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Abstract
Interleukin (IL)-1β is a cytokine released as part of innate immune response to Plasmodium
falciparum. Since the role of IL-1β polymorphic variability in conditioning the immunopathogenesis
of severe malarial anemia (SMA) remains undefined, relationships between IL-1β promoter variants
(-31C/T and -511A/G), SMA (Hb<6.0 g/dL), and circulating IL-1β levels were investigated in
parasitemic children (n=566) from western Kenya. IL-1β promoter haplotype -31C/-511A (CA) was
associated with increased risk of SMA (Hb<6.0 g/dL; OR; 1.98, 95% CI, 1.55-2.27; P<0.05) and
reduced circulating IL-1β levels (P<0.05). The TA (-31T/-511A) haplotype was non-significantly
associated with protection against SMA (OR; 0.52, 95% CI, 0.18-1.16; P=0.11) and elevated
IL-1β production (P<0.05). Children with SMA had significantly lower IL-1β levels and non-
significant elevations in both IL-1 receptor antagonist (Ra) and the IL-1Ra:IL-1β ratio compared to
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the non-SMA group. Results presented demonstrate that variation in IL-1β promoter conditions
susceptibility to SMA and functional changes in circulating IL-1β levels.
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INTRODUCTION
Malaria is one of the leading global causes of morbidity and mortality of infectious disease
origin [1]. Approximately over 200 million clinical cases of malaria occur among populations
residing in holoendemic malaria transmission regions, resulting in over one million deaths
[2]. Severe malarial anemia (SMA) in infants and young children is the most common clinical
manifestation of severe malaria in Plasmodium falciparum holoendemic transmission areas,
such as western Kenya, and accounts for the greatest proportion of malaria-associated
morbidity and mortality worldwide [3]. In western Kenya, cerebral malaria (CM),
hyperparasitemia, hypoglycemia, and renal insufficiency occur rarely [4,5].

Although it is well-established that pediatric SMA results from both enhanced red blood cell
(RBC) destruction and inefficient RBC production, the underlying molecular basis of the
disease remains largely undefined. Dysregulation in pro-inflammatory cytokines such as
interleukin (IL)-1 have been proposed to play an important role in immunopathogenesis of
SMA [6-8]. The IL-1 gene family includes IL-1α, IL-1β, and IL-1 receptor antagonist (IL-1Ra)
that form a cytokine gene cluster on human chromosome 2. IL-1 is a potent endogenous
pyrogen that promotes an acute inflammatory response as part of the first line of defense against
invading pathogens [9]. However, high levels of sustained IL-1β production in inflammatory
diseases can induce hematological abnormalities such as anemia [10,11]. Although previous
studies have reported elevated circulating IL-1β levels in individuals with CM and SMA [8,
12,13], additional studies found no significant changes in IL-1β in children with SMA [14]. In
addition, since IL-1Ra is an important determinant of IL-1β availability, differential expression
of IL-1Ra relative to IL-1β may impact on the immunopathogenesis of malaria [15]. Previous
studies in Gambia [16] and Uganda [17] showed that increased concentrations of IL-1Ra were
associated with enhanced malaria disease severity. Taken together, these investigations suggest
that rapid induction of IL-1β may control invading pathogens, while overproduction of
IL-1β may cause enhanced pathogenic effects by promoting anemia.

Since genetic variability in inflammatory genes influences susceptibility to polygenic
infectious diseases such as malaria [18], an increased understanding of malaria pathogenesis
can be achieved by identifying functional polymorphisms in those critical genes that mediate
the development and clinical course of disease. Previous genetic studies have demonstrated
significant associations between variability in IL-1β and infectious, neurological, and
autoimmune diseases [19-22]. A study in The Gambia demonstrated significant associations
between variation at IL-1β +4845G/T and IL-1β +3953C/T and susceptibility to clinical
malaria [23]. Investigations in Thailand [24] and Ghana [25], examining a functional
polymorphism at IL-1β -31C/T and variable number tandem repeat (VNTR) within the IL-1Ra,
failed to demonstrate a significant relationship with severe malaria.

Since previous genetic studies focused primarily on relationships between individual single
nucleotide polymorphisms (SNPs) in the IL-1β gene and malaria disease severity, the current
study investigated the role of IL-1β haplotypes in conditioning susceptibility to SMA [defined
as hemoglobin (Hb) <6.0 g/dL, with any density parasitemia] [26]. However, children were
also classified according to World Health Organization (WHO) definition of SMA [Hb <5.0
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g/dL, with any density parasitemia] [27] to place the current findings into a broader geographic
context. In addition, the relative levels of IL-1Ra to IL-1β were also investigated. The study
was performed in a phenotypically well-characterized cohort (n=566) of children (aged <3 yrs)
with falciparum malaria in a holoendemic P. falciparum transmission area of western Kenya.
Results presented here demonstrate that polymorphic variability in the IL-1β promoter (-31C/
T and -511A/G) is associated with increased susceptibility to SMA and functional changes in
circulating IL-1β concentrations, and that elevated levels of IL-1Ra relative to IL-1β were
associated with enhanced disease severity in children with malaria.

