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The role of interleukin-10 (IL-10) in malaria remains poorly characterized. The aims of this study were to investigate (i) whether
genetic variants of the IL-10 gene influence IL-10 production and (ii) whether IL-10 production as well as the genotypes and hap-
lotypes of the IL-10 gene in young children and their mothers are associated with the incidence of clinical malaria in young chil-
dren. We genotyped three IL-10 single nucleotide polymorphisms in 240 children and their mothers from a longitudinal pro-
spective cohort and assessed the IL-10 production by maternal peripheral blood mononuclear cells (PBMCs) and cord blood
mononuclear cells (CBMCs). Clinical episodes of Plasmodium falciparum malaria in the children were documented until the
second year of life. The polymorphism IL-10 A-1082G (GCC haplotype of three SNPs in IL-10) in children was associated with
IL-10 production levels by CBMC cultured with P. falciparum-infected erythrocytes (P � 0.043), with the G allele linked to low
IL-10 production capacity. The G allele in children was also significantly associated with a decreased risk for clinical malaria in-
fection in their second year of life (P � 0.016). Furthermore, IL-10 levels measured in maternal PBMCs cultured with infected
erythrocytes were associated with increased risk of malaria infection in young children (P < 0.001). In conclusion, IL-10 poly-
morphisms and IL-10 production capacity were associated with clinical malaria infections in young children. High IL-10 pro-
duction capacity inherited from parents may diminish immunological protection against P. falciparum infection, thereby being
a risk for increased malaria morbidity.

Interleukin-10 (IL-10) is a dominant cytokine in the regulation
of immunity to infection, as it suppresses macrophages and den-

dritic cells (DCs), thereby limiting T helper type 1 (TH1) and T
helper type 2 (TH2) effector responses (3). With the ability to
downregulate inflammatory responses, IL-10 has been reported to
be associated with decreased risk of cerebral malaria and severe
malaria-associated anemia (12, 13, 21). However, higher IL-10
levels were associated with less effective clearance of Plasmodium
falciparum parasites (7), thus facilitating malaria parasite infec-
tion in the human host. The exact role of IL-10 in malaria remains
poorly characterized.

An individual’s capacity to produce IL-10 is under genetic con-
trol. The IL-10 gene is located on chromosome 1q31-q32, with
several variants in the promoter region associated with variable
IL-10 production and infection phenotypes (8). One haplotype
(GCC: -1082G/-819C/-592C) in the IL-10 gene that results in
higher levels of IL-10 was reported to be associated with protec-
tion against severe malaria-related anemia in Kenyan children �3
years of age (22). In another study of Gambian children, in which
eight IL-10 gene single nucleotide polymorphisms (SNPs) were
investigated, a specific haplotype with a frequency of 11% was
associated with a decreased risk for severe malaria, although the
transmission disequilibrium test in families from the same popu-
lation did not detect undertransmission of this haplotype (28). To
our knowledge, no studies have been performed to investigate the
association of IL-10 genetic variants with the incidence of clinical
malaria in young children.

In the AgeMal collaborative study (ClinicalTrials.gov identifier
NCT00231452), women from the Manhiça district of Southern

