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Malaria remains one of the most prevalent parasitoses worldwide. About 350 to 500 million febrile episodes
are observed yearly in African children alone and more than 1 million people die because of malaria each
year. Multiple factors have hampered the effective control of this disease, some of which include the complex
biology of the Plasmodium parasites, their high polymorphism and their increasingly high resistance to
antimalarial drugs, mainly in endemic regions. The ancient interaction between malarial parasites and
humans has led to the fixation in the population of several inherited alterations conferring protection against
malaria. Some of the mechanisms underlying protection against this disease are described in this review for
hemoglobin-inherited disorders (thalassemia, sickle-cell trait, HbC and HbE), erythrocyte polymorphisms
(ovalocytosis and Duffy blood group), enzymopathies (G6PD deficiency and PK deficiency) and
immunogenetic variants (HLA alleles, complement receptor 1, NOS2, tumor necrosis factor-α promoter
and chromosome 5q31–q33 polymorphisms).
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1. Introduction

Malaria is a parasitic disease transmitted by Anopheline mosqui-
toes and is highly widespread throughout tropical and subtropical
regions. The exact magnitude of the problem still remains unknown
(Carvalho et al., 2002) since this disease is most commonly found in
poor countries (Olumese, 2005) having less developed health systems
and control strategies (Phillips, 2001). In these areas, the high rates of
morbidity and mortality can be mainly attributable to the lack of
access to effective treatment (Suh et al., 2004) and to the growing
parasite resistance to antimalarial drugs such as chloroquine and
pyrimethamine (Smith et al., 2002). According to the World Malaria
Report 2008, published by the World Health Organization and
UNICEF, 3.3 billion people living in 109 countries or territories were
at risk of acquiring malaria by the end of 2006. It has been calculated
that 250 million clinical episodes of malaria occur each year (mainly
due to Plasmodium falciparum and Plasmodium vivax infections), of
which more than 1 million people die (WHO and UNICEF, 2008).

The immune response induced in humans by infection caused by
malarial parasites is complex and varies depending on the level of
endemicity, epidemiological factors, genetic makeup, host age,
parasite stage and parasite species. Repeated infection and continuous
exposure are required to achieve clinical immunity (which reduces
the risk of death frommalaria and reduces the intensity of the clinical
symptoms) and later anti-parasitic immunity (which directly reduces
the numbers of parasites in an infected individual or inhibits parasite
replication) (Mohan and Stevenson, 1998). Both innate and acquired
immunity processes are invoked during the infection. Resistance
involves genetically-based resistance mechanisms and cell-mediated
immunological mechanisms, but also specific antibodies, which are
able to reduce the severity of the symptoms and mortality are found
among themain actors in the acquired immune response (Smith et al.,
2002).

Innate immunity can be defined as being the host cells' ability to
resist infection by the parasite, irrespective of their previous exposure
to it (the review by Stevenson and Riley, 2004 gives detailed
information about innate immunity against malaria). Resistance
mechanisms have been described in both sporozoite entry to liver
cells and erythrocyte invasion by merozoites (Yuthavong and
Wilairat, 1993) (Fig. 1). Genetically-based resistance is involved in
either altering erythrocyte invasion bymerozoites, in lowering parasite
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growth or in impairing merozoite viability after being released from
schizonts (Smith et al., 2002).

Some genetic mutations resulting in protection against parasitic
infection are highly prevalent in regions where malaria is endemic.
According to Haldane's malaria hypothesis (Haldane, 1949; Yuthavong
and Wilairat, 1993; Smith et al., 2002; Duffy and Fried, 2006; Pasvol,
2006), this could result in a “balanced polymorphism” where the
homozygote's hematological disadvantage is balanced by the resistance
to malaria displayed by the heterozygote (Yuthavong and Wilairat,
1993;Agarwal et al., 2000; Smith et al., 2002;Akide-Ndunge et al., 2003).

Among the main alterations conferring resistance against malaria,
various blood group polymorphisms such as hemoglobinopathies
(including thalassemias, HbS, HbC and HbE), erythrocyte polymorph-
isms and immunogenetic variants, have been observed in different
populations where malaria is prevalent (Yuthavong and Wilairat,
1993; Michon et al., 2001).

This review focused on mechanisms leading to genetically-based
resistance against Plasmodium parasites.

2. Genetically-based resistance mechanisms

2.1. Hemoglobinopathies

Although hemoglobinopathies (hemoglobin structure and produc-
tion disorders) confer resistance to malaria through immune mechan-
isms (Luzzi et al., 1991; Roberts and Williams, 2003; Williams et al.,
Fig. 1. Life cycle of the malaria parasite. The asexual stage pre-erythrocyte or hepatic (A) and
(The hypnozoite form occurs only in Plasmodium vivax and Plasmodium ovale.)
Adapted from Oaks et al. (1991).
2005c), they are also a major worldwide health problem. These
disorders have a high carrier frequency, particularly in certain regions
where malaria is endemic, and are characterized by having broad
clinical and hematological phenotypic heterogeneity (Patrinos et al.,
2005). Thalassemias and abnormal hemoglobins (which can be grouped
together as hemoglobinopathies) (Weatherall, 2008), constitute the
most common single-gene disorders (Yuthavong and Wilairat, 1993).

Although it is not always clear how erythrocyte abnormalities
might confer protection against malaria, the overlapping geographical
distribution displayed by malaria and hemoglobinopathies (such as
thalassemias) led Haldane to propose his “malaria hypothesis”
(Haldane, 1949; Duffy and Fried, 2006). The relatively high prevalence
of heterozygous individuals for inherited erythrocyte diseases in areas
where malaria is endemic seems to have been maintained by a
balanced polymorphism in the human population (Haldane, 1949;
Cooke et al., 2004; Richer and Chudley, 2005).