METHODS
Study participants

Children <3 years of age with acute malaria (n=566) were recruited at Siaya District Hospital,
western Kenya, where P. falciparum transmission is holoendemic [26]. All study participants
were from Luo ethnic group. Children with acute P. falciparum malaria (any density
parasitemia) were categorized into two primary groups: SMA (Hb <6.0 g/dL) and non-SMA
(Hb ≥6.0 g/dL). SMA in children from this geographic location is best defined as Hb <6.0 g/
dL with any density parasitemia, and is based on >10,000 longitudinal Hb measurements in a
matched reference population in western Kenya [26]. Additionally, parasitemic children were
classified according to the WHO definition of SMA [27]. Children were excluded from the
study if they had CM or non-P. falciparum malaria. In addition, since our previous studies
[28] and those by others [29] demonstrate that HIV-1 status and bacterial co-infection are
important determinants of malarial anemia severity, all children were tested for these co-
infections (see procedures below). Pre- and post-test HIV counseling was provided for parents/
guardians of all study participants and written informed consent in language of choice (i.e.,
English, Kiswahili, or Dholuo) obtained. The study was approved by the ethical and scientific
review committees at Kenya Medical Research Institute and Institutional Review Boards in
the USA.

Laboratory procedures
Venous blood (<3.0 mL) was obtained prior to administration of antimalarials and/or
antipyretics. Asexual malaria parasites (trophozoites) were counted against 300 leukocytes in
peripheral blood smears stained with 3% Giemsa. Parasite density was estimated as follows:
parasite density/μL = white blood cell count/μL × trophozoites/300. Complete hematological
parameters were determined with a Beckman Coulter® AcT diff2™ (Beckman-Coulter
Corporation). HIV-1 status was determined according to our published methods [28].
Trimethoprimsulfamethoxazole was administered to all children that had serologically positive
HIV-1 test results. At the time of sample collection, none of the HIV-1(+) study participants
had been initiated on antiretroviral treatment. Bacteremia was determined using Wampole
Isostat® Pediatric 1.5 system (Wampole Laboratories) and blood was processed according to
manufacturer's instructions. API biochemical galleries (Biomerieux) and/or serology were
used for identification of bacterial isolates.

IL-1β genotyping
DNA was extracted from blood spotted on FTA® Classic cards (Whatman® Inc.) using Gentra
System (Gentra System, Inc.). IL-1β -31 genotyping was carried out as previously described
[30]. The IL-1β -511A/G SNP was genotyped using a Taqman® 5' allelic discrimination Assay-
By-Design™ method according to manufacturer's instructions (Assay ID: C_1839943_10;
Applied Biosystems).
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Circulating IL-1β and IL-1RA determination
Plasma samples obtained from venous blood were stored at -70°C until use. IL-1β and IL-1Ra
concentrations were determined using Cytokine 25-plex Ab Bead Kit, Hu (BioSource™
International) according to manufacturer's instructions. Plates were read on a Luminex 100™
system (Luminex Corporation) and analyzed using Bio-Plex Manager™ Software (Bio-Rad
Laboratories). The detection limit for IL-1β and IL-1Ra was 15 pg/mL and 30 pg/mL,
respectively.

Statistical Analyses
Statistical analyses were performed using SPSS (Version 12.0). Chi-square (χ2) and Mann-
Whitney U tests were used to examine differences between proportions and for pairwise
comparisons of medians, respectively. Since circulating IL-1β and IL-1Ra levels were non-
normally distributed, levels were log-transformed prior to analyses. IL-1β haplotypes (-31C/
T and -511A/G) were constructed using HPlus software (Version 2.5). Multivariate logistic
regression, controlling for age, gender, HIV-1 status [including both HIV-1 exposure and
definitively HIV-1(+) results], bacteremia, and prevalence of sickle-cell trait (HbAS), was used
to examine associations of IL-1β genotypes and haplotypes with SMA. Statistical significance
was defined as P≤0.05.

RESULTS
Demographic, clinical, and laboratory characteristics of study participants

A total of 566 children (age, <3 yrs.) with P. falciparum parasitemia (any density) presenting
at hospital with febrile illness were included in the study. Children were stratified into two
clinical categories: non-SMA (Hb≥6 g/dL, n=349) and SMA (Hb<6 g/dL, n=217) [26].
Demographic, clinical, and laboratory characteristics of study participants are presented in
Table 1. There were significant differences in age (mos.) and Hb concentrations (g/dL) between
the groups (P<0.001 for both comparisons). Proportions of males vs. females, peripheral
parasitemia (MPS/μL), high-density parasitemia (HDP, ≥10,000 parasites/μL) and geomean
parasitemia (parasites/μL) were non-significantly different between the groups (P=0.30,
P=0.22, P=0.08, and P=0.78, respectively). Overall, these results illustrate that SMA within
this holoendemic region is largely unrelated to concomitant peripheral parasite density upon
presentation at hospital.

