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Abstract. Three cross-sectional studies were conducted in a representative cohort of individuals living continu- 
ously in an area holoendemic for malaria in Senegal. Plasma from 145 children and adults were tested. The pattern 
of antimalarial.immunoglobulin class (IgM and IgG) and subclass (IgG 1 to IgG4) antibody distribution was deter- 
mined by enzyme-linked immunosorbent assay using a crude blood-stage antigen of Plasmodium falciparum-infected 
red blood cells. Adults had higher levels of specific antibodies than children, and IgM, IgG2, and IgG3 accounted 
for the higheit 'difference (2.9, 6.5, and 4.5 times, respectively). Differences in antibody levels were significant for 
IgGl to IgG4 between the lowest and the highest transmission season. No particular isotype distribution pattern could 
be found as ociated with any given parasitemia level. The relationship between the optical density (OD) values of 
each isotype and the risk of clinical malaria attack was tested using a Poisson regression model. Only the IgG3 OD 
increases 4ere  found associated with a significantly reduced risk of malaria attack. These seroepidemiologic data 
suggest that whereas the total IgG-specific activity is not indicative of any given level of protection against malaria, 
the level of IgG3 was significantly associated with the relative susceptibility to clinical P. falciparum malaria attacks. 
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In recent years, increasing importance has been given to 
the immunoglobulin (Ig) classes and subclasses directed 
against extracts of various infectious agents, including par- 
asitic The potential protective role of the hu- 
moral immune response to the erythrocytic stage of Plas- 
modium falciparum malaria has been suggested by different 
observations,"I2 but the precise role of subclass antibodies 
in protection against human malaria is still incompletely de- 
termined. Nevertheless, a potential and preferential role for 
protection afforded by cytophilic IgG isotypes has been em- 
phasized, both in animal models and in humans infected with 
P .  f a l c i p a r ~ n z . ' ~ - ' ~  With regard to the hypothesis that the an- 
tibodies that are protective against malaria may act in col- 
laboration with effector cells, in particular blood monocytes, 
the subclass determination of the specific antibodies pro- 
duced in response to infection seems of particular interest.Ix- 
23 Data also suggest that noncytophilic antibody subclasses 
inhibiting the activity of cytophilic antibodies are detectable 
during P. falciparum m~i1aria.I~. 24 Therefore, no clear pattern 
of association between isotypes and clinical immunity has 
so far emerged, but as a result of their functional and poten- 
tially opposite activity, the relative isotype distribution may 
differ among individuals living in endemic areas. 

In the present study, we determined the extent to which 
the pattern of the whole P, falciparum antigen-specific im- 
munoglobulin isotype distribution in the plasma of individ- 
uals exposed to continuous and intense parasite transmission 
was associated with andlor affected by age, transmission, 
parasitemia levels, and occurrence of malaria attacks in Sen- 

We evaluated by enzyme-linked immunosorbent as- 
say (ELISA) the antibody responses directed against somatic 
antigens (representing mainly cytoplasmic schizont proteins, 
including some membrane antigens) that are indicative of 
the whole antibody response developed against mature schiz- 
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ont forms of the asexual erythrocyte stage of P .  falcipa-  
rum.26* l7 

MATERIALS AND METHODS 

Study area and population, clinical and parasitologic 
monitoring, and collection of plasma. The village of Diel- 
mo (13"45'N, 16'25'W) is situated in a rural area of Senegal 
280 km southeast of Dakar, 15 km north of the Gambian 
border, and is located on the bank of a permanent fresh water 
river, as described e l s e ~ h e r e . ~ ~ . ~ ~  

Of the 250 inhabitants of Dielmo, blood was obtained 
from 145 individuals (mean 2 SD age 23.0 f 20.7 years) 
living permanently in the village during the survey. The sub- 
jects enrolled in this study included exclusively the inhabi- 
tants followed continuously during a two-year period. These 
individuals had not left the village for more than 10 days 
during the entire study period, and had spent 95-100% of 
their life in this village. Informed consent was obtained in- 
dividually from all participants or their parents. 

A malaria attack was defined by an episode of fever as- 
sociated with a parasite density over an age-dependent py- 
rogenic threshold as described in this village. (The existence 
of a pyrogenic threshold effect allowed parasite density to 
be used to distinguish malaria attacks from other causes of 
fever. Its level varied by 2.45 trophozoites per leukocyte, 
maximum at one year of age, to 0.5 trophozoites per leu- 
kocyte, minimum at 60 years of age.29) Malaria attacks were 
estimated by daily active case detection, and none of the 
subjects had a malaria attack or a febrile episode at the time 
of  ampl ling.'^ Pregnant women and patients with a malaria 
attack during the previous two weeks were not included. 