Mozambique were recruited during pregnancy. Their children
were followed until they were 2 years of age, with the aim of inves-
tigating age of exposure and immunity to malaria in young chil-
dren (5). The AgeMal study provided a unique opportunity to
longitudinally investigate the potential effects of IL-10 on clinical
malaria in young children. IL-10 production in maternal periph-
eral blood mononuclear cells (PBMCs) and in cord blood mono-
nuclear cells (CBMCs) was measured after stimulation with a ly-
sate of uninfected or P. falciparum-infected erythrocytes, and
episodes of clinical malaria were documented in the cohort of
children followed up to 2 years of age. Three IL-10 SNPs were also
genotyped in the young children and their mothers. We hypoth-
esized that genetic variants in the IL-10 gene would influence the
capacity of IL-10 production and that specific genotypes and hap-
lotypes of the IL-10 gene in young children and their mothers
would be associated with the incidence of clinical malaria during
the first 2 years of life.
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MATERIALS AND METHODS
Study population. This study is part of the project entitled “Age of expo-
sure and immunity to malaria in infants (AgeMal).” A three-arm random-
ized, double-blind, placebo-controlled trial was conducted in an area
where malaria is endemic. First exposure to P. falciparum was selectively
controlled at different periods during infancy (2 to 5 months, early expo-
sure; 5 to 10 months, late exposure; or none, control) with monthly che-
moprophylaxis with sulfadoxine-pyrimethamine and artesunate. A total
of 298 HIV-negative pregnant women were recruited from the Manhiça
district of Southern Mozambique. Transmission of P. falciparum is peren-
nial, with marked seasonality and of moderate intensity, with an entomo-
logical inoculation rate of 38 infective bites/person/year (1). A total of 287
children were followed up to age 24 months. The study included 240
infants and their mothers, with cell culture and genotyping data in this
cohort. For individual SNPs in infants and their mothers, there were miss-
ing values due to insufficient DNA or technical failures with genotyping.
For specific IL-10 measurements, there were missing values due to low
blood volumes and insufficient cell numbers. Written informed consent
was obtained from all mothers. Analysis of the young children’s cohort
did not indicate significant effects of the controlled exposure on P. falcip-
arum infection outcomes and immunity (5).

This study was approved by the National Mozambican Ethics Review
Committee, the Hospital Clinic of Barcelona Ethics Review Committee,
and the Princess Margaret Hospital for Children Ethics Committee (1473/
EP) in Perth.

Surveillance for clinical malaria. Young children were followed up by
passive and active malaria case detection for the first 2 years of life to
record the incidence of clinical malaria episodes. Passive case detection
was done through the morbidity surveillance system at the Manhiça Dis-
trict Hospital, where standardized information on all pediatric outpatient
visits and hospital admissions is collected. Active case detection consisted
of weekly home visits by field workers to take axillary temperatures and
record any history of fever from the child’s caretaker from birth to ap-
proximately 10.5 months. From the age of 10.5 to 24 months, these visits
were monthly. In the case of a documented fever (axillary temperature of
�37.5°C) or history of fever in the previous 24 h, a blood sample was
collected by finger prick and 2 blood smears were prepared for the mea-
surement of P. falciparum parasitemia under light microscopy. Antima-
larials were administered if the smear reading was positive for asexual P.
falciparum parasites. As we performed interventions in the child’s first
year of life in our analysis, we used only the episodes of malaria infection
during the second year of life. There were 216 clinical malaria episodes
recorded, and the incidence rate of clinical malaria during the second year
of life was 0.91 (95% confidence interval [CI], 0.70 to 1.12) episodes/
person-year. Among the clinical malaria episodes, there were 23 (11%)
episodes in which the child was admitted to the hospital.

Genotyping. Genomic DNA was extracted from PBMCs that were
kept frozen at �80° by an automated DNA extraction instrument (Auto-
pure LS; Qiagen, Hilden, Germany). Three SNPs in the IL-10 gene were
genotyped in young children and their mothers: IL-10 A-1082G
(rs1800896), IL-10 A-592C (rs1800872), and IL-10 G919T (rs1518110).
Two SNPs (IL-10 A-1082G and IL-10 A-592C) are located in the pro-
moter of the IL-10 gene and have been reported to be associated with
infection (18, 24, 26), and IL-10 G919T is a common SNP in Africans.
Genotyping of the three SNPs was performed by the Australian Genome
Research Facility (AGRF) using the iPLEX assay on the MassARRAY sys-
tem (Sequenom, San Diego, CA) (4) according to the manufacturer’s
instructions (Sequenom).

P. falciparum-specific IL-10 cytokine production. Production of
IL-10 by maternal PBMCs and CBMCs stimulated with uninfected and
infected erythrocytes was determined as described previously (2). Briefly,
cells were isolated using a Lymphoprep gradient and resuspended in com-
plete RPMI medium. A total of 0.4 million fresh PBMCs and CBMCs were
stimulated with 20 �l of a P. falciparum schizont extract corresponding to
lysate from 2 million freeze-thawed synchronized infected erythrocytes

(3D7 strain, tested to exclude endotoxin and Mycoplasma contamination)
or uninfected erythrocytes. The supernatant was collected following in-
cubation for 24 h and then frozen at �80°C. IL-10 was quantified with the
Bender MedSystems Human Th1/Th2 11plex FlowCytomix multiplex kit
and analyzed on a FACS Canto II (Becton Dickinson) (limit of detection,
1.9 pg/ml) (2).