Distribution of IL-1β genotypes
To investigate the role of variation in the IL-1β promoter in conditioning susceptibility to SMA,
two IL-1β loci were examined: IL-1β -31C/T and -511A/G. The prevalence of IL-1β -31
genotypes in the population was 65.6% CC, 29.8% CT, and 4.6% TT with overall allele
frequencies of C=0.81 and T=0.19. Genotypic distribution of IL-1β -31 in the non-SMA group
was 64.5% CC, 30.8% CT, and 4.7% TT (Table 2) with allele frequencies of C=0.80 and
T=0.20. The non-SMA group did not display departure from Hardy Weinberg Equilibrium
(HWE; χ2=0.616, P=0.50). Genotypic distribution in SMA group was 67.5% CC, 28.2% CT,
and 4.4% TT (Table 2) with allele frequencies of C=0.82 and T=0.18. There was no departure
from HWE (χ2=0.849, P=0.50) in children with SMA.

Prevalence of IL-1β -511 genotypes was 37.4% AA, 48.3% AG, and 14.3% GG (Table 2) with
overall allele frequencies of A=0.62 and G=0.38. Distribution of IL-1β -511 genotypes in non-
SMA was 35.2% AA, 49.7% AG, and 15.2% GG (Table 2) with allele frequencies of A=0.60
and G=0.40, with no departure from HWE (χ2=0.378, P=0.75). In SMA group, the genotypic
distribution was 41.8% AA, 45.6% AG, and 12.7% GG (Table 2) with allele frequencies of
A=0.65 and G=0.35, with no departure from HWE (χ2=0.0027, P=0.95). Chi-squared analyses
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revealed that distribution of IL-1β -31 and -511 genotypes did not differ significantly between
non-SMA and SMA groups (P=0.77 and P=0.35, respectively, Table 2).

Role of individual IL-1β loci in SMA and HDP
Prior to investigating the role of IL-1β haplotypes in conditioning susceptibility to SMA and
HDP, the relationship between variation at individual IL-1β loci and susceptibility to these two
clinical presentations were examined by multivariate logistic regression analyses. Since our
previous investigations, and those of others, demonstrated that age, gender, HIV-1 status,
bacteremia, and sickle-cell trait influence susceptibility to SMA [28,31], the confounding
effects of these variables were controlled for in the analyses. No significant relationships were
obtained between variation at individual IL-1β loci and either susceptibility to SMA or HDP
(Table 3).

IL-1β haplotypes distribution according to hematological characteristics
To further characterize the role of variability in IL-1β promoter in conditioning outcomes of
severe malaria, haplotypic groups were constructed. These produced the following distribution:
87.2% CA (IL-1β -31C/-511A); 29.1% CG; 2.1% TA; and 30.9% TG. To investigate the
potential role of haplotypic structures in conditioning hematological outcomes, median Hb
levels and SMA (using both modified and WHO definitions) were compared between children
with and without the haplotypic compositions. Results revealed that carriage of CA and CG
haplotypes was associated with significantly lower Hb levels (Table 4). In addition, proportions
of children with SMA using the modified definition [26] were 39.1% CA, 32.1% CG, 16.7%
TA, and 37.1% TG, while proportions of children according to WHO definition of SMA [27]
were 19.6% CA, 17.0% CG, 8.3% TA, and 20.0% TG (Table 4).

Role of IL-1β haplotypes in conditioning susceptibility to SMA
To further examine the relationship between IL-1β promoter haplotypic structures and severe
malaria, multivariate logistic regression analyses were performed in a model controlling for
appropriate confounders [28,31]. Analyses demonstrated that individuals with IL-1β CA
haplotype were significantly more susceptible to SMA (Hb<6.0 g/dL) than individuals without
the haplotype (OR; 1.98, 95% CI, 1.55-2.27; P<0.05, Table 5). Additional analyses based on
the WHO definition of SMA [27] demonstrated an increased risk of SMA in children with CA
haplotype (OR; 1.52, 95% CI, 1.36-2.66; P<0.05, Table 5). In contrast, carriage of TA
haplotype was associated with non-significant protection against SMA using both modified
[26] (OR; 0.52, 95% CI, 0.18-1.16; P=0.11, Table 5) and WHO [27] definitions of SMA (OR;
0.61, 95% CI, 0.18-1.31; P=0.20, Table 5). None of the other haplotypes showed a strong
association with susceptibility to SMA (Table 5). In addition, no significant relationships were
identified between any of the haplotypic structures and HDP (Table 5). To delineate the effects
of heterozygosity between the two SNPs, the association between heterozygous individuals at
both loci (-31CT and -511AG) and malaria disease severity were investigated. However, there
were no significant associations between heterozygosity and malaria disease severity. Since
the above haplotype reconstructions were based on a dominant model, effects of the recessive
model (i.e. presence of combined recessive alleles) on malaria disease severity were also
investigated. This model demonstrated that individuals with IL-1β CA/CA haplotype were
significantly more susceptible to SMA (Hb<6.0 g/dL) than individuals without the CA/CA
haplotype (OR; 1.53, 95% CI, 1.07-2.19; P<0.05), further supporting our finding that presence
of CA haplotype increases susceptibility to SMA. In this model, there were no associations
between CG/TG, CA/TA, CG/CG, and TG/TG haplotypes and either SMA or HDP.
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Functional relationship between IL-1β haplotypes and circulating IL-1β levels
To determine if genotypes or haplotypes were associated with functional changes in IL-1β
production, circulating concentrations of IL-1β were compared across genotypic and
haplotypic groups. Results demonstrated no significant associations between variation at
individual IL-1β loci and circulating IL-1β levels (data not presented). However, individuals
with the CA haplotype had significantly lower circulating IL-1β levels [log median
(interquartile range); 2.20 (1.95-2.16)] than those without the haplotype [2.35 (1.91-2.44),
P<0.05, Figure 1]. In addition, individuals with the TA haplotype had significantly higher
circulating IL-1β levels [log median (IQR); 2.67 (1.60-3.40)] relative to those without the
haplotype [2.23 (1.97-2.17), P<0.05, Figure 1]. No significant differences in IL-1β production
were observed for CG (P=0.78) and TG (P=0.90) haplotypes (data not presented). These results
illustrate that CA and TA haplotypes are associated with significant differences in circulating
IL-1β levels.

