 hour and 
30 minutes at 37°C), and peroxidase-conjugated streptavidin 
(Amersham, Les Ulis, France) was then added (1/1,000; 1 hour 
at 37°C). Colorimetric development was carried out using 
2,2¢-azino-bis (3-ethylbenzthiazoline 6-sulfonic acid) diammo-
nium (ABTS; Roche Diagnostics, Lyon, France) in 50 mM cit-
rate buffer (pH 4) containing 0.003% H 2 O 2 , and absorbance 
(OD) was measured at 405 nm. In addition, the absence of 
significant Ab detection was verified in wells without antigen 
(ODn = background Ab response). Individual results were 
expressed as the DOD value calculated according to the for-
mula DOD = ODx − ODn, where ODx represented the mean 
of individual OD values in antigen wells. 

   Statistical analysis.   All data were analyzed with GraphPad 
Prism4 software (San Diego, CA). After verifying that values 
did not assume Gaussian distribution, the non-parametric 
Mann–Whitney  U  test was used for comparison of Ab levels of 
two independent groups, the Wilcoxon matched-pairs test was 
used for comparison of two paired groups, the non-parametric 
Kruskal–Wallis test was used for comparison of more than 
two groups, and the χ 2  test was used for comparison of two 
proportions. All differences were considered significant at 
 P  < 0.05. 

    RESULTS 

  Entomological and parasitological data.   The level of 
exposure to  An. gambiae  s.l. is expressed by the mean number 
of  An. gambiae  per trap per night at each passage ( Figure 1 ). 
Before the introduction of ITNs (March 2005 to January 
2006), the intensity of exposure was low and varied by season 
with a peak during the rainy season (April to May). After 
the introduction of ITNs in 2006, a similar seasonal change 
was observed (not significant between May 2005 and April/
May 2006). These results suggest that exposure levels to  An. 
gambiae  were similar before and after the introduction of 
ITNs. 

  Prevalence and intensity of  P. falciparum  infection in the 
total population ( N  = 230) and the immunological subpop-
ulation ( N  = 109) ( Figure 2 ) show no significant difference, 
indicating that the subpopulation seems to be representative 
of the total population. In 2005, prevalence peaked in May 
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and remained low throughout the study period. After the 
introduction of ITNs in February 2006, no significant peak 
was observed, and a reduction of 40% (subpopulation) was 
observed in April 2006 compared with May 2005 ( Figure 2A ). 
In terms of parasitaemia, the arithmetic ( Figure 2B ) and geo-
metric ( Figure 2C ) means profoundly decreased in 2006 com-
pared with 2005. In particular, the highest intensity, which was 
observed in May 2005, disappeared after the introduction 
of ITNs in 2006, although the difference was not significant 
( P  = 0.33 between March/April 2005 and April 2006;  P  = 0.07 
between May 2005 and April 2006). Taken together, these 
results suggest that the use of ITNs in this area effectively 
decreased malaria transmission, although the prevalence of 
 P. falciparum  was very low. 

    Results of ITN surveys.   After the installation of ITNs ( N  = 
230 for whole studied population) in February 2006, the loss rate 
and the correct-usage rate (damaged or not) were evaluated by 
means of two horizontal surveys ( Table 1 ), one at the peak of 
the exposure season (April = survey 1) and the other at the 
beginning of the dry season (June/July = survey 2). 

      After just 2 months of use (survey 1), the rate of ITN loss was 
21.5%, and this had increased to 26.9% after 4 months (survey 
2;  P  = 0.3). The observed rate of use was 98.0% in April 2006, 
but it significantly decreased to 86.3% in June/July 2006 ( P  = 
0.004). This loss of installed ITNs was accompanied by a signif-
icant increase in the use of damaged ITNs from 7% (survey 1) 
to 15.9% (survey 2;  P  < 0.05). Taken together, these results 
indicate that after just 4 months of installation (June/July), 
only 63% (82/130) of the ITNs were installed, and only 53% 
(69/130) were being used correctly (in use and undamaged). 