Statistical analysis. The primary case definition of a clinical malaria
episode was measured axillary temperature of �37.5°C or history of fever
within the prior 24 h plus the presence of P. falciparum asexual stage
parasites of any density. For the three IL-10 SNPs, Hardy-Weinberg equi-
librium (HWE) was examined separately in children and mothers using
the online tool (https://regepi.bwh.harvard.edu/IIPGA2/). PHASE was
employed to construct haplotypes of the three SNPs (23). Haploview ver-
sion 4.2 was utilized to investigate linkage disequilibrium for the three
SNPs in the IL-10 gene. The levels of IL-10 produced by stimulated
PBMCs and CBMCs were log transformed to have an approximately nor-
mal distribution. The associations between levels of IL-10 cytokine with
genotypes and haplotypes of the three IL-10 SNPs were investigated using
analysis of variance (ANOVA) and independent sample t test. Linear re-
gression was also employed to investigate these associations after adjust-
ing for confounders such as mother’s age, placental malaria infection, and
child’s gender. Principal component analysis (PCA), which can find a
linear combination (a component) of variables that accounts for as much
variation in the original variables as possible, was employed for the anal-
ysis of IL-10 levels in PBMCs and CBMCs cultured with uninfected/in-
fected erythrocytes to extract the first component score that was examined
for the association with IL-10 genotypes.

Poisson regression was used to estimate the risk of the incidence of
clinical malaria in the second year of life and its association with the
capacity of IL-10 production and genotypes of IL-10. In the regression
analyses, confounders, including the variable of intervention group (early
and late exposure and control), were fitted in the model for an adjustment.

A P value of �0.05 was used for significance, and all analyses were
conducted using SPSS (PASW Statistics 18) and Stata (StataIC 11) pro-
grams.

RESULTS

In this study, we included 240 women and their children, exclud-
ing approximately 20% for a variety of reasons such as stillbirth,
parental withdrawal, and insufficient blood collection.

General information on the children and their mothers in-
cluded in the study is presented in Table 1. The mean (�standard
deviation [SD]) age of mothers at recruitment was 24.3 � 6.7
years. There were 52 (21.7%) pregnant women in whom placental
malaria infection was detected, including 45 past infections, 5
acute infections, and 2 chronic infections. Within the group of
young children there were 119 females, and the ratio of females to
males was approximately 1.

Genotypes and haplotypes. The genotype and haplotype fre-
quencies of the three SNPs in young children and their mothers
are shown in Table 2. The three SNPs were in HWE. Complete
linkage disequilibrium was detected between the three SNPs (Fig.
1), with D= (D/Dmax; a statistic that measures linkage disequilib-
rium) equal to 1 in both young children and mothers. The r2

between G919T and A-592C was 1, i.e., the T allele of G919T was
always linked with the A allele of A-592C, and G with C. Due to the
complete dependency of these two SNPs, we investigated only
the genotype and phenotype relationships for SNP IL-10 A-592C.
The correlation between A-592C and A-1082G was 0.26 (r2) in
young children and 0.33 in their mothers, separately. Three hap-
lotypes were inferred, namely, TAA, GCA, and GCG, with fre-
quencies that varied from 26% to 39% in both groups. Due to
complete linkage disequilibrium (D= � 1) between the two SNPs,
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variations of haplotypes TAA and GCG in the population are
equal to those in SNPs A-592C and A-1082G, respectively. For
example, individuals with 0, 1, or 2 copies of GCG are the same
individuals with 0, 1, or 2 copies of the G of A-1082G, respectively.
Therefore, in the following haplotype and phenotype analyses, we
investigated only the effect of haplotype GCA.