Circulating IL-1β and IL-1Ra levels in children with SMA and non-SMA
To determine if changes in IL-1β and IL-Ra levels were associated with SMA, circulating
levels of these inflammatory mediators were compared between SMA and non-SMA groups.
Results demonstrated that children with SMA had significantly lower IL-1β levels [log median
(IQR); 2.27 (1.84-2.41)] than the non-SMA group [2.37 (1.93-2.45), P<0.05]. In contrast,
circulating levels of IL-1Ra were non-significantly elevated in SMA [log median (IQR); 3.56
(3.31-3.64)] relative to the non-SMA group [3.46 (3.31-3.57), P=0.63]. Since IL-1Ra
antagonizes IL-1β levels during active disease [15], the IL-1Ra:IL-1β ratio was also
investigated. These analyses demonstrated that IL-1Ra:IL-1β ratio was non-significantly
higher in children with SMA [log median (IQR); 1.49 (1.68-2.58)] compared to the non-SMA
group [1.46 (1.67-2.33), P=0.43]. These results suggest that association between reduced
circulating IL-1β levels and SMA may be due to elevated IL-1Ra production.

DISCUSSION
Cross-sectional results presented here in a phenotypically well-defined cohort of children (<3
years of age) demonstrate that presence of the IL-1β promoter haplotype -31C/-511A (CA)
was associated with increased risk of developing SMA using both the modified (Hb <6.0 g/
dL) [26] and WHO (Hb <5.0 g/dL) [27] definitions of disease. Consistent with these findings,
individuals with the CA haplotype had significantly reduced Hb levels relative to individuals
with other haplotypes. Children with the CA haplotype also had significantly reduced
circulating levels of IL-1β. Additional results revealed that the -31T/-511A (TA) haplotype
was associated with non-significant protection against SMA and significantly elevated IL-1β
production. Taken together, these results suggest that protection against SMA may require an
appropriate elevation in IL-1β production that is conditioned by genotypic combinations.
Results presented here demonstrating significant associations between IL-1β promoter variants
with SMA, but neither overall parasite burden nor HDP are expected since the current findings,
as well as our previous studies in western Kenya, illustrate that concomitant parasite density
and SMA are largely unrelated [5,28,32-35].

Infectious diseases such as malaria have exerted significant selective pressure on the human
genome, particularly in host-immune response genes that mediate susceptibility and clinical
outcomes of disease [18]. Allele frequencies of IL-1β -31 and -511 variants presented here are
comparable to those observed in previous studies in African populations [23,25]. However,
none of the previous studies examined frequencies of these variants in a population where SMA
was the primary clinical manifestation. Genotypic distribution in the current cohort showed a
non-significant departure from HWE for both IL1β -31 and -511 promoter variants, likely
illustrating the importance of expanding current investigations to include a more inclusive
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panel of immunoregulatory genes, since susceptibility to infectious diseases occurs through
complex, multifactorial, and often contradictory selective forces [36].

Consistent with results presented here, previous cross-sectional studies in Thai adults [24],
Gambian children (aged <5 years) [23], and Ghanaian children (aged 1-12 years) [25] showed
that variation at IL-1β -31 was not associated with malaria disease outcomes. However,
construction of IL-1β -31 and -511 haplotypes demonstrated the important role of these variants
in conditioning susceptibility to SMA. Additional studies aimed at identifying the role of these
haplotypic compositions in conditioning susceptibility to severe malaria should take into
account the well-documented fact that clinical manifestations of disease differ according to the
level of P. falciparum exposure. For example, in hyperendemic transmission areas, severe
malaria is frequently characterized by an overlapping sequelae of CM, SMA, and
hypoglycemia, whereas severe malaria in holoendemic transmission areas, such as western
Kenya, is typically defined by SMA (with or without HDP) as a single disease entity [5,37,
38]. It will be important to expand the current studies to additional geographic locations to
determine if the haplotypic structures examined here condition susceptibility to severe malaria
in individuals with diverse clinical presentations of disease (e.g., CM, SMA, and
hypoglycemia). Children in the present study were recruited during their first hospital contact
for treatment of malaria, and, therefore, experienced few, if any, previous malaria episodes,
making them largely immune-naïve. It remains to be determined if haplotypic structures
identified here will condition susceptibility to severe malaria in older children and adults that
may have acquired a greater degree of malarial immunity based on previous exposures.