Distinct mechanisms conferring protection against severe and
complicated malaria have been proposed for the different hemoglobin-
opathies (such as sickle-cell trait, beta thalassemia trait, homozygous
HbH, HbAS), as will be detailed below (Weatherall, 1997; Ayi et al.,
2004; Williams et al., 2005b). Among the most relevant mechanisms,
reduced erythrocyte invasion by the parasite, decreased intra-erythro-
cytic parasite growth (Pasvol et al., 1978), enhanced phagocytosis of
parasite-infected erythrocytes (Cappadoro et al., 1998; Ayi et al., 2004)
and increased immune response against parasite-infected erythrocytes
(Duffy and Fried, 2006) have all been described.
erythrocyte (B) cycles as well as the sexual stage sporogonic (C) cycle are represented.
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2.1.1. Thalassemias
Hemoglobin (tetramer constituted in adults by 2 α-globin and 2 β-

globin chains) is the molecule responsible for providing and transport-
ing oxygen to all tissues.

Among hemoglobin disorders, thalassemias refer to alterations in
the synthesis of either globin chain (Allen et al., 1997; Vento et al.,
2006). α-thalassemia displays an abnormal α-globin synthesis, while
the amount of β-globin is diminished in β-thalassemia (Smith et al.,
2002; Richer and Chudley, 2005). Thalassemias are widely distributed
around the world (Fig. 2a) (Vento et al., 2006).

2.1.1.1. α-Thalassemia. α-Thalassemia is caused by decreased
synthesis of an α-globin chain resulting from deletion of the
duplicated α-globin genes located on chromosome 16 (16p13.3)
(Yuthavong and Wilairat, 1993; Williams et al., 1996; Allen et al.,
1997). The normalα-globin genotype is represented asαα/αα. There
are two varieties of α-thalassemia: α+ and α0 thalassemia. Hetero-
zygotes for α+ thalassemia have lost one of the linked α-globin genes
(−α/αα) and are clinically normal, whereas homozygotes (−α/−α)
have mild anemia with reduced levels of hemoglobin in erythrocytes.
α0 thalassemia, in which both linked α globin genes are lost (−−/
αα), is lethal in the homozygous state (−−/−−). Most of the studies
where a link betweenα-thalassemia andmalarial protection has been
observed have reported the presence of the α+ variety in the studied
population (Williams et al., 1996; Weatherall, 1997).

α+-thalassemia is responsible for a mild hemolytic state and is
also associated with a certain degree of ineffective erythropoiesis,
reduced erythrocyte survival, and therefore, an increased erythrocyte
turnover with a relatively high proportion or circulating young
erythrocytes (Weatherall, 1997). The α+-thalassemia is the most
frequent genetic disorder in the human population (Williams et al.,
1996; Weatherall, 1997). Being very common in malaria-endemic
regions it is considered to confer protection against clinical disease
caused by severe forms of P. falciparum infection (Mockenhaupt et al.,
2001, 2004b; Wambua et al., 2006).

Previous “in vitro” studies have shown that Plasmodium-infected α-
thalassemic erythrocytes bind high levels of antibodies from malaria-
endemic sera on their surface (which could be the optimum target for
immune responses) (Luzzi et al., 1991; Yuthavong and Wilairat, 1993).
Opsonization (Celada et al., 1982), complement-mediated lysis (Gabriel
and Berzins, 1983), antibody-dependant cytotoxicity (Brown and
Smalley, 1980) and inhibition of sequestration of infected erythrocytes
(Udeinya et al., 1983) are the most frequent potential anti-parasite
effector mechanisms which might be promoted by these antibodies.

More recent studies have shown that both polymorphism in the
complement receptor-1 (CR1) gene leading to a reduced level of CR1
expression in erythrocyte (a polymorphism commonly found in
regions of Papua New Guinea) and α-thalassemia are associated with
CR1 deficiency. CR1-deficient erythrocytes have shown a marked
reduction in their ability to form rosettes (pathogenic markers of
severe malaria). CR1 polymorphisms and α-thalassemia indepen-
dently confer protection against severe malaria; however, the
mechanism responsible for reduced CR1 in α-thalassemic erythro-
cytes still remains unclear (Cockburn et al., 2004).

2.1.1.2. β-thalassemia. This disorder is produced by decreased synthe-
sis of β-globin (Yuthavong andWilairat, 1993) leading to a relative excess
ofα-globin chains. The β-globin gene is localized in chromosome 11p15.5
within theβ-globinmultigeneclusterand is responsible for thesynthesisof
the hemoglobin's β-globin polypeptide (Das and Talukder, 2001). Such
alteration promotes mechanical damage of erythrocyte precursors and
theirproducts aswell as oxidativemembranedestruction. Its heterozygous
state is associatedwith extremelymild anemiaandmorphological changes
in erythrocytes, causing ineffective erythropoiesis (Weatherall, 2000;
Roberts and Williams, 2003), differently to its homozygote state which is
associatedwith severe anemia during the second and thirdmonths of life;
if it isnot treatedpromptlywithregularblood transfusions, it leads todeath
within the first two years of life (Weatherall, 2000).

The complete absence of β-globin synthesis is denoted as βo and
reduced synthesis levels as β+. β-thalassemias result from more than
180 different mutations, either it be by point mutations or short
nucleotide insertions or deletions (nonsense mutations) within the
single β-globin gene (Yuthavong and Wilairat, 1993). As a result,
there is a decrease in the output of β-globin chains, which ranges from
a complete absence (β0-thalassemia) or a partial absence (β+-
thalassemia) (Weatherall and Provan, 2000). Weatherall (2000) has
suggested that disease severity is directly related to the degree of
imbalance between α- and β-globin chains.