IL-10 cytokine production. IL-10 production was strongly
correlated in maternal PBMCs and CBMCs and in cells cultured
with uninfected and infected erythrocytes. Figures 2 and 3 and
Tables S1 and S2 in the supplemental material show the associa-
tions of IL-10 genotypes in children and mothers with IL-10 pro-

duction capacity by PBMCs and CBMCs. In children, the A alleles
of A-592C (P � 0.039) and A-1082G (P � 0.025) were associated
with increased IL-10 production in CBMCs cultured with infected
erythrocytes in an additive genetic model. The A allele of these two
SNPs in children and mothers was consistently associated with
higher IL-10 production by CBMCs and PBMCs. Acknowledging
the strong correlation of IL-10 production levels by PBMCs and
CBMCs, we utilized PCA to extract the first principal component
that accounted for 67% of the variance for IL-10 levels in four
cultures: PBMC cultured with uninfected/infected erythrocytes
and CBMCs cultured with uninfected/infected erythrocytes (Fig.
4). The first principal component score was associated with
A-1082G in young children (P � 0.04) and A-1082G in mothers
(P � 0.045).

In order to further verify the significant association of the two
investigated SNPs with IL-10 production, we employed linear re-
gression analysis with adjustment for confounders, including
mother’s age, parity, infant gender, use of insecticide-treated mos-
quito nets (ITNs), use of indoor residual spraying (IRS), and pla-
cental malaria infection. After adjustment, the P values for the
association of A-592C and A-1082G with IL-10 in CBMCs cul-
tured with infected erythrocytes were 0.070 and 0.043, respec-
tively, and the P value for the first principal component score of
IL-10 production by maternal PBMCs and infant CBMCs with the
SNP A-1082G in young children and mothers was 0.054 and
0.057, respectively.

Incidence of clinical malaria. We investigated the associations
of IL-10 genotypes and IL-10 production with clinical malaria
incidence in the second year of life. Table 3 shows the incidence
rate ratios (IRRs) estimated using Poisson regression models after
adjusting for intervention, mother’s age, parity, infant gender, use
of ITNs, use of IRS, and placental malaria infection. Significant
effects were seen in the IL-10 production by maternal PBMCs
cultured with both uninfected erythrocytes (P � 0.033) and in-
fected erythrocytes (P � 0.001). The A allele of A-592C was asso-

TABLE 1 Characteristics of the study participants

Characteristica Mean SD
No. of
participants

% of
participants

Mothers
Age (yr) 24.3 6.7
Use of ITNs 26 10.8
Use of IRS 109 45.4
Placental infection 52 21.7

Parity
Primipara 64 26.7
Multiparous 153 63.8
Unknown 23 9.6

Infants
Female 119 49.6
Birth wt (kg) 3.0 0.4
Birth length (cm) 47.9 3.1

Intervention
Control 84 35.0
Late exposure 74 30.8
Early exposure 82 34.2

a ITN, insecticide-treated mosquito nets; IRS, indoor residual spraying.

TABLE 2 Genotypes and haplotypes in infants and mothersa

Genotype or haplotype

Infants Mothers

No. % MAF
HWE, exact
P value No. % MAF

HWE, exact
P value

Genotypes
rs1518110(G919T)

GG 74 36.5 38.9 0.61 80 37.7 37.3 0.31
GT 100 49.3 106 50.0
TT 29 14.3 26 12.3

rs1800872(A-592C)
AA 29 14.3 39.4 0.46 24 11.4 36.4 0.25
CA 102 50.2 105 50.0
CC 72 35.5 81 38.6

rs1800896(A-1082G)
AA 91 44.6 33.6 0.75 94 45.4 31.4 0.27
AG 89 43.6 96 46.4
GG 24 11.8 17 8.2

Haplotypes
TAA 36.3 39.4
GCA 32.1 26.8
GCG 31.6 33.8

a MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium.

Zhang et al.

2318 iai.asm.org Infection and Immunity

http://iai.asm.org


ciated with an increased risk in malaria infection in young chil-
dren, with a boundary significance of 0.099; and the G allele of
A-1082G was significantly associated with decreased risk in clini-
cal malaria infection in young children (P � 0.016).