Capillary blood samples (n = 145) were obtained during 
the dry season in April 1991 (period 1 [PI], corresponding 
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FIGURE 1, Monthly variations of inoculation rates of Plasrizodi- 
um falcipanrm in Dielmo, Senegal from April 1990 to May 1992. 
P1, P2, and P3 correspond to the three periods of sampling. 

to a low transmission period with 1.3 infected bites per per- 
son per month). Seventy-three samples randomly chosen 
from the 145 were sampled a second time during the wet 
season five months later in September 1991 (period 2 [P2], 
corresponding to the highest transmission season with 65.9 
infected bites per person per month), and the remaining 72 
were tested a second time in May 1992 (period 3 [P3], cor- 
responding to a second low transmission season with 4.1 
bites per person per month). The characteristics of the two 
subgroups of subjects enrolled at P2 and P3 were compa- 
rable either on the basis of age, sex ratio, or red blood cell 
polymorphism (AA or AS hemoglobin distribution). The 
three periods were selected after analysis of entomologic 
data and, as shown in Figure 1, allowed us to compare dif- 
ferent levels of 

Blood was drawn into heparinized capillary tubes (Li- 
quemine@; Roche, Neuilly sur Seine, France) and thick blood 
films were prepared at the time of blood sampling. Thick 
smears were dried for 24-48 hr, dehemoglobinized, and 
stained with Giemsa. All blood film readings were indepen- 
dent from this ongoing study and standardized as previously 

31 Briefly, 200 microscopic oil-immersion fields 
were examined on each slide (approximately 0.5 pl of blood) 
and the identification of P. fakiparum,  P. ovale, or P. ma- 
lariae was confirmed by a trained parasitologist. Parasitem- 
ias reported in this study referred only to the identification 
of asexual forms observed in each blood film. 

Parasite strains used as antigens. The Dielmo strain of 
P. falciparuin was isolated from an inhabitant of Dielmo in 
November 199 1 and successfully cultivated thereafter, fol- 
lowing the method of Trager and Jensen?* The Banjul strain 
was a kind gift of Dr. K. Marsh (Medical Research Council, 
Banjul, The Gambia). It originated from the Gambia and has 
been cultivated for 13 years in our laboratory. The K+ strain 
was derived from the FUP/CB strain and had also been 
maintained for eight years in our laboratory. When the par- 
asitemia was approximately lo%, sorbitol-synchronized cul- 
tures that had reached the schizont stage were concentrated 
by differential centrifugation, and the enriched mature schiz- 
ont fraction was immediately isolated, aliquoted, and frozen 
at -70°C until use. The parasite extract was prepared by 
controlled lysis of schizont-infected erythrocytes with O. 1 % 
saponin, 0.06 N NaCl, ultrasonication in the presence of en- 
zyme inhibitors, centrifugation at 4”C, and filtration with a 
0.2-km Millex@ filter (SA67; Millipore, Molshein, France). 

The IgM and IgG antibody levels detected against P. fal- 

cjppcII-lll~l extracts obtained from different strains were com- 
pared. The lowest concentrations of p. fa l c ipano l~  antigen 
(5 pg/ml) and the highest dilution (1:200) of plasma samples 
that gave maximal absorbances in combination with the low- 
est background were chosen. The optical densities (ODs) 
obtained against the Dielmo extract were consistently higher 
than those observed for the extracts derived from the two 
other available strains. In a longitudinal study, 15 individuals 
were tested 4-1 2 times. The antibody responses observed 
against the extract produced with the Dielmo isolate were 
higher than those obtained with the other strains, both for 
IgM (in two of three cases) and IgG (in three of three cases) 
levels, while the negative controls were always low. There- 
fore, the signal (OD - background) was the highest with 
the P. falciparurn Dielmo extract, which was selected for the 
following studies of isotype determinations. 