Several epidemiological studies have suggested that β-thalassemia
confers protection against malaria. The findings of Pasvol et al. (1976)
have suggested that a resistance mechanism against malaria during
the first few months of life (particularly in β-thalassemia carriers)
involves fetal hemoglobin (HbF) production declining more slowly
than normal. A case–control study by Willcox et al. (1983) has
presented strong evidence that both intracellular and extracellular
determinants could play an important role in protecting β-thalasse-
mic heterozygotes against lethal malarial infections. Brockelman et al.
(1987) found that some erythrocytes from thalassemic Thai subjects
inhibit the growth of P. falciparum “in vitro”.

Other studies have revealed a protective effect against malaria in
β-thalassemic children (Yuthavong and Wilairat, 1993). Luzzi et al.
(1991) described significantly higher phagocytosis of infected β-
thalassemic erythrocytes when compared to normal infected ery-
throcytes. Moreover, Smith et al. (2002) reported that antibodies
present in sera collected from people living in malaria-endemic areas
bound to β-thalassemic erythrocytes to a greater extent.

2.1.2. Sickle-cell trait
The term sickle-cell disease (SCD) or “sickle hemoglobin” refers to

a group of symptomatic disorders associated with mutations on the
HBB gene (Richer and Chudley, 2005), which produce the hemoglobin
form known as Hemoglobin S (HbS). The homozygous form (HbSS) is
fatal early in life without proper treatment. The heterozygous form
(trait) displays the HbAS genotype (Richer and Chudley, 2005;
Williams et al., 2005a) and encodes a mutant β-globin chain (βS

rather than normal βA). The replacement of the β-globin's normal
glutamic acid in position 6 in HbA for a valine in HbS induces
hydrophobic spots, which facilitate HbS polymerization upon deox-
ygenation. Intra-erythrocytic HbS polymers lead to alterations in the
shape of erythrocytes similar to a sickle.

SCD is one of the most prevalent erythrocyte alterations, mainly in
malaria-endemic regions (Fig. 2a). Several studies have suggested that
this is a protection mechanism against P. falciparum malaria. Allison
(1964) has suggested that SCD is a protectionmechanismagainstmalarial
mortality, possibly due to a selective advantage conferred by HbAS.
Friedman (1978) has described mechanisms in which HbS-containing
erythrocytes inhibit malarial parasite growth. He showed that HbS
changes its nature in deoxygenating conditions and parasites become
gravely affected, therefore showing that only erythrocytemechanisms are
sufficient for providing resistance “in vivo”. He also showed that 90% of
young parasites are eliminated in HbAS cell populations, of which only
60% are sickled or distorted and that the parasite contributes to conditions
inducing sickling in its host cell.

Williams et al. (2005b) suggested in more recent studies that
protection conferred by HbAS is remarkably specific to malaria; other
studies have shown that heterozygous people carrying the sickle-cell
trait (HbAS) are protected against severe malaria (up to N90% in some
populations) (Friedman, 1978; Aidoo et al., 2002; Ackerman et al.,
2005; Cabrera et al., 2005; Williams et al., 2005a; Duffy and Fried,
2006).

Different underlying mechanisms have been proposed over the
years to explain why HbAS confer protection against severe malaria.



Fig. 2. Geographical distribution of hemoglobin-inherited disorders, erythrocyte polymorphisms and immunogenetic variants.
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These include accelerated sickling of parasite-infected HbAS erythro-
cytes, low growth rates and parasite invasion in HbAS erythrocytes (in
low oxygen conditions) and increased phagocytosis of infected HbAS
erythrocytes (Pasvol et al., 1978; Weatherall, 1987; Abu-Zeid et al.,
1991). However, more recent experimental data mainly support two
of them. Firstly, it has been shown that intra-erythrocytic parasite
growth is greatly inhibited by HbS polymerizationwhen oxygen levels
drop below 5%. Secondly, higher parasite-infected sickle erythrocyte
phagocytosis by host immune cells has been observed when
compared to infected normal erythrocytes (Smith et al., 2002;
Akide-Ndunge et al., 2003; Roberts and Williams, 2003; Ayi et al.,
2004; Cabrera et al., 2005).

It has been also shown that HbS erythrocytes infected by P. falciparum
lower the surface expression of PfEMP-1, which results in a reduction of
cytoadherence and thus protecton against severe malaria (Cholera et al.,
2008).

2.1.3. Hemoglobin C (HbC)
Hemoglobin C (HbC) results from a point mutation leading to the

replacement of glutamate by lysine in the β-globin's sixth amino-acid
position (Agarwal et al., 2000; Fairhurst et al., 2005); it is almost
exclusively present in western Africa (Modiano et al., 2001; Mock-
enhaupt et al., 2004a) and, although HbAC is asymptomatic, HbCC can
producemild hemolysis, splenomegally and gallstones (Mockenhaupt
et al., 2004a) (Fig. 2a).

Several studies proposing possible immune mechanisms of
protection against P. falciparum malaria have yielded contradictory
results. Friedman et al. (1979) and Olson and Nagel (1986) have
reported that this parasite does not proliferate in HbCC erythrocytes
“in vitro” (while HbAC erythrocytes enable normal parasite growth)
because the abnormal osmotic response of parasitized CC cells
interferes with erythrocyte rupture needed for releasing infective
merozoites. Likewise, Rihet et al. (2004) found in their recent study on
malarial protection-inducing mechanisms that intra-erythrocytic
parasite growth becomes reduced in individuals having HbC erythro-
cytes in both mild and severe malarial infection.

Contrasting with the above studies, Agarwal et al. (2000) have
suggested that P. falciparum could infect and proliferate inside HbCC
homozygotes, this being consistent with studies by Modiano et al.
(2001) and Duffy and Fried (2006) who found that P. falciparum

image of Fig.�2
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parasites are able to efficiently replicate within homozygous HbC
erythrocytes (HbCC) and that no protection is observed against mild
malarial infections. However, agreeingwith the former study, they did
report protection against severe infection.