Earlier investigations demonstrated that IL-1β -31T allele is associated with higher IL-1β
expression and secretion [39] and a multi-fold induction of DNA binding in
lipopolysaccharide-activated monocytes [40,41]. Elevated IL-1β production in the presence of
the T allele is due to increased transcription factor binding at the TATA box sequence spanning
position -31 within the promoter [42,43]. We did not find a significant association between
variation at IL-1β -31 and circulating levels of IL-1β in children with malaria. However,
haplotypic analyses revealed that individuals with the -31C/-511A (CA) haplotype produced
significantly lower levels of IL-1β, while carriage of the TA haplotype was associated with
significantly higher IL-1β production. Despite these significant relationships, it is important
to note that in vivo IL-1β production is likely influenced by a number of polymorphic variants
within the IL-1β gene, as well as additional genetic variation in other inflammatory mediators
that regulate IL-1β gene expression, such as tumour necrosis factor (TNF)-a [8,44-47].
Additional studies are currently ongoing in our laboratory to identify genetic variation in an
inclusive panel of innate immune response genes that can condition immune response to
malaria.

Although associations between IL-1β production and childhood malaria pathogenesis are
largely unreported, a previous study demonstrated that circulating IL-1β levels were non-
significantly different in Malian children with SMA vs. their age-matched controls without
SMA [14]. Additional investigations in adult populations in low malaria endemic areas
demonstrated significant associations between IL-1β production and development of CM [8,
13] and SMA [12]. Results presented here, however, definitively show that high IL-1β-
producing TA haplotype is associated with elevated Hb concentrations and moderate protection
against SMA, while low IL-1β producing CA individuals have an increased risk of developing
SMA. Although the mechanism(s) by which enhanced IL-1β production may protect against
SMA remain to be determined, previous in vitro findings showed that IL-1 promotes enhanced
production of hematopoietic factors including, granulocyte-macrophage colony-stimulating
factor (GM-CSF) [48], G-CSF, IL-6, and expression of their respective receptors on bone
marrow cells [49,50]. We, therefore, hypothesize that the TA haplotype conditions increased
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production of IL-1β levels during acute malaria that, in turn, protects against SMA by inducing
a bone marrow milieu that fosters enhanced erythropoiesis.

Since IL-1Ra is a potent anti-inflammatory mediator that regulates activities of IL-1β [15],
additional experiments investigated IL-1Ra levels in children with and without SMA.
Consistent with previous studies in The Gambia [16] and Uganda [17] showing that children
with CM had elevated IL-1Ra levels relative to other parasitemic groups, results presented here
demonstrate that children with SMA also have increased circulating concentrations of IL-1Ra
compared to the non-SMA group. In addition, the IL-1Ra:IL-β ratio was higher in the SMA
versus the non-SMA group, further emphasizing that elevated production of IL-1Ra may be
an important factor in malaria disease severity. Contrary to findings presented here, previous
studies in Thailand [24] and Ghana [25] found no functional associations between IL-1β and
IL-1Ra polymorphisms and malaria disease severity. Although presently unclear, differences
between populations may be because children in western Kenya develop SMA as the primary
manifestation of severe malaria, whereas the severe disease presentation in West Africa was
primarily CM. This rationale, however, fails to explain similarities in our study population
with SMA and those in The Gambia [16] and Uganda [17] with CM. As such, the most plausible
explanation for differences in the study populations may be due to genetic variation in IL-1β
and IL-1Ra that differentially affects IL-1β and IL-1Ra production in diverse populations.
Additional investigations are currently ongoing in our laboratory to determine the molecular
mechanisms by which IL-1β and IL-1Ra condition anemia outcomes in children with
falciparum malaria.

ACKNOWLEDGEMENTS
We are indebted to the Siaya District Hospital team and the University of New Mexico/KEMRI staff for clinical
support and Amos K'Ogal for data management. We are also grateful to the parents/guardians of the study participants
and the children that participated in the study. These data are published with the approval of the Director, Kenya
Medical Research Institute (KEMRI).

Financial support: This work was supported by grants from the National Institute of Health [AI51305-02 (DJP) and
TW05884-02 (DJP)].