   Evaluation of anti-saliva IgG response before and after 
ITNs use.   Changes in anti-saliva IgG Ab levels (median) 
and parasitaemia (geometric mean) are presented for the 
subpopulation ( Figure 3 ). Specific IgG levels showed con-
siderable seasonal variations before the introduction of ITNs 
in 2005 ( P  < 0.0001). The first peak was observed during 
the rainy season (May) and was associated with the peak of 
intensity of  P. falciparum  infection. After a decrease from July 

to September, a second anti-saliva IgG response peak was 
observed in October. 

  As observed for parasitaemia, the level of anti-saliva IgG 
Ab was considerably lower in 2006 than in 2005, regardless 
of month. In particular, a very low specific IgG level was 
observed from April to August 2006. Interestingly, the peak of 
specific IgG response in April/May 2005 disappeared in April 
2006 ( P  < 0.0001), which was shortly after the introduction 
of ITNs (after 2–4 months of use). This effect was accompa-
nied by a decrease in  P. falciparum  parasitaemia. In October 
2006, anti-saliva IgG responses increased over the previous 
months, which was also observed in 2005; however, the Ab 
level remained significantly lower than in 2005 ( P  < 0.001). 

 The trend in anti-saliva IgG responses over the study period 
was also analyzed according to age (three age groups: 0–6 years 
[ N  = 49], 7–14 years [ N  = 34], and > 14 years [ N  = 25]). Changes 
in Ab levels in 2005–2006 were similar in all age groups (data not 
shown), suggesting that age did not affect specific Ab responses. 
In addition, it suggested that the considerable decrease in anti-

  Figure  1.    Evolution of  An. gambiae  exposure according to the 
studied period. Exposure to  An. gambiae  s.s. is presented as the mean 
of number of  An. gambiae  collected by trap and by night in six con-
trolled households for each visit in 2005 and 2006. The arrow indicates 
the installation of ITNs in February 2006.    

  Figure  2.    Prevalence and intensity of  P. falciparum  infection 
before and after the introduction of ITNs. The prevalence ( A ), arith-
metic ( B ), and geometric ( C ) mean of infection intensity (parasi-
taemia) are presented in the whole population ( N  = 230; solid line) 
and the “immunological” subsample ( N  = 109; dotted line), which is 
described in  Materials and Methods . The arrow indicates the installa-
tion of ITNs in February 2006.    
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saliva IgG levels observed after the introduction of ITNs in 2006 
was similar at all ages (young children, children, and adults). 

   Individual anti-saliva IgG response before and after ITNs 
use.   Individual anti-saliva IgG Ab levels were compared before 
and after the introduction of ITNs; data is only presented for 
corresponding months in 2005 and 2006 (April/May, July, 
August, and October) ( Figure 4 ). In April 2006, data were 
acquired April 10–22, whereas in 2005, they were acquired at 
the beginning of April (March 26 to April 12) and in mid-May 
(May 15 to June 4). For this reason, the IgG Ab level in April 
2006 has to be compared with both April and May 2005. 

 In spite of intraindividual variations, a major drop in anti-
saliva IgG responses was observed after the introduction of 
ITNs in all individuals. IgG levels were lower in 2006 than 
in 2005 for July ( P  < 0.01; Wilcoxon matched-pairs test), 
August ( P  < 0.001), and October ( P  < 0.001). More interest-
ingly, individual specific Ab levels were very low in April 2006. 
Major decreases in anti-saliva IgG responses were, therefore, 
observed in all individuals within 2 months of ITN introduc-
tion ( P  < 0.001 for April 2006 compared with March/April 
2005;  P  < 0.0001 for April 2006 compared with May 2005; 
Wilcoxon matched-pairs test). 

     DISCUSSION 

 In this study, the human Ab response to  An. gambiae  whole 
saliva was investigated over 2 years in adults and children 
before and after the introduction of ITNs. 

 Before ITNs (2005), anti-saliva IgG responses varied sea-
sonally. A major peak was observed in May after the rainy 
period (March to April), and it was associated with the peaks 
of (1) intensity of exposure to  An. gambiae  bites, as evaluated 
by entomological methods, and (2) parasite density. These results 
point to an association between the entomo-parasitological 
data and anti-saliva IgG Ab levels, confirming the validity of 
this anti-vector Ab parameter as an immuno-epidemiological 
marker for  An. gambiae  exposure and the risks of malaria 
transmission. It confirms previous results observed in Thailand 
with  An. stephensi  and  P. falciparum  and  P. vivax  complexes 31  
and results seen in rural Senegal for  An. gambiae  exposure in 
children. 28  These results in Angola, covering both children and 
adults, suggest that this immunological marker could also be 
used to evaluate  Anopheles  exposure in adults. 