Other studies have shown that individuals homozygous for HbC
display a reduced risk of having severe or non-severe infections by
P. falciparum (Bradbury, 2001; Modiano et al., 2001; Mockenhaupt
et al., 2004a,c; Min-Oo and Gros, 2005). Risk reduction in heterozy-
gous individuals (HbAC) was 29%, while it reached 93% in homozy-
gous individuals (HbCC) (Modiano et al., 2001).

Some authors have returned to the malaria hypothesis to explain
HbC frequency in some populations; a hypothesis that proposes an
explanation to why different regions of Africa, Middle East and Asia
are kept in a state of balanced polymorphism due to the protective
effect of the heterozygous state against severe malaria. However,
epidemiological evidence has been contradictory for HbC (Agarwal
et al., 2000). As mentioned above, the presence of HbC heterozygotes
has not been shown to be correlated with reduced P. falciparum
infection or density while HbCC homozygote individuals have shown
possible protection against this parasite.

2.1.4. Hemoglobin E (HbE)
Hemoglobin E (HbE) is produced when the glutamic acid in

position 26 of the β-globin chain is replaced by a lysine (Nagel et al.,
1981; Chotivanich et al., 2002; Ohashi et al., 2004). It has been
observed that erythrocytes from people having HbE show reduced
plasticity and deformability “in vitro”, thus impairing merozoite
growth and release (Bunyaratvej et al., 1992). Homozygous HbE
erythrocytes (HbEE) are microcytic (having low mean corpuscular
volume) at low hemoglobin concentration (Nagel et al., 1981). Such
hemoglobinopathy is very common in Southeastern Asia (Chotivanich
et al., 2002) (Fig. 2a).

It has been found that HbE confers protection against severe
malarial episodes. Different mechanisms have been proposed (Nagel
et al., 1981; Hutagalung et al., 1999, 2000; Agarwal et al., 2000;
Chotivanich et al., 2002; Roberts and Williams, 2003; Ohashi et al.,
2004): reduced erythrocyte invasion by merozoites, lower intra-
erythrocytic parasite growth, enhanced phagocytosis of infected
erythrocytes and increased probability of infection at an early age
(mainly for P. vivax, which has been shown to confer a certain degree
of protection against subsequent severe P. falciparum infection).

2.2. Erythrocyte polymorphisms

2.2.1. Ovalocytosis (band 3 variants)
Ovalocytosis is an uncommon variant of hereditary elliptocytosis

(HE) belonging to the erythrocyte membrane inherited disorder
group (Gallagher, 2005). It is caused by heterozygosity for a 27-base
pair deletion in the gene encoding the erythrocyte membrane protein
band 3 (SLC4A1Δ27) (Williams, 2006) on chromosome 17 (Jarolim
et al., 1991). The deletion is in linkage disequilibrium with the
“Memphis I” polymorphism (AAG→GAG; Lys56Glu) (Delaunay,
2007). Only the heterozygotic form is known, which is asymptomatic
and endemic in Southeast Asia (Malaysia, Papua New Guinea, the
Philippines, etc.) giving it the name of southeast Asian ovalocytosis
(SAO) (Fig. 2a) (Gallagher, 2005).

The ovalocytic phenotype is caused by a structural polymorphism
in band 3. It has been established that a 9-amino-acid deletion (SAO
band 3) on the cytoplasmatic face close to the N-terminal region of the
membrane domain (residues 400–408) is responsible for the unusual
properties of ovalocytic erythrocytes (Wang, 1994; Bruce, 2006).

Some studies have suggested that ovalocytic erythrocytes are very
rigid and relatively resistant to invasion by various strains of malarial
parasites “in vitro” (Kidson et al., 1981; Mohandas et al., 1984). More
recent studies have shown that this condition confers highly specific
protection against cerebral malaria by maintaining similar parasite-
mia levels (Genton et al., 1995; Allen et al., 1999). It has also been
suggested that reduced band 3 deletion frequency in patients
suffering from cerebral malaria could be taken as an indicator of a
selective advantage (Genton et al., 1995). A post-invasion protective
mechanism against cerebral malaria has been suggested since SAO
does not significantly alter parasitemia. Changes in the SAO-infected
binding to endothelial receptors have been studied since cerebral
malaria is mediated by increased cerebral endothelial cell cytoadher-
ence by P. falciparum-infected erythrocytes. However, contrary to
what one would expect, SAO-infected cells display increased binding
to CD36 in flow conditions “in vitro” when compared to normal
infected erythrocytes (Cortes et al., 2005). Although CD36 is
considered to be the main receptor for infected-erythrocyte seques-
tration (Cooke et al., 1994; Newbold et al., 1997), its levels of
expression in brain endothelial cells are low (Turner et al., 1994;
Silamut et al., 1999). According to these results, the protective
mechanism against cerebral malaria conferred by SAO might be via P.
falciparum-infected erythrocyte sequestration in vascular beds high in
CD36 levels, such as those found in non-vital organs and tissues like
the skin and muscles.

2.2.2. Duffy antigen
The Duffy antigen, also known as DARC (Duffy antigen receptor for

chemokines) is normally expressed on the surface of erythrocytes and
also in other cell types (Michon et al., 2001; Cooke et al., 2004;Min-Oo
and Gros, 2005). This blood group antigen is a 35–43 kDa transmem-
brane glycoprotein spanning the membrane 7 times. Its encoding
genetic locus displays three alleles; FY*A (Fya) and FY*B (Fyb) differ
from each other by a SNP that involves shifting a glycine for an
aspartic acid in residue 44 (G131A) (Iwamoto et al., 1996; Michon
et al., 2001), while FY*O corresponds to a negative serological
phenotype Fy(a−b−) (Hamblin and Di Rienzo, 2000). This antigen
is an obligatory binding receptor for P. vivax (Michon et al., 2001;
Cooke et al., 2004; Min-Oo and Gros, 2005); the interaction being
mediated by the parasite's Duffy binding protein (DBP).