REFERENCES
1. WHO. World Malaria Report 2005. World Health Organization/United Nations Children's Fund;

Geneva: 2005.
2. Snow RW, Craig MH, Deichmann U, le Sueur D. A preliminary continental risk map for malaria

mortality among African children. Parasitol Today 1999;15:99–104. [PubMed: 10322322]
3. Breman JG, Egan A, Keusch GT. The intolerable burden of malaria: a new look at the numbers. Am

J Trop Med Hyg 2001;64:iv–vii. [PubMed: 11425185]
4. Bloland PB, Boriga DA, Ruebush TK, et al. Longitudinal cohort study of the epidemiology of malaria

infections in an area of intense malaria transmission II. Descriptive epidemiology of malaria infection
and disease among children. Am J Trop Med Hyg 1999;60:641–8. [PubMed: 10348241]

5. Ong'echa JM, Keller CC, Were T, et al. Parasitemia, anemia, and malarial anemia in infants and young
children in a rural holoendemic Plasmodium falciparum transmission area. Am J Trop Med Hyg
2006;74:376–85. [PubMed: 16525094]

6. McDevitt MA, Xie J, Gordeuk V, Bucala R. The anemia of malaria infection: role of inflammatory
cytokines. Curr Hematol Rep 2004;3:97–106. [PubMed: 14965485]

7. Mshana RN, Boulandi J, Mshana NM, Mayombo J, Mendome G. Cytokines in the pathogenesis of
malaria: levels of IL-I beta, IL-4, IL-6, TNF-alpha and IFN-gamma in plasma of healthy individuals
and malaria patients in a holoendemic area. J Clin Lab Immunol 1991;34:131–9. [PubMed: 1667945]

8. Prakash D, Fesel C, Jain R, Cazenave PA, Mishra GC, Pied S. Clusters of cytokines determine malaria
severity in Plasmodium falciparum-infected patients from endemic areas of Central India. J Infect Dis
2006;194:198–207. [PubMed: 16779726]

Ouma et al. Page 8

J Infect Dis. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9. Dinarello CA. Infection, fever, and exogenous and endogenous pyrogens: some concepts have changed.
J Endotoxin Res 2004;10:201–22. [PubMed: 15373964]

10. Pascual V, Allantaz F, Arce E, Punaro M, Banchereau J. Role of interleukin-1 (IL-1) in the
pathogenesis of systemic onset juvenile idiopathic arthritis and clinical response to IL-1 blockade. J
Exp Med 2005;201:1479–86. [PubMed: 15851489]

11. Dinarello CA. Blocking IL-1 in systemic inflammation. J Exp Med 2005;201:1355–9. [PubMed:
15867089]

12. Vogetseder A, Ospelt C, Reindl M, Schober M, Schmutzhard E. Time course of coagulation
parameters, cytokines and adhesion molecules in Plasmodium falciparum malaria. Trop Med Int
Health 2004;9:767–73. [PubMed: 15228486]

13. Chandy CJ, Opika-Opoka R, Byarugaba J, Idro R, Boivin MJ. Low levels of RANTES are associated
with mortality in children with cerebral malaria. JID 2006;194:837–845. [PubMed: 16941352]

14. Lyke KE, Burges R, Cissoko Y, et al. Serum levels of the proinflammatory cytokines interleukin-1
beta (IL-1beta), IL-6, IL-8, IL-10, tumor necrosis factor alpha, and IL-12(p70) in Malian children
with severe Plasmodium falciparum malaria and matched uncomplicated malaria or healthy controls.
Infect Immun 2004;72:5630–7. [PubMed: 15385460]

15. Dinarello CA. Biologic basis for interleukin-1 in disease. Blood 1996;87:2095–147. [PubMed:
8630372]

16. Jakobsen PH, McKay V, Morris-Jones SD, et al. Increased concentrations of interleukin-6 and
interleukin-1 receptor antagonist and decreased concentrations of beta-2-glycoprotein I in Gambian
children with cerebral malaria. Infect Immun 1994;62:4374–9. [PubMed: 7927698]

17. John CC, Park GS, Sam-Agudu N, Opoka RO, Boivin MJ. Elevated serum levels of IL-1ra in children
with Plasmodium falciparum malaria are associated with increased severity of disease. Cytokine
2008;41:204–8. [PubMed: 18282763]

18. Kwiatkowski DP. How malaria has affected the human genome and what human genetics can teach
us about malaria. Am J Hum Genet 2005;77:171–92. [PubMed: 16001361]

19. Karjalainen J, Nieminen MM, Aromaa A, Klaukka T, Hurme M. The IL-1beta genotype carries asthma
susceptibility only in men. J Allergy Clin Immunol 2002;109:514–6. [PubMed: 11898000]

20. Nemetz A, Kope A, Molnar T, et al. Significant differences in the interleukin-1beta and interleukin-1
receptor antagonist gene polymorphisms in a Hungarian population with inflammatory bowel
disease. Scand J Gastroenterol 1999;34:175–9. [PubMed: 10192196]

21. Schulte T, Schols L, Muller T, Woitalla D, Berger K, Kruger R. Polymorphisms in the interleukin-1
alpha and beta genes and the risk for Parkinson's disease. Neurosci Lett 2002;326:70–2. [PubMed:
12052541]

22. McDevitt MJ, Wang HY, Knobelman C, et al. Interleukin-1 genetic association with periodontitis in
clinical practice. J Periodontol 2000;71:156–63. [PubMed: 10711605]

23. Walley AJ, Aucan C, Kwiatkowski D, Hill AV. Interleukin-1 gene cluster polymorphisms and
susceptibility to clinical malaria in a Gambian case-control study. Eur J Hum Genet 2004;12:132–8.
[PubMed: 14673470]