Enzyme-linked immunosorbent assays (ELISAs) for 
anti-malaria antibody isotypes. The total P. falciparunz an- 
tigen extract was used for analysis of reactivity with the 
plasma samples according to published and validated meth- 
ods. 15. 23. 33-36 Following preliminary experiments to optimize 
the ELISA conditions, the selected concentration of the P. 

of a carbonate buffered (pH 9.6) solution containing the an- 
tigen was added to each well of 96-well, flat-bottomed poly- 
styrene microtiter plates (Nunclon@; Nunc, Roskilde, Den- 
mark) and incubated overnight at 4°C. After the plates were 
washed five times with phosphate-buffered saline (PBS)/I% 
Tween, 200 kl of 1% bovine serum albumin in PBS was 
added to each well and incubated for 1 hr at 37°C to block 
the antigen-free surface of the wells. 

Thereafter, 1:200 dilutions of the plasma samples were 
added to the wells (100 yl/well) and incubated at 37°C for 
90 min. Each plasma sample was tested in duplicate either 
in antigen-coated or control red blood cell-coated wells for 
IgM, total IgG, and each IgG subclass. After being washed, 
IgM and total IgG plates were incubated for I hr at 37°C in 
the presence of peroxidase-conjugated goat F(ab’)2 fragment 
to human IgG Fc (gamma chain-specific, at a dilution of 1: 
6,000) or human IgM Fc (mu chain-specific, at a dilution 
of 1 :4,000) (Cappel Organon Teknica Corp., West Chester, 
PA). 

For determination of the immunoglobulin isotypes, the 
monoclonal antibodies (MAbs) used were mouse anti-IgG1 
(clone NL16) at a dilution of 1:2,000, anti-IgG3 (clone ZG4) 
at a dilution of 1:10,000, and anti-IgG4 (done GB7B) at a 
dilution of 1:30,000. These three MAbs were obtained from 
Wnipath (Bedford, United Kingdom). The MAb anti-IgG2 
(clone HP6002), used at a dilution of 1:10,000, was obtained 
from Sigma (St. Louis, MO). When used at optimal concen- 
trations, these MAbs gave subclass-specific results, and they 
were previously defined as correctly reflecting the immu- 
noglobulin content of African or Asian individu al^.'^.?^ By 
use of a panel of calibrated IgGl to IgG4 purified myelomas 
(reference no. 1-3889, 1-4139, 1-4389, and 1-4639 for IgGl 
to IgG4 respectively, Sigma; a gift from O. Mercereau-Pui- 
jalon, Institut Pasteur, Paris, France), the linear relationship 
between the OD and the concentrations of the different im- 
munoglobulins (particularly that of IgG2) was confirmed us- 
ing an ELISA and enzyme-linked immunosorbent dot-blot 
assays, and the titration curves were similar to those pub- 

I fakiparum antigen extract was 5 pg/ml. A total of 100 pl I 
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lished el~ewhere.~' Additional control standards were puri- 
fied IgG from a pool of immune Africans and a purified IgM 
myeloma, a kind gift from Dr. J. L. Preudhomme (Poitiers, 
France), as previously reported.''. ?".?I 

Following incubation, the plates were washed, and 100 
pl/well of peroxidase-conjugated goat anti-mouse IgG Fabs 
specific at a dilution of 1 :2,000 (Sigma) were added and the 
plates were incubated for 60 min at 37°C. After five wash- 
ings, 100 pl of citrate buffer (pH 4) containing 0.16 mglml 
of chromogenic substrate (o-toluidine) and 10% H,O, (4 pl/ 
ml) was added, the reaction was then stopped with 4 N 
H2S0,, and OD values were read at 450 nm in a Titertek 
multiscan plate reader (Flow Laboratories, Ltd., Ayshire, 
Scotland). 

The ELISA used in the present study proved to be sen- 
sitive and reproducible for our investigations after control of 
different parameters .known to potentially influence ELISA 
measurements of IgG and IgG subclass antibodies to differ- 
ent a n t i g e n ~ . 3 ~ - ~ ~  The optimal antigen coating concentration 
(5 pg/ml) and the'dptimal dilution of plasma samples (1: 
200) were the same throughout our study and were chosen 
following checkeiboard titrations. To minimize variations, 
plasma samples $rom a given individual were assayed on a 
single plate (i.e.\, different samples of a given individual 
were tested on the same plate, and the different isotypes 
were evaluated pn the same day). Each plasma sample was 
analyzed in the'presence of a control plasma known to be 
negative for malaria antibodies and a positive standard that 
consisted of a pool of positive plasma from Senegal. Results 
for IgG subclass activities were expressed on a relative basis 
using the patient's own plasma as an individual reference 
from one period (PI) to the other (either P2 or P3): each 
individual was tested twice, the first time at P I ,  and a second 
time either at P2 or P3. 