 The correct use of deltamethrin ITNs (from February 2006) 
was followed by a considerable decrease of  P. falciparum  
prevalence and parasitaemia (the WHO reference criteria for 
evaluating ITN efficacy), indicating that ITN use was effec-
tive. In the area studied, the decrease in prevalence/intensity 
of malaria was not significant after the introduction of ITNs, 
although there seemed to be a real decrease between 2005 and 
2006; the difference was not significant, probably because of 
the very low prevalence of malaria coupled with the smallness 
of the sample. For the purposes of evaluating the efficacy of 
ITNs, these results strengthen the special interest to evaluate 
the Ab response to  Anopheles  saliva (1) in a context of low 
malaria transmission and (2) in a subpopulation (around  N  = 
100) compared with analysis with parasitemia referent criteria 
that needs a large population (around  N  = 1,000). 

 The ITNs surveys indicated that only 53% of ITNs were 
being correctly used and were undamaged after just 4 months 
of use (June/July); this result has been reported in several 
other endemic areas. 32  In concordance with these results, we 

  Figure  4.    Individual IgG antibody levels to  An. gambiae  saliva 
according the season and the use of ITNs. Individual anti-saliva IgG 
levels for the “immunological” subpopulation ( N  = 109) before (2005) 
and after (2006) the installation of ITNs. The arrow indicates the 
installation of ITNs in February 2006. Bars indicate the median value 
for each studied month.    

  Table  1 
  Survey of ITNs use  

  Two sectional surveys evaluating ITNs use were performed in April (peak of the season of 
exposure to  An. gambiae —survey 1) and June to July (beginning of dry season—survey 2), 
just after the installation of ITNs ( N  = 130) in February 2006. The “loss rate” and “correct-use 
rate” are indicated for each survey, and the  P  value indicates the significant percentage differ-
ences between surveys 1 and 2 (χ 2  test).  

Variable

Survey 1 
(April 10–22, 2006)

Survey 2 
(June 26–July 12, 2006)

 P Loss rate

Duration of ITN use 
(months)

2 4

ITNs found 102 95
ITNs lost 28 35
Rate of loss 21.5% 26.9% 0.3

Correct-use rate

ITNs installed (%) 100/102 (98.0%) 82/95 (86.3%) 0.004
ITNs not damaged 93/100 (93.0%) 69/82 (84.1%) < 0.05
ITNs exchanged (0.0%) (0.0%)