24. Ohashi J, Naka I, Doi A, et al. A functional polymorphism in the IL1B gene promoter, IL1B -31C>T,
is not associated with cerebral malaria in Thailand. Malar J 2005;4:38. [PubMed: 16098232]

25. Gyan B, Goka B, Cvetkovic JT, et al. Polymorphisms in interleukin-1beta and interleukin-1 receptor
antagonist genes and malaria in Ghanaian children. Scand J Immunol 2002;56:619–22. [PubMed:
12472674]

26. McElroy PD, Lal AA, Hawley WA, et al. Analysis of repeated hemoglobin measures in full-term,
normal birth weight Kenyan children between birth and four years of age. III. The Asembo Bay
Cohort Project. Am J Trop Med Hyg 1999;61:932–40. [PubMed: 10674673]

27. CDC; WHO. Severe falciparum malaria. Trans R Soc Trop Med Hyg 2000;94(Supplement 1):S1–
90. [PubMed: 11103309]

28. Otieno RO, Ouma C, Ong'echa JM, et al. Increased severe anemia in HIV-1-exposed and HIV-1-
positive infants and children during acute malaria. AIDS 2006;20:275–80. [PubMed: 16511422]

29. Bronzan RN, Taylor TE, Mwenechanya J, et al. Bacteremia in Malawian children with severe malaria:
prevalence, etiology, HIV coinfection, and outcome. J Infect Dis 2007;195:895–904. [PubMed:
17299721]

Ouma et al. Page 9

J Infect Dis. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



30. Zeng ZR, Hu PJ, Hu S, et al. Association of interleukin 1B gene polymorphism and gastric cancers
in high and low prevalence regions in China. Gut 2003;52:1684–9. [PubMed: 14633943]

31. Aidoo M, Terlouw DJ, Kolczak MS, et al. Protective effects of the sickle cell gene against malaria
morbidity and mortality. Lancet 2002;359:1311–2. [PubMed: 11965279]

32. Ouma C, Keller CC, Opondo DA, et al. Association of Fc gamma receptor IIA (CD32) polymorphism
with malarial anemia and high-density parasitemia in infants and young children. Am J Trop Med
Hyg 2006;74:573–7. [PubMed: 16606986]

33. Awandare GA, Ouma C, Keller CC, et al. A macrophage migration inhibitory factor promoter
polymorphism is associated with high-density parasitemia in children with malaria. Genes Immun
2006;7:568–75. [PubMed: 16929348]

34. Awandare GA, Ouma Y, Ouma C, et al. Role of monocyte-acquired hemozoin in suppression of
macrophage migration inhibitory factor in children with severe malarial anemia. Infect Immun
2007;75:201–10. [PubMed: 17060471]

35. Were T, Hittner JB, Ouma C, et al. Suppression of RANTES in children with Plasmodium
falciparum malaria. Haematologica 2006;91:1396–9. [PubMed: 17018392]

36. Balaresque PL, Ballereau SJ, Jobling MA. Challenges in human genetic diversity: demographic
history and adaptation. Hum Mol Genet 2007;16(Spec No 2):R134–9. [PubMed: 17911157]

37. Marsh K, Snow RW. Host-parasite interaction and morbidity in malaria endemic areas. Philos Trans
R Soc Lond B Biol Sci 1997;352:1385–94. [PubMed: 9355131]

38. Snow RW, Omumbo JA, Lowe B, et al. Relation between severe malaria morbidity in children and
level of Plasmodium falciparum transmission in Africa. Lancet 1997;349:1650–4. [PubMed:
9186382]

39. Pociot F, Molvig J, Wogensen L, Worsaae H, Nerup J. A TaqI polymorphism in the human
interleukin-1 beta (IL-1 beta) gene correlates with IL-1 beta secretion in vitro. Eur J Clin Invest
1992;22:396–402. [PubMed: 1353022]

40. Hall SK, Perregaux DG, Gabel CA, et al. Correlation of polymorphic variation in the promoter region
of the interleukin-1 beta gene with secretion of interleukin-1 beta protein. Arthritis Rheum
2004;50:1976–83. [PubMed: 15188375]

41. El-Omar EM, Carrington M, Chow WH, et al. Interleukin-1 polymorphisms associated with increased
risk of gastric cancer. Nature 2000;404:398–402. [PubMed: 10746728]

42. Kimura R, Nishioka T, Soemantri A, Ishida T. Cis-acting effect of the IL1B C-31T polymorphism
on IL-1 beta mRNA expression. Genes Immun 2004;5:572–5. [PubMed: 15356674]

43. Chen H, Wilkins LM, Aziz N, et al. Single nucleotide polymorphisms in the human interleukin-1B
gene affect transcription according to haplotype context. Hum Mol Genet 2006;15:519–29. [PubMed:
16399797]