In parallel, and for each determination, the background 
was determined as the OD obtained in the presence of con- 
trol erythrocytes. These control erythrocytes corresponded 
to the red blood cells used for the parasite cultures, and they 
were maintained in the same incubator at 37°C for seven 
days and in a separate flask, aliquoted, and stored in con- 
ditions strictly comparable with those of the parasites. The 
mean OD 4- 1 SD of age- and ethnicity-matched healthy 
unexposed subjects was used for each immunoglobulin sub- 
class as the cutoff value to determine positivity, and an OD 
value of O was given a value of for statistical purposes. 

Since the OD values for all immunoglobulins were eval- 
uated in technically identical conditions, the OD variations 
within a given subclass could be directly compared as a 
function of age, particularly from one age group to the other, 
and/or as a function of transmission, from one malaria trans- 
mission season to the other, and/or as a function of changes 
in parasitemia, from one sampling period (PI) to another (P2 
or P3). The OD levels of each antibody subclass were also 
individually tested for their potential association with a pro- 
tective effect against malaria attacks. 

Statistical analyses. The potential association between 
antibody levels and age was tested either by considering the 
age factor as a continuous variable or as a discontinuous one, 
when the group of 145 individuals was stratified into three 
age groups, on the basis of clinical follow-up and epidemi- 
ologic data reported elsewhere.--. 75 %.43.J4 - 

The cohort was stratified into three critical age groups of 
similar size and defined as follows: group 1) 5 7 years of 
age (n = 38 children); group 2) > 7-5 25 years of age (n 
= 57 young individuals); group 3) > 25 years of age (n = 
50 adults). 

Each individual was tested twice: the first time at P I  and 
the second time at either a five-month (P2) or 13-month (P3) 
interval so that individual variations in antibody levels could 
be evaluated using paired-tests?' The statistical analyses in- 
cluded the paired t-test, the Wilcoxon test for quantitative 
data, Spearman's rank correlation, regression analysis, the 
Mann-Whitney U-test for comparisons between two groups 
(values dichotomized were sex, hemoglobin phenotype, i.e., 
either AA or AS, and thick blood smears as positive or neg- 
ative values), and the Kruskal-Wallis test for categorical data 
(age groups, periods of analysis).45 When P values were < 
0.05, they were considered significant. 

The effect of age and period of study were estimated by 
a two-factor repeated measures analysis of variance test. 
This analysis allowed us to evaluate the effect of transmis- 
sion level and its potential differential effect in the different 
age groups. The relationship between the pattern of isotype 
distribution at P1 and the risk of malaria attack during the 
six months before and after blood sampling (i.e., over a one- 
year period), was tested using a Poisson regression model 
taking into account the effect of age, hemoglobin phenotype 
AS, and gender. The OD values of each isotype were in- 
cluded as covariates in this model and they were individually 
tested by likelihood ratio statistics (LRS). Protective effects 
were determined as equal to 1 minus the estimated rate ra- 
tios. 

RESULTS 

IgM- and IgG-specific antibodies directed at the con- 
trol red blood cell antigen. The level of recognition of the 
control red blood cell antigen was usually low in Dielmo. 
During the first period of sampling (period PI), most anti- 
red blood cell values were limited (mean ? 1 SD = 0.1 19 
? 0.108 and 0.393 ? 0.163 for IgM and IgG, respectively). 
By comparison, these values were significantly more elevat- 
ed during the second period of sampling at P2 (0.155 I. 
0.148; P = 0.0014 and 0.525 2 0.235; P = 0.0001 for IgM 
and IgG, respectively, by the Wilcoxon paired test). Between 
periods P1 and P3, the anti-red blood cell total IgG (but not 
IgM) were also different, with IgGl and IgG2 values ac- 
counting for most of the differences observed ( P  = 0.012 
and P < 0.01, respectively). However, among the individuals 
with elevated levels of anti-red blood cell antibodies, no 
correlation with hemoglobin levels was detected. These in- 
dividual variations in anti-red blood cell immunoglobulins 
were systematically taken into consideration. 