We further investigated whether IL-10 production and IL-10
polymorphisms were independently associated with clinical ma-
laria in young children. As expected, the effects of IL-10 produc-
tion and the IL-10 SNPs were not independent, and after adjusting
for IL-10 production by maternal PBMCs, the association of IL-10
SNPs with clinical malaria disappeared. However, even after ad-
justing for the two SNPs in the IL-10 gene in mothers and young
children, the IL-10 levels produced by maternal PBMCs after
stimulation with infected erythrocytes were still significantly asso-
ciated with an increased risk for clinical malaria in the second year
of life.

We also investigated the association of the GCA haplotype with
IL-10 production by PBMCs and CBMCs (Table S3 in the supple-
mental material) and clinical malaria in young children. No sig-
nificant effects of this haplotype were found (data not shown).

DISCUSSION

In the longitudinal prospective cohort of children investigated, we
analyzed the effects of SNPs in IL-10 on IL-10 production by
CBMCs and maternal PBMCs and on the incidence of clinical

malaria in children during the second year of life. The variants
A-592C and A-1082G in the promoter region of IL-10 were asso-
ciated with IL-10 levels produced by CBMCs stimulated with in-
fected erythrocytes, and the genetic variants were associated with
clinical malaria in the second year of life. While not statistically
significant, our data also suggested a relationship between IL-10
variants and IL-10 levels produced by maternal PBMCs. The IL-10
A-1082G polymorphism in young children and their mothers was
associated with the first PCA score that represented overall IL-10
levels produced by PBMCs and CBMCs. Furthermore, IL-10 levels
produced by maternal PBMCs cultured with infected erythrocytes
were associated with an increased risk for clinical malaria in young
children.

Three genetic variants (rs1800896, rs1800871, and rs1800872)
in the IL-10 gene have been extensively investigated in relation to
infectious diseases (9, 27, 34) and allergic conditions (11, 20). We
previously identified complete linkage between rs1800871 and
rs1800872, and therefore in the present study we excluded
rs1800871 and included an additional intronic IL-10 SNP
rs1518110 (6). However, the SNP rs1518110 was still in complete
linkage with SNP rs1800872. Due to the strong linkage disequilib-
rium between the three investigated SNPs, the genotype and phe-
notype investigations for SNP rs1800896 (A-1082G) were the

FIG 1 Linkage disequilibrium for the three single nucleotide polymorphisms (rs1518110 [G919T], rs1800872 [A-592C], and rs1800896 [A-1082G]) was
examined using Haploview version 4.2 in infants and their mothers, separately.

FIG 2 IL-10 levels (pg/ml) in cord blood mononuclear cells (CBMCs) cultured with uninfected/infected erythrocytes (uRBC/iRBC), stratified by children’s
single nucleotide polymorphism IL-10 A-592C. Geometric means and 95% confidence intervals are presented.
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same for the haplotype GCG of the three SNPs (G919T, A-592C,
and A-1082G) and the SNP rs1800872 (A-592C) for the haplotype
TAA. Therefore, the identified association of A-1082G with IL-10
production and clinical malaria possibly reflected the effect of the
IL-10 haplotype GCG.

Several studies have reported associations of IL-10 haplotypes
and genotypes with severe malaria (22, 28). To our knowledge, no
studies have reported on the association of IL-10 polymorphisms
and clinical malaria incidence in young children. In healthy vol-
unteers, the A allele of A-1082G was reported to be associated with
decreased IL-10 production in PBMCs stimulated with conca-
navalin A (25). Another study reported that the haplotype GCC of
the three SNPs A-1082G, T-819C, and A-592C was associated
with increased circulating concentrations of IL-10 in plasma (22).
These findings are not consistent with ours, as the A alleles of
A-1082G and A-592C appeared to be associated with increased
IL-10 production by CBMCs stimulated with infected erythro-
cytes. We acknowledge that there are differences in the popula-
tions and methods of our study and others (plasma cytokines
versus secreted cytokines upon antigen stimulation); however, co-
existent environmental factors and population-specific attributes
warrant further investigation (31–33).