44. Peyron F, Caux-Menetrier C, Roux-Lombard P, Niyongabo T, Aubry P, Deloron P. Soluble
intercellular adhesion molecule-1 and E-selectin levels in plasma of falciparum malaria patients and
their lack of correlation with levels of tumor necrosis factor alpha, interleukin 1 alpha (IL-1 alpha),
and IL-10. Clin Diagn Lab Immunol 1994;1:741–3. [PubMed: 8556530]

45. de Kossodo S, Grau GE. Role of cytokines and adhesion molecules in malaria immunopathology.
Stem Cells 1993;11:41–8. [PubMed: 8457780]

46. Pichyangkul S, Saengkrai P, Webster HK. Plasmodium falciparum pigment induces monocytes to
release high levels of tumor necrosis factor-alpha and interleukin-1 beta. Am J Trop Med Hyg
1994;51:430–5. [PubMed: 7943569]

47. Rockett KA, Awburn MM, Rockett EJ, Clark IA. Tumor necrosis factor and interleukin-1 synergy
in the context of malaria pathology. Am J Trop Med Hyg 1994;50:735–42. [PubMed: 8024067]

48. Fibbe WE, Van Damme J, Billiau A, et al. Human fibroblasts produce granulocyte-CSF, macrophage-
CSF, and granulocyte-macrophage-CSF following stimulation by interleukin-1 and poly(rI).poly
(rC). Blood 1988;72:860–6. [PubMed: 2458149]

49. Tosato G, Jones KD. Interleukin-1 induces interleukin-6 production in peripheral blood monocytes.
Blood 1990;75:1305–10. [PubMed: 2310829]

50. Bagby GC Jr. Interleukin-1 and hematopoiesis. Blood Rev 1989;3:152–61. [PubMed: 2529007]

Ouma et al. Page 10

J Infect Dis. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Functional association between IL-1β haplotypes and circulating IL-1β levels
Circulating IL-1β levels for children (aged <3 years) with malaria were measured using the
Human Cytokine Twenty-Five-Plex Antibody Bead Kit. Data are presented as box-plots where
the box represents the interquartile range, the line through the box is the median, and whiskers
show the 10th and 90th percentiles for haplotypic combinations of the IL-1β -31 and -511
variants. Open boxes represent individuals with the respective haplotype, while shaded boxes
represent individuals without the haplotype. Statistical significance set at P<0.05 was
determined by Mann Whitney U tests.

Ouma et al. Page 11

J Infect Dis. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ouma et al. Page 12

Table 1
Demographic, clinical, and laboratory characteristics of the study participants.

Characteristic Non-SMA SMA P

No. of participants 349 217

Gender (n, %)

Male 186 (62.8) 110 (37.2)
0.30a

Female 163 (60.4) 107 (39.6)

Age (mos.) 11.0 (9.75) 8.0 (8.00) <0.001b

Hemoglobin (g/dL) 8.1 (2.80) 4.9 (1.20) <0.001b

Parasite density (MPS/μL) 20, 345
(43,641)

17, 168
(41,638) 0.22b

Geomean parasitemia (/μL) 14, 614 11, 744 0.78c

HDP (≥10,000 parasites/μL), n (%) 229 (65.6) 129 (59.4) 0.08a

Data are the median (interquartile range; IQR) unless otherwise noted. Parasitemic children (n=566) were categorized according to a modified definition
of SMA based on age- and geographically-matched Hb concentrations (i.e., Hb<6.0 g/dL, with any density parasitemia) [26] and Non-SMA (Hb≥6.0 g/
dL, with any density parasitemia).

a
Statistical significance determined by the Chi-square analysis.

b
Statistical significance determined by Mann-Whitney U test.

c
Statistical significance determined by student t-test.
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Table 4
Hematological characteristics of the study participants stratified according to IL-1β promoter haplotypes.

Haplotype Hb (g/dL) SMA (<6.0 g/dL), n (%) SMA (<5.0 g/dL), n (%)

CA 1 6.50 (3.20)a 193/494 (39.1) 97/494 (19.6)

0 7.00 (3.25) 24/72 (33.3) 12/72 (16.7)

CG 1 6.40 (3.10)a 53/165 (32.1) 28/165 (17.0)

0 7.05 (3.20) 164/401 (40.9) 81/401 (20.2)

TA 1 6.95 (2.40) 2/12 (16.7) 1/12 (8.3)

0 6.60 (3.25) 215/554 (38.8) 108/554 (19.5)

TG 1 6.60 (3.50) 65/175 (37.1) 35/175 (20.0)

0 6.60 (3.10) 152/391 (38.9) 74/391 (18.9)

Data for hemoglobin (Hb, g/dL) are median (IQR) unless otherwise stated. Parasitemic children (n=566) were categorized according to a modified definition
of SMA based on age- and geographically-matched Hb concentrations (i.e., Hb<6.0 g/dL, with any density parasitemia) [26] and the WHO definition of
SMA (i.e., Hb<5.0 g/dL, with any density parasitemia) [27] and further stratified based on their IL-1β promoter haplotypes (-31/-511).

a
Statistically significant at P<0.05 (Mann-Whitney U test) for those with versus those without the haplotype. 1=Presence of haplotype, 0=Absence of

haplotype.
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