Age-dependent anti-R falciparuin isotype and subclass 
distribution. Among the 145 inhabitants of Dielmo enrolled 
at period P I ,  the mean specific IgM and IgG levels differed 
with age, and they were significantly different among the 
three age groups ( P  = 0.0001, by the Kruskal-Wallis test). 
Whereas this change was gradual for IgG, it was much more 
sudden after the age of seven years for the IgM levels, which 
were only slightly elevated later on, as illustrated in Figure 
2. As a consequence, the IgM increase paralleled that of the 

--- 



b 

452 

2.5-1 P I  

O 

? 
ARIBOT AND OTHERS 

P 
f 

o 0 0  
P 

I 
I& lgG' lgGl lgGE lgG3 tg64 

FIGURE 2. Pattern of Plasmodiuin falciparurn-specific immuno- 
globulin optical density values (log mean -+ SEM) distribution in 
three different age groups during period P1 (April 1991, correspond- 
ing to a low transmission season). The original cohort was stratified 
into 38 children (open circles =2 5 7 years), 57 young individuals 
(solid circles = > 7-5 25 years), and 50 adults (striped circles = 
> 25 years). 

IgG among children and to a lesser extent among young 
individuals (r = 0.542 and r = 0.331, respectively), but this 
was no longer the case among adults more than 25 years of 
age. When the younger age group was compared with the 
older one, the difference in IgM and IgG OD values was 
2.9-fold and 1.6-fold, respectively. 

At P1, all P. fakiparum-specific IgGl to IgG4 subclasses 
were also found to differ as a function of age (Figure 2). 
The IgG2 and the IgG3 isotypes were more elevated (6.5- 
fold and 4.5-fold, respectively) than the IgGl and IgG4 is- 
otypes (2.0-fold and 1.9-fold, respectively) when comparing 
children less than seven years of age with adults more than 
25 years of age. The IgG2 and IgG3 isotype OD values were 
significantly correlated with age among children (r = 0.572 
and r = 0.485, respectively). 

At P2 and P3, the same age-dependent changes were ob- 
served. Therefore, irrespective of the period of study, the 
isotype distribution pattern remained largely comparable 
over the 13-month study, and the main changes in OD values 
were those affecting IgM, IgG2, and IgG3. 

Changes in isotype and subclass distribution as a func- 
tion of malaria transmission. Comparison of period PI 
versus period P2. Between these two periods, i.e., over an 
interval of five months, the number of infective bites per 
person per month was dramatically increased by a factor of 
50.7. In our study group, the mean percentage of asympto- 
matic infected subjects (i.e., healthy people with a detectable 
level of asexual parasite forms at the time of sampling) was 
not significantly different between these two periods (54.3% 
at P1 and 54.5% at P2). Nevertheless, the mean parasitemia 
was increased from 2.9 (95% confidence interval [CI] = 
0.8-5.1) to 7.7 (CI = 3.1-12.4). All immunoglobulin OD 
values (except total IgG) were significantly modified be- 
tween these two different periods of transmission, and they 
were elevated at P2 (Figures 3-6). 

The subclass OD values of all immunoglobulins were 
compared between P1 and P2 in the three age groups by a 
two-factor repeated measures analysis of variance. A signif- 
icant season-related difference was detectable for IgG 1 to 
IgG4 values with P < 0.001 for IgGl and IgG3, P < 0.03 
for IgG2, and P < 0.005 for IgG4. 

.- i3 1.0 
v) 
C 
9) 
P 
m u 
CI 

- 
.- 
P 0.5 
O 

0.0 
P1 P2 P1 P2 P1 P2 

FIGURE 3. Pattern of Plasmodium falciparurn-specific IgG 1 op- 
tical density values (log mean -+ SEM) distribution in three different 
age groups during period PI (April 1991, corresponding to a low 
transmission season) and period P2 (September 1991, corresponding 
to the highest transmission season). The original cohort was stratified 
into 17 children (open circles = 5 7 years), 28 young individuals 
(soIid circles = > 7-5 25 years), and 28 adults (striped circles = 
> 25 years). 

No major change was observed in those subjects less than 
seven years of age. In the second age group including 28 
individuals, IgM levels were increased in 19 subjects, IgGl 
in 22, and IgG3 in 19. The same three immunoglobulin is- 
otypes were found to be increased in 17, 19, and 21 of 27 
adults, respectively, and the mean IgG2 levels were also in- 
creased in 19 of 27 cases in the group of adults. 