Lack of DARC expression in erythrocytes is mediated by a point
mutation (T46C) in the GATA box of this gene's promoter (Michon
et al., 2001). The expressed phenotype is Fy(a−b−) and leads to
resistance to P. vivax infection (Hamblin and Di Rienzo, 2000;
Tamasauskas et al., 2001; Weatherall et al., 2002). Duffy negativity
is most common in Western Africa (Gelpi and King, 1976; King et al.,
2002) and Papua New Guinea (Zimmerman et al., 1999), which
explains why P. vivax is quite uncommon in these geographical
regions (Cooke et al., 2004) (Fig. 2b). A recent study shows how the FY
gene expression modulates the susceptibility of baboons to infection
by Hepatocystis parasites, which cause a disease similar to malaria in
these non-human primates. Fy protein expression depends on
differences in the cis regulatory region of the coding gene, near to
where point mutations that hamper FY transcription in human RBCs
(conferring protection against vivax malaria) have been described
(Tung et al., 2009).

An additional point mutation leading to an amino-acid shift from
arginine to cysteine in position 89 of the DARC intra-cytoplasmatic
domain has also been described (Tamasauskas et al., 2001). This allele
has been found in 3.5% of the population and produces decreased
levels of DARC on the erythrocyte surface, lower antigen expression
and reduced ability to bind chemokines. It is therefore possible that
this mutation might confer certain resistance to P. vivax infection.

In previous binding assays using various DBP recombinant
fragments, the DBP region interacting with DARC has been mapped
to the 320-aminoacid-long 5′ cysteine-rich region (named region II)
(Chitnis and Miller, 1994). Site directed mutagenesis has allowed to
pinpoint residues in DBP important for its interaction with the Duffy
antigen (VanBuskirk et al., 2004). Several of the residues are basic and
might interact with sulfated tyrosine 41 on the DARC protein since
desulfation of this tyrosine results in the abolition of binding to DBP
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(Hans et al., 2005). De Brevern et al. (2005) have drawn up and
analyzed structural DARC models by using multiple prediction
methods and biological data. Such studies have led them to suggesting
that the sulfated tyrosine is located in an extended random coil. All
these data allowed us to build a putative model in which the
interaction with sulfated Tyrosine 41 is central and which makes use
of the binding site as suggested by Singh et al. (2006) (Fig. 3). The
model is quite consistent with the experimental data but suggests a
secondary site that is more hydrophobic. This site could encompass
the N-terminal region of DARC as suggested by Tournamille et al.
(2005).

2.3. Enzymopathies

2.3.1. Glucose-6-phosphate dehydrogenase (G6PD) deficiency
G6PD is a cytoplasmic enzyme that catalyses the first step in the

hexose monophosphate pathway leading to synthesis of pentose
phosphate (Ruwende and Hill, 1998). It also catalyses conversion of
nicotinamide adeninedinucleotidephosphate (NADP) to its reduced form
(NADPH), thus protecting erythrocytes from oxidative damage (Frank,
2005). This enzyme has 515 amino acids and is only active in its dimeric
form (Beutler, 1994); G6PD activity has been shown to be reduced in
infected erythrocytes when compared to uninfected erythrocytes.

The G6PD encoding gene is localized in the telomeric region of the
X chromosome's long arm (Xq28) and hence one of the two G6PD
alleles present in females is subject to inactivation. This gene
comprises 13 exons (Ruwende and Hill, 1998) and displays different
mutations varying among different populations (Mehta et al., 2000).
More than 400 different variants of this gene have been described to
date (Beutler, 1994; Frank, 2005).

G6PD deficiency is one of the most common enzymopathies in
humans (Ruwende et al., 1995); it was discovered when investigating
why some people developed hemolytic anemia when they ingested
the 8-aminoquinoline antimalarial drug primaquine (Beutler, 1994).
G6PD-deficient erythrocytes are more susceptible to destruction by
oxidative stress than normal erythrocytes due to the lower NADPH
levels found in them; although clinical presentations include acute or
chronic hemolytic anemia and neonatal hyperbilirubinemia, G6PD-
deficiency can remain asymptomatic and is rarely mortal (Frank,
2005). The frequency of this deficiency in the population is very high
in tropical and subtropical regions around theworld and in theMiddle
Fig. 3. Putative model of the Plasmodium knowlesi Duffy binding-like domain and a hexapept
The binding domain wasmodeled starting from PDB2c6j (Singh et al., 2006). The peptide was
the peptide with the sulfated tyrosine. Conjugated gradient minimization and molecular
secondary structure is shown as a blue ribbon, the peptide is shown as ball and sticks and t
correspond to those defined by mutational analyses (VanBuskirk et al., 2004) as being esse
East (Min-Oo and Gros, 2005), which agrees with malaria's geo-
graphical distribution (Frank, 2005) (Fig. 2b).

The molecular basis of G6PD deficiency in protection against
malaria has been studied “in vitro” with somewhat conflicting results
(Smith et al., 2002; Min-Oo and Gros, 2005). Some studies have found
reduced intracellular parasite growth on G6PD-deficient erythrocytes
(Roth et al., 1983; Miller et al., 1984), while no difference has been
reported in other studies. Recent studies have proposed a higher
susceptibility of parasitized G6PD-deficient erythrocytes (mainly
ring-stage parasites) to be phagocytosed by monocytes as an
additional mechanism (Cappadoro et al., 1998; Ayi et al., 2004).