IL-10 has been suggested to have a key role in immune re-
sponses to clinical malaria due to its ability to dampen the proin-

flammatory response and thus prevent the subsequent develop-
ment of severe malaria anemia and cerebral malaria (14, 19).
Interleukin-12 is critical in providing protective immunity against
malaria, and it has been suggested that IL-10 has counterregula-
tory effects on IL-12 production, thereby diminishing protective
immunity to malaria (7, 10). Our study suggested that IL-10 levels
produced by maternal PBMCs were associated with an increased
risk for clinical malaria in the second year of life. Our design was
longitudinal rather than cross-sectional, and increased IL-10 lev-
els produced by maternal PBMCs and CBMCs preceded the sus-
ceptibility to clinical malaria in young children. This suggested
that the susceptibility to clinical malaria in young children was
more likely to be attributed to an increase in IL-10 production
than a consequence of this infection. However, this association
may be reflecting a relationship between domestic P. falciparum
exposure and individual IL-10 production. We adjusted for sev-
eral confounders that could be related to parasite exposure, such
as use of ITN or IRS, and these analyses did not alter the findings.
We acknowledge that the latent (unknown) confounders that rep-
resent a high risk for P. falciparum exposure may have enhanced
the relationship between maternal IL-10 production and the sus-
ceptibility to clinical malaria in children. More studies with de-
tailed assessments for malaria exposure will help explain the rela-
tionship.

FIG 3 IL-10 levels (pg/ml) in cord blood mononuclear cells (CBMCs) cultured with uninfected/infected erythrocytes (uRBC/iRBC), stratified by children’s
single nucleotide polymorphism IL-10 A-1082G. Geometric means and 95% confidence intervals are presented.

FIG 4 Associations of IL-10 A-1082G in mothers and infants with the first principal component score of IL-10 production in maternal peripheral blood
mononuclear cells (PBMCs) and cord blood mononuclear cells (CBMCs).
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The A allele of A-1082G was associated with higher IL-10 levels
in CBMCs and was a risk factor for clinical malaria in young chil-
dren. The effects of IL-10 production and IL-10 genotypes on
clinical malaria were consistent in our population, as both the
high levels of IL-10 from maternal PBMCs and the A allele of
A-1082G, with the potential to produce more IL-10, were signifi-
cantly associated with increased risk for clinical malaria. We as-
sumed that the IL-10 production capacity would be transmitted
from mothers to young children by the inheritance of genetic and
epigenetic factors, thus resulting in a risk for clinical malaria.
However, the higher maternal IL-10 production may have repre-
sented an acquired maternal immune state that changed the
womb environment, imposing a risk for clinical malaria in young
children. Moreover, some environmental and other genetic fac-
tors have been reported to be associated with IL-10 production
and immune responses to malaria, such as mineral deficiency
(17), Toll-like receptor 4, and tumor necrosis factor (15, 16).
These cofactors may interact synergistically or agonistically to in-
fluence malaria susceptibility in young children.

An animal study showed that susceptible BALB/c mice pro-
duced more plasmacytoid and less mature DCs and had higher
levels of IL-10 and transforming growth factor-�1 than resistant
mice in the early stages of Plasmodium yoelii 17XL infection (35).
In humans, a cross-sectional study reported that plasma IL-10
levels were elevated in asymptomatic malaria infection compared
with those in healthy controls (29). These studies indicated a pos-
sible association between increased IL-10 production and P. fal-
ciparum infection. Protective immunity facilitates parasite clear-
ance, and higher IL-10 levels have been associated with less
effective clearance of P. falciparum parasites (7), partly due to its
suppressive effects on immunoprotection in humans. Therefore,
we postulate that the associations of maternal IL-10 produced by
PBMCs, and the A allele of A-1082G, with the increased risk for
clinical malaria in young children, were attributable to the in-
creased IL-10 production with the consequent potential suppres-
sive effects on protective immunity to clinical malaria. Consistent
with our findings, there is evidence that Treg proliferation might
be causally associated with the suppression of TH1 responses dur-

ing early malaria infection, thereby increasing parasitemia in
BALB/c mice in an IL-10-dependent manner (30).

In conclusion, in this longitudinal prospective study, we
identified that IL-10 polymorphisms and IL-10 production ca-
pacity were associated with the risk of clinical malaria in young
children. High IL-10 production capacity inherited from par-
ents may diminish immunoprotection against malaria infec-
tion, thereby being a risk for increased malaria morbidity. Our
findings have significantly contributed to the understanding of
the immunopathological mediators of malaria in children.
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