The impact of the transmission season at P2 was markedly 
different in the three age groups for the IgG3 values (P < 
0.05): the OD increase at P2 was 8.8% in those less than 
seven years of age, 12.4% in the > 7-5 25-year-old age 
group, and 17.9% in the > 25-year-old age group. Therefore, 
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. FIGURE 4. Pattern of Plasmodium falciparum-specific IgG2 op- 
tical density values (log mean 2 SEM) distribution in three different 
age groups during period P1 (April 1991, corresponding to a low 
transmission season) and period P2 (September 1991, corresponding 
to the highest transmission season). The original cohort was stratified 
into 17 children (open circles = 5 7 years), 28 young individuals 
(solid circles = > 7-5 25 years), and 28 adults (striped circles = 
> 25 years). 
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FIGURE 5. Pattern pf Plasrnodium falciparurn-specific IgG3 op- 

tical density values (log mean 5 SEM ) distribution in three different 
age groups during period PI (April 1991, corresponding to a low 
transmission season) and period P2 (September 1991, corresponding 
to the highest transmiskion season). The original cohort was stratified 
into 17 children (open circles = 5 7 years), 28 young individuals 
(solid circles = > 67-5 25 years), and 28 adults (striped circles = 
> 25 years). i 
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between P1 and P2, the most striking difference related to 
the dramatic increase in transmission level was observed for 
the IgG3 subclass values, which were significantly altered 
both as a function of season and age group. This differential 
impact of transmission season was not observed for any oth- 
er parasite-specific immunoglobulin subclass. 

Conzparison of the two low transmissioiz periods ( P I  ver- 
sus P3). Between these two periods of low transmission, i.e., 
over an interval of 13 months, the number of infected bites 
per person per month was comparable. The percentages of 
healthy asymptomatic subjects harboring parasite asexual 
blood forms were only slightly but not significantly different 
(67.6% and 52.1% at PI and P3, respectively). The mean 
parasitemia at PI (mean = 9.8, CI = 4.2-15.5) and at P3 
(mean = 6.9, CI = 0.7-13.0) was not statistically different. 

The two-factor repeated measures analysis of variance test 
did not allow the detection of a statistically significant dif- 
ference in any isotype values between P1 and P3 for all age 
groups. Only limited variations were detectable between the 
two samplings: among children, the IgG2 and IgG4 isotypes 
were increased (in 17 and 14 of the 21 children tested at 
P3), and the IgG3 isotype was decreased (in 20 of 29 young 
individuals). 

Therefore, at a one-year interval, the pattem of isotype 
distribution was largely comparable, particularly in the two 
older age groups, with the highest variability observed 
among children. 

Relationship between parasitemia and the isotype dis- 
tribution. At the individual level, daily changes in parasit- 
emia were not directly associated with modifications in the 
pattern of humoral response. At the cohort level during pe- 
riod Pl, parasitemia values were inversely correlated with 
age (p = -0.464, P = 0.0001). The age variable was con- 
trolled by studying independently two subgroups of subjects 
either less than or more than 25 years of age. As shown in 
Table 1, in each subgroup, the presence (in 73 of 94 and 14 
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FIGURE 6 Pattern of Plasinodiu~iz falcipanrnz-specific IgG4 op- 

tical density values (log mean ? SEM) distribution in three different 
age groups during period P1 (April 1991, corresponding to a low 
transmission season) and period P2 (September 1991, corresponding 
to the highest transmission season). The original cohort was stratified 
into 17 children (open circles = 5 7 years), 28 young individuals 
(solid circles = > 7-5 25 years), and 28 adults (striped circles = 
> 25 years). 

of 50 individuals less than or more than 25 years of age, 
respectively) or the absence of detectable parasitemia at an 
identical age was not associated with any given pattern of 
P. falciparuin-specific class or subclass antibody distnbu- 
tion. Statistical analysis showed that the age factor and the 
presence or absence of parasites were highly correlated (P 
= 0.0001, by Kendall rank correlation), but for a given age, 
no correlation between specific humoral responses and par- 
asitemia could be found. 

Pattern of isotype distribution and incidence of malar- 
ia attacks. In Dielmo, the risk of malaria attacks and age 
were inversely correlated: the risk dramatically decreased 
after two years of age and reached the level found in adults 
at approximately 7-10 years of age. The mean number of 
malaria attacks observed over a one-year period was 4.8 (CI 
= 3.1-6.6) in the O-2-year-old age group, 2.5 (CI = 1.3- 
3.6) in the 3-6-year-old age group, and 0.2 (CI = 0.1-0.4) 
in the older individuals, The risk of malaria attacks observed 
in children less than three years of age (0-2 years) was re- 
ferred to as a baseline level of risk. According to the Poisson 
regression analysis, the protective effect of age was 39.2% 
(CI = 10.2-58.8) in the 3-6-year-old age group and 94.6% 
(CI = 91.3-96.6) in the oldest children and adults. 