The parasite's G6PD enzyme is different to that of humans because it
is bifunctional, presenting 6-phosphogluconolactonase (6PGL) activity
in themolecule's N-terminal region. Its expression in P. falciparum is an
important factor for parasite survival within the host cell. However,
Sodeinde et al. (2003), have reported that the abundance of parasite
PfG6PD-6PGL mRNA is low in G6PD-deficient children.

Previous studies (Roth et al., 1983; Cappadoro et al., 1998) have
proposed that the resistance to P. falciparum infection conferred by
G6PD deficiency in heterozygous females and hemizygous males is a
multi-step process. First, parasite invasion to either G6PD-deficient or
normal erythrocytes is similar. Secondly, G6PD levels coming from
both the erythrocyte and the parasite are low, especially in G6PD-
deficient erythrocytes, which makes these parasitized cells prone to
suffering damage. Damaged cells are highly susceptible to phagocy-
tosis. Thirdly, although the G6PD levels produced by the parasite
during both trophozoite and schizont stages are high, infected
erythrocytes are physically so different compared to non-infected
ones by this time that they are good targets for phagocytes, regardless
of their G6PD status. Fourthly, phagocytosis consequently occurs
earlier in G6PD-deficient parasitized erythrocytes than in normal
parasitized ones, thus limiting the parasitemia.

In contrast to findings by Ruwende et al. (1995), a later study by
Guindo et al. showed that the A− form of G6PD deficiency confers
protection against severe malaria in its uniform state (hemizygous
males and homozygous females) but not in its mosaic state (heterozy-
gous females) (Guindo et al., 2007). Thisfinding is consistentwith those
protection mechanisms involving either enhanced phagocytosis or
effects on the pathogenic consequences in the microcirculation of
parasitized erythrocytes, since both are expected to operate preferen-
tially on uniformly deficient erythrocytes.
ide encompassing the Duffy antigen sulfated tyrosine (D-G-D-Y(SO3)-G-A) (aa 38–42).
constructed using the putative cationic binding site (Singh et al., 2006) to start building
dynamics were used to dock the peptide in an energetically favorable position. DBL
he residues involved in the binding interaction are shown as sticks. Residues in orange
ntial for binding.

image of Fig.�3
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2.3.2. Pyruvate kinase deficiency
Pyruvate kinase (PK) is a glycolytic enzyme which catalyses the

irreversible conversion of phosphoenolpyruvate (PEP) to pyruvate.
The PK-catalyzed reaction constitutes an important step in producing
ATP in the glycolytic route. PK plays an important role in erythrocyte
metabolism since these cells depend on ATP produced by glycolysis
for maintaining cellular integrity and functionality. It has been found
that PK activity becomes greatly increased in infected erythrocytes
(Min-Oo et al., 2003). PK has also been recognized as a promising
target for new drugs against P. falciparum, since the parasite's intra-
erythrocytic life-cycle is highly dependent on glucose for obtaining
energy (Chan and Sim, 2005; Zanella et al., 2007).

PK deficiency is the most frequent enzymatic abnormality of the
glycolytic route commonly causing hereditary non-spherocytic
hemolytic anemia. It has been found that themost frequentmutations
(1529A and 1456T) are distributed according to ethnic and regional
components. Such deficiency presents worldwide distribution, but is
more prevalent in Caucasian populations (Fig. 2a) (Zanella et al.,
2007).

Previous “in vivo” studies in mice (Min-Oo et al., 2003) have
shown that PK deficiency confers protection to homozygote mice
against infection with Plasmodium chabaudi parasites, thus suggesting
a similar protective effect of PK deficiency in humans. Such protective
effect has only been observed in humans until very recently. Durand
and Coetzer (2008) evidenced that PK deficient human erythrocytes
are resistant to “in vitro” malaria infection and suggested the
existence of a driving force maintaining the polymorphic frequency
of the abnormal allele. Ayi et al. (2008) reported a protective effect of
PK deficiency against P. falciparum infection and replication inside
human erythrocytes, possibly associated to an invasion defect of
erythrocytes in subjects bearing the homozygous mutation and to a
preferential macrophage clearance of ring-infected erythrocytes
evidenced both in homozygous and heterozygous individuals.

The possible mechanisms by which such deficiency interferes with
Plasmodium's DNA replication in erythrocyteswas suggested byMin-Oo
et al. (2003). In their study, they showed thatmembrane rigidity affects
parasite invasion and that the altered membrane properties result in
shortening of the erythrocytes' half-life, regardless of whether they are
infected or not. The reduction of the erythrocyte's half-life is due to
increased phagocytosis and a great abundance of metabolic intermedi-
ates and oxidative species that generate a hostile intracellular
environment. Also an altered reticulocyte: mature erythrocyte ratio
may interferewith parasite replication and impairment of the parasite's
intra-erythrocytic glucose metabolism.
2.4. Immunogenetic variants