  Figure  3.    IgG antibody response to  An. gambiae  saliva before and 
after ITNs use. The median anti-saliva IgG level (solid line) and the 
intensity of parasite infection (the geometric mean of parasite densi-
ties is represented by the dotted line) are presented in the “immu-
nological” subsample ( N  = 109) before (2005) and after (2006) the 
installation of ITNs. The arrow indicates the installation of ITNs in 
February 2006.    
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have shown that the anti-saliva IgG Ab level decreased con-
siderably after the use of ITNs (2006) compared with 2005. 
This decrease was observed at both the population level and 
the individual level and was particularly marked in April 2006 
compared with April/May 2005, corresponding to the peak of 
exposure/transmission. Surprisingly, a small increase in spe-
cific IgG levels was observed in October 2006, which had 
been observed before the introduction of ITNs in 2005. This 
could be caused by the incorrect use, which is suggested by the 
results of the ITN surveys. Taken together, the results showed 
that the evaluation of anti-saliva IgG Ab levels could be used 
to evaluate the efficacy of ITNs in such malaria hypo-endemic 
transmission areas. Interestingly, the entomological data indi-
cated that the population density of  An. gambiae  was simi-
lar before and after the introduction of ITNs use, suggesting 
that exposure to  An. gambiae  was similar in the study peri-
ods (2005 and 2006; i.e., that the analysis of anti-saliva IgG 
responses could represent a real evaluation of human–vector 
contact). This individual approach seems to be complemen-
tary to entomological methods and also contributes infor-
mation about the real intensity of bites by anthropophilic 
 Anopheles . In addition, anti-saliva IgG responses showed sim-
ilar trends in all three of the age groups studied (< 7 years, 
7 –14 years, and > 14 years) before and after the introduction of 
ITNs. This result according to age is surprising in regard to the 
general immune response to specific antigens, which is known 
to be acquired progressively with age. This particular prop-
erty of anti-saliva Ab could be caused by a particular short-
time “life” of anti-saliva IgG response. Indeed, this kind of Ab 
immunity does not seem to accumulate with exposure during 
individual life but wanes rapidly, even with sustained expo-
sure. 28,  33  Nevertheless, these preliminary results according to 
age have to be confirmed, but they suggest that the use of this 
“saliva” biomarker could be relevant at all ages; this enhances 
the relevance of this indicator, because it is also suggested in 
other areas. 31  Deltamethrin, like most pyrethroid insecticides, 
has a powerful repulsive effect and is an effective mosquito 
killer (knockdown effect), but resistance has spread in the last 
decade in Africa. 34  In this study, ITNs were not observed to 
have any effect on  Anopheles  density, as evaluated by entomo-
logical methods (CDC catches). This could be caused by any 
or a combination of three factors: (1) the light traps were not 
installed in rooms containing ITNs (close to mosquito nets) 
but in yards, 35  (2) CDC traps are not a good method of evalu-
ating small changes in  Anopheles  density in a low-exposure 
area, 36  or (3) insecticide resistance is high in the studied area. 
Recent studies (Toto J-C , unpublished data) have indicated 
that  An. gambiae  in Lobito largely comprises the Savannah (S) 
form (82%) rather than the Mopti (M) form (18%). Because 
S form is well-known to be preferentially associated with phe-
nomena of resistances to insecticides, 37  we can hypothesize 
that insecticide resistance could occur in the studied area. A 
hypothesis related to Kdr resistance is currently under inves-
tigation. Nevertheless, it underlines that the use of anti-saliva 
IgG responses as an indicator of ITN efficacy could be particu-
larly applicable to areas of high levels of insecticide resistance 
where current entomological methods have numerous limita-
tions because of changes in vector behavior. 38,  39  

 The present study focused on the evaluation of IgG Ab level 
to whole saliva of  An. gambiae . The sensitivity and specificity 
of this type of biomarker will have to be enhanced, especially 
to overcome possible cross-reactions between the salivary pro-

teins of  An. gambiae  and those of other arthropod vectors. 40  
The subsequent step will be to identify specific immunogenic 
 Anopheles  proteins and evaluate the corresponding IgG Ab 
levels. Several potential candidate biomarkers of exposure to 
 An. gambiae  have been identified by our team, 41  among which 
one peptide (P1) of the  An. gambiae  gSG6 protein, is proving 
to be a reliable immuno-epidemiological marker of the inten-
sity of  Anopheles  exposure. 33  The evaluation of anti–gSG6-P1 
IgG response as a marker of ITN efficacy could be planned in 
the same studied population. 

   CONCLUSIONS 

 To identify new biomarkers for malaria-control programs, 
an efficient and adapted indicator is being sought to evalu-
ate the ITN efficacy. An approach based on measuring IgG 
Ab responses to  An. gambiae  salivary proteins represents a 
new way to evaluate the efficacy of vector-control strategies in 
malaria. This work has also showed that immunological tests 
can be carried out on blood spots collected on filter paper. This 
technique is ideal for investigating malaria, because it can be 
combined with thick blood smears that evaluate  Plasmodium  
load. The development of a “saliva” biomarker could repre-
sent an alternative way to obtain new criteria for measuring 
the efficacy of ITNs, which could be integrated with (1) the 
evaluation of new vector-control strategies (ITN use, house-
hold spraying, curtains, etc.) in phase 3 trials and (2) the mon-
itoring of selected strategies by National MCPs. Finally, the 
development of such a biomarker could be applied to vector-
control strategies against other major mosquito-borne dis-
eases such as arboviroses (dengue and chikungunya). 

 Received November 13, 2009. Accepted for publication January 8, 
2010. 
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