A series of Poisson models was fitted to test and estimate 
how much of the age protective effect could be accounted 
for by the OD level of each isotype. The IgG3 OD increases 
alone were found associated with a significantly reduced risk 
of malaria attacks (LRS = 11.3, P < 0.001). In contrast, the 
OD values of all other immunoglobulin classes or subclasses 
(parasite-specific IgM, total IgG, IgG 1, IgG2, and IgG4) 
were not significantly associated with a reduced risk of ma- 
laria attack. 

An IgG3 increase from 0.095 (mean value observed in the 
O-2-year-old age group) to 1.015 (mean value observed 
among children more than seven 7 years of age) was asso- 
ciated with a 55.4% protective effect (CI = 22.1-74.5). An 
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IgG3 increase of 2 ODs was associated with a 82.7% pro- 
tective effect (CI = 69.8-90.1). In  this analysis, there was 
no significant interaction between IgG3 OD values and age 
effects. 

When the IgG3 OD level was included as a covariate in 
the model and when the O-2-years-old age group was re- 
ferred as a baseline level of risk, the residual age protective 
effect was 25.4% (CI = 11.7-50.8) in the 3-6-years-old age 
group and 89.1% (CI = 80.5-93.9) in the older individuals. 
This indicated that the IgG3 OD could account for 35.2% 
(39.2 - 25.4139.2 = 35.2%) of the age-associated protective 
effect in the 3-6-years-old age group and 5.8% in the older 
inhabitants of Dielmo. 

DISCUSSION 

In the present study, we evaluated the isotype distribution 
of malaria-specific antibodies directed against unfractionated 
schizont antigens derived from a local isolate recently adapt- 
ed to in vitro cultures. Antibodies to somatic antigens were 
detected by ELISA, a methodology that allowed the evalu- 
ation of some aspects of the humoral immune response in 
different malarial infe~t i0ns. l~.  159 22. 23. 46* 47 Comparable 
blood-stage extracts were already used in previous studies 
and considered as indicators of the response directed against 
the p a r a ~ i t e . 4 ~ - ~ ~  The precise nature of the different antigens 
recognized by the malaria-specific antibodies was not deter- 
mined in this study, but immunoblot analysis of different 
plasma samples obtained from a given individual consis- 
tently revealed the same pattern of antigen recognition, and 
this is in agreement with previous ~ o r k . 5 ~  Indeed, part of 
the humoral response was occasionally found to be directed 
towards normal red blood cell contaminants, and this illus- 
trated the necessity of the simultaneous use of red blood cell 
control antigen with the crude plasmodial antigen.54 Such 
recognition of uninfected erythrocytes was described during 
chronic falciparum malaria and autoimmune a r~emia .~~-~’  
However, it should be mentioned that in Dielmo, this red 
blood cell recognition was restricted mainly to the high 
transmission season, and no anemia was found, even in in- 
dividuals with high levels of anti-erythrocyte antibodies. 

In this initial evaluation of the antibody response in an 
endemic area, our data are indicative of differential isotypic 
responses, and this is in agreement with previous field stud- 
ies.i7*23,46 Our study design allowed for the control of the 
individual factor, giving an estimate of the age variable, sea- 
sonal impact (level of exposure to transmission), the effect 
of parasitemia detectable at the time of sampling, and the 
potential relationship between immunoglobulin levels and 
the occurrence of malaria attacks. This approach was only 
possible when evaluating the parasitemia at period P1 and/ 
or the occurrence of malaria attacks during the entire study 
period and when comparing the pattern of isotype distribu- 
tion in individuals with different levels of parasitemia or 
with different numbers of malaria attacks (provided that the 
occurrence of parasite-positive smears or malaria attacks 
were not altered by a recent treatment, i.e., less than one 
year). This was indeed the case since we carried out the 
active and continuous follow-up of all individuals for a long 
period, during which a specific program including daily 
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monitoring of the Dielmo inhabitants allowed the evaluation 
of their individual susceptibility to the parasite.2s*43 

When the level of specific antibodies against P. fulcipa- 
runi extracts was analyzed as a function of age, a gradual 
increase in levels of specific antibodies from the younger to 
the older age group was apparent. With age (thus exposure 
to the parasite), the transmission level tended to have a great- 
er (but still transient) impact upon the isotype distribution, 
whereas the duration of exposure to the parasite had a max- 
imum influence upon the isotype level of children. As a 
function of age, which was the major factor associated with 
the antibody specific isotype distribution pattern, the main 
changes detectable were those affecting the parasite-specific 
IgM, IgG2, and IgG3 isotypes. 