2.4.1. HLA-Bw53/HLA-DRB1*1302-DQB1*0501
The human major histocompatibility complex (MHC) is one of the

most important components of the immune system, being formed by
multiple polymorphic genes (Babbitt et al., 1985; Buus et al., 1986;
Jardetzky et al., 1990; Falk et al., 1991; Matsumura et al., 1992). It has
been subdivided into threemain groups (Class I, II and III). The first two
classes are membrane-boundmolecules able to activate T-lymphocytes
to initiate or enhance an acquired immune response (Katz et al., 1973;
Dausset, 1981; Bjorkman et al., 1987; Rothbard and Taylor, 1988;
Fremontet al., 1992; Brownet al., 1993; Stern et al., 1994; Pieters, 1997),
while class III genes encode soluble proteins such as the complement
cascade proteins and some cytokines and heat shock proteins. MHC in
humans is denoted as human leukocyte antigen (HLA) for its
predominant expression in these cells (Abbas, 2003). Multiple different
humanclass II loci havebeen identified. ThesehavebeennamedDP,DM,
DO, DN, DQ and DR, and exhibit different degrees of allelic polymor-
phism (Hardy et al., 1986; Bjorkman and Parham, 1990; Mason and
Parham, 1998).
Susceptibility to malaria has been shown in people having certain
HLA class I and class II alleles (Weatherall et al., 2002). Studies carried
out by Miller (1994) and Jarolim et al. (1991) have revealed that the
HLA-DR system could play an important role in protection against
malaria. Moreover, Hill et al. (1991, 1992) showed that carriers of the
class I HLA antigen HLA-Bw53 (frequently occurring in sub-Saharan
Africa) were protected against severe malaria and that there was a
14.7% reduction in cases of severe anemia and 16.1% reduction of
cerebral malaria. These findings are supported by the data reported by
Gilbert et al. (1998) andWilkinson and Pasvol (1997). The class II HLA
haplotype, DRB1*1302-DQB1*0501, is associated with reduced sus-
ceptibility to severe malaria in the population of Gambia in western
Africa (Fig. 2b). This supports the hypothesis that MHC polymorphism
is maintained by altering susceptibility to infectious pathogens.

Wilkinson and Pasvol (1997) suggested that protection against
cerebral malaria and severe anemia are associated with the class I HLA
antigen HLA-B53 and protection against anemia alone is conferred by
the class II haplotype DRB1*1302-DQB1*0501; however, these data
have still to be confirmed regarding other ethnic groups. Nevertheless,
studies carried out by Modiano et al. (1996) on 3 west-African ethnic
groups exposed to the same transmission conditions revealed that the
differences obtained regarding susceptibility to the disease and
parasitemia among the groups analyzed in such study could have
been related to unknown genetic factors, possibly related to the
humoral immune response and not to genetic resistance to malaria.

2.4.2. Complement receptor 1 (CR1) polymorphism
Complement receptor 1 (CR1, also called CD35) is a 190—280 kDa

protein (Thathy et al., 2005), localized on erythrocyte surface, which
belongs to the erythrocyte complement-regulatory protein group and
is responsible for complement-regulatory properties on erythrocyte
surface (Stoute, 2005). In the erythrocyte, this protein is responsible
for removing immune complexes (ICs) from the circulation by binding
to ICs containing C3b (molecule which can bind to the cell surface to
facilitate macrophage phagocytosis) (Reinagel et al., 1997).

Some studies have suggested that CR1 is the P. falciparum
erythrocyte membrane protein-1 (PfEMP-1) receptor and that the
PfEMP-1 interaction with CR1 could be implicated in rosette
formation (a phenomenon related to severe malaria in which
erythrocytes infected by P. falciparum late stage parasites bind to
uninfected erythrocytes “in vitro”) (Rowe et al., 1997; Thathy et al.,
2005; Williams, 2006). The CR1 encoding gene exhibits a number of
size variants that might be the result of unequal gene crossover. These
polymorphic variants have been related to different levels of CR1
expression on erythrocytes. Two antigens belonging to the Knops
blood group, named Swain-langley (Sl) and McCoy (McC), have been
mapped to the CR1 protein. Phenotypic absence of these antigens
(correlated to low-CR1 copy numbers on the erythrocyte) is conferred
by the Sl2 andMcCb allelic variants commonly found in Africa (Stoute,
2005; Thathy et al., 2005). Since high levels of CR1 on the erythrocyte
surface increase rosetting, and rosetting is associated with severe
malaria, one would expect lower CR1 levels to confer protection
against the severe form of the disease. However, unexpected and
contradictory results have been obtained. Severe malaria was thus
associated with low-level CR1 genotype and high-level genotype with
rosette formation in a study carried out by Nagayasu et al. (2001).
Thathy et al. (2005) have shown that low-CR1 phenotypes confer
protection against cerebral malaria but not against malaria-associated
anemia in Kenyan children. On the contrary, a study carried out by
Zimmerman et al. (2003) in the Gambian population, it was reported
that no association was observed between CR1 alleles and protection
against severe malaria phenotypes.

2.4.3. Nitric oxide synthase 2 (NOS2) promoter polymorphism
The nitric oxide synthase 2 (NOS2) enzyme produces nitric oxide

(NO) (free radical mediating several physiological processes in
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immune-regulation) (Hobbs et al., 2002), which is implicated in
innate immunity against malaria. The NOS2 encoding gene is localized
in chromosome 17 and consists of 26 exons, its transcription site
beginning in exon 2 and its stop codon in exon 26 (Chartrain et al.,
1994; Coia et al., 2005).

Even though the molecular mechanisms responsible for protection
against severe malaria remain elusive, some studies have suggested
that polymorphism in the NOS2 gene promoter region does increase
NO production and could thus be an antimalarial resistance
mechanism. Perkins et al. (1999) measured NO production and NOS
(NO synthase) activity in peripheral blood mononuclear cells
(PBMCs) from Gabonese children having a history of prior mild
malaria (PMM) or prior severe malaria (PSM) caused by P. falciparum.
The study showed that the PMM group had significantly higher levels
of NOS activity in isolated PBMCs, high NO production and NOS
activity in cultured PBMCs (Kun et al., 2001). On the contrary, a study
by Kremsner et al. (1996) revealed increased NO levels in plasma from
patients suffering from severe P. falciparummalaria, high levels of NO
production being associated with the disease's severity.

Kun et al. (1998) showed that a newNOS2 promoter mutation was
restricted to highly malaria-endemic areas (Fig. 2b) and that this
mutation was probably involved in antimalarial resistance, mainly in
children, partly depending on their innate immune response.

In a recent study assessing the relation between NOS2 promoter
SNPs and haplotypes with malaria severity in Tanzanian children, no
consistent associations were found. Authors conclude that this cause–
effect relationship might be more complex than previously thought
(Levesque et al., 2010).