Changes in IgM levels probably reflected the occurrence 
of successive infections by different strains in Dielmo where 
it was recently demonstrated that acquiring antiparasite im- 
munity results in a decrease in both the parasite load and its 
apparent complexity (i.e., the number of potentially different 
strains participatihg' in the infection.58 Variations in specific 
IgM levels have peen previously reported and were found to 
be potentially aqsociated with immunoprotection of humans 
living in a hyperendemic area, but this was not confirmed in 
a different study camed out in In Dielmo, IgM 
levels were gradually and consistently increased during the 
highest transm@sion season. This suggested the recent con- 
tact with new'strains of parasites, and either the immune 
recognition of these new strains of parasite by the young 
hosts58 of an antigen-induced T cell-independent response?' 

Comparisons between P1 and P2  andor  P3 illustrated the 
immunologic shifts associated with long-term exposure to P. 
falciparum. The dramatic increase in transmission level at 
P2 was associated with increased levels of IgM, IgG1, and 
IgG3 in the two older age groups, in which individuals pro- 
gressively developed an efficient protective immunity.25- .M. * 
No significant difference was detectable in OD values be- 
tween PI and P2 in children less than seven years of age, 
and this was probably due to the large OD fluctuations ob- 
served in the younger age group or to constraints of physi- 
ologic maturation described in children.6O 

In the intermediate age group, the transient increase in 
specific immunoglobulins at period P2 was much more 
marked than in those less than seven years of age. In partic- 
ular, IgM, IgGl, and IgG3 values were significantly in- 
creased. In contrast, most OD levels were largely compara- 
ble between PI and P3. Therefore, in this intermediate age 
group, the transmission season had a much higher impact 
than the time lapse between two samplings. 

In the older age group, a dramatically marked but transient 
alteration in OD values was observed at period P2: most 
isotype levels, with the exception of IgG4, differed signifi- 
cantly between P1 and P2, whereas in contrast, all immu- 
noglobulin classes and subclasses were largely comparable 
between P I  and P3. Therefore, in this age group, only slight 
differences could be detected after a 13-month interval 
whereas the transmission level had a marked but momentary 
impact, as was observed for the second age group. As pre- 
viously protection is progressively acquired in 
Dielmo, and it is probably of some relevance that in the two 
older age groups, both IgGl and IgG3 (cytophilic antibodies) 
levels were found to be altered at a time of increased parasite 

transmission. That IgGl and IgG3 levels were found to be 
increased in association with an increase in malaria trans- 
mission is reminiscent of previous studies suggesting that 
cytophilic antibodies could participate in mechanisms of cel- 
lular antibody cooperation, which could play a prime role in 
the development of p r o t e ~ t i o n . ' ~ - ~ ' . ~ ' , ~ ~  

Parasitemia was not found to be directly associated with 
a given pattern of antibody distribution (i.e., it was not as- 
sociated with an absolute specific antibody level). This ob- 
servation is in agreement with a comparable study, and could 
be related to the fact that even a negative thick blood smear 
is no guarantee of parasite n e g a t i ~ i t y . ~ ~ * ~ ~  Therefore, expo- 
sure to, more than infection by P. falciparum, tended to sig- 
nificantly alter the antiparasite isotype-specific distribution. 

The relationship between the risk of malaria attack in 
Dielmo and the level of IgG3 was evaluated after taking into 
account the effect of age, using a Poisson regression model. 
This method of analysis indicated that irrespective of age, 
an increase in, parasite-specific IgG3 was significantly asso- 
ciated with a decrease in the risk of malaria attack. The part 
of the age-associated protective effect that could be ex- 
plained by the level of parasite-specific IgG3 was statisti- 
cally greater during the earliest stages of acquisition of nat- 
ural immunity in Dielmo (i.e., in children less than six years 
of age). Therefore, our study is indicative that the level of 
parasite-specific IgG3 is a critical factor and that its mea- 
surable contribution with regard to protection varies with 
age. On the one hand, this is evocative of a possible increase 
in the affinity and/or the fine specificity of these cytophilic 
antibodies, and in the development of a progressively more 
efficient functional IgG3 activity following repeated expo- 
sure to P. falciparum. On the other hand, this observation 
suggests that more than one mechanism could participate in 
the resistance against malaria attacks (in this case, the in- 
volvement of parasite-specific IgG3 would effectively differ 
between the young individuals and the older ones. 
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