2.4.4. Tumor necrosis factor-α promoter polymorphism
Tumor necrosis factor-α (TNF-α) is a cytokine presenting a broad

range of pro-inflammatory activities. It is mainly produced by
monocytes and macrophages, even though it can also be produced
in lesser amounts by other types of cells, such as T- and B-cells
(Wilson et al., 1997). It plays an important role in inflammation and is
relevant for autoimmune and infectious diseases (Bayley et al., 2004).
It also acts in several cell systems, regulating the expression of
adhesion molecules (Tchinda et al., 2007).

Several studies have suggested that TNF-α is the main mediator of
secondary complications accompanying severe malaria caused by P.
falciparum and that it could become fatal among people suffering from
cerebral malaria, severe anemia, lactic acidosis and hypoglycemia
(Odeh, 2001). Likewise, several experimental studies have demon-
strated this cytokine's role in pathogenic malarial anemia, including
severe disruption of erythropoiesis and erythroid cell suppression and
proliferation (Tchinda et al., 2007).

Patients with cerebral malaria display increased TNF-α levels.
Thus, two TNF-α promoter polymorphisms seem to be independently
associated with cerebral malaria in infant populations from Gambia
and Kenya (Africa) (Fig. 2b) (Odeh, 2001): children who were
homozygous for TNF-308A presented increased susceptibility to
cerebral malaria (Knight et al., 1999) and, in the same population,
TNF-376A alleles were associated with increased susceptibility to
developing cerebral malaria (Kwiatkowski, 2000). Studies related to a
homozygous TNF-α variant have shown an increased risk of
contracting cerebral malaria independently of their HLA alleles
(Wilson et al., 1997). The immune-pathogenic mechanisms implicat-
ed in severe malaria are being studied; however, TNF-α seems to be
very important in them (Tchinda et al., 2007).

2.4.5. Chromosome 5q31–q33
The 5q31–q33 region on chromosome 5 contains many genes with

important functions regulating the immune response against patho-
gens such as granulocyte-macrophage colony-stimulating factor
(CSF2), IL-3, IL-4. IL-5, IL-9, immune regulatory factor 1 (IRF1) and
colony-stimulating factor 1 receptor (CSF-1R) (Garcia et al., 1998).
Some studies have tried to determine the importance of this region
and its implication in controlling the immune response against the
malarial parasite. Flori et al. (2003) used sib-pair linkage and
association analysis to identify the “pfbi” (P. falciparum blood
infection) locus and Rihet et al. (1998) used linkage analysis to
identify the “Pfil1” (P. falciparum infection level 1) locus on
chromosome 5q31–q33 that controls blood infection levels. The
former studies and that by Garcia et al. (1998) on a population from
Cameroon (Africa) (Fig. 2b), showed that the genes localized in this
chromosome region could play a central role in controlling blood
infection levels and could be essential in understanding mechanisms
protecting humans against P. falciparum malaria. However, the genes
involved in this process have not yet been clearly identified (Flori
et al., 2003).
3. Conclusions

Malarial parasites have coevolved together with the human host
for thousands of years (Jongwutiwes et al., 2005; Kwiatkowski, 2005),
which have led them to constitute an important driving evolutionary
force behind common erythrocyte variants (Kwiatkowski, 2000), such
as thalassemia, sickle-cell disease, HbC, HbE, gluose-6-phosphate
deficiency and other erythrocyte anomalies (Koella and Boete, 2003;
Kwiatkowski, 2005). Host–parasite interactions have led to a host's
relative resistance to the parasite and parasite strain-specific
susceptibility or virulence (Boots and Haraguchi, 1999).

As has been shown in this review, the molecular bases of
hemoglobinopathies vary greatly. However, some common charac-
teristics can be found in support of the malaria hypothesis, such as the
coincidence between the global distribution of hemoglobinopathies
with that of malaria as well as the increase in various regionally
specific mutations during the last 5000 years despite their different
molecular origins, which points toward a common cause (Flint et al.,
1998).

The different hemoglobinopathy-related alleles could be related to
the beginnings of human colonization in different areas of the world,
since activities such as agriculture, trade and fishingwould have led to
the parasite becoming dispersed to different geographical areas and
thus to the fixation of new alleles related to such hemoglobinopathies
in the population (reviewed by Flint et al., 1998; Kwiatkowski, 2005).

Some studies have shown that malaria-mediated evolutionary
selection has involved 2 main aspects: strong selective pressure (e.g.
in the case of the higher frequency HbS allele found in malaria-
exposed populations) and independent evolutionary responses
developed by different populations both at a global and local level.
The best example at a global level could be given by the HBB gene in
which 3 different SNPs (HbS, HbC and HbE) have been shown to
confer protection against malaria because the mutations produced
affect hemoglobin functionality (as mentioned above). At a local level
it has been observed that some of the Dogon people fromMali present
a very low frequency of the HbS allele, in contrast to other African
groups, and a high frequency of the HbC allele frequency (Agarwal
et al., 2000). However, four different HbS haplotypes have been found
in Africa (Chebloune et al., 1988; Nagel and Ranney, 1990;
Lapoumeroulie et al., 1992), which leads one to think that they
could have had an independent origin from 4 different African popu-
lations (Kwiatkowski, 2005).

As different mechanisms conferring protection against malaria are
widely found among different populations, it is plausible to suppose
that populations have evolved and developed different genetic
variants which are related to resistance to the disease. This, in turn,
could imply that the maintenance of these alleles in the population
has been due to the effects of positive selection arising from relatively
recent human history (i.e. when human populations were migrating
from Africa).
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Even though the above could explain why mutations conferring
malarial protection are highly variable and are maintained in the
population, the association between malarial transmission and the
occurrence of mutations is not always straightforward. An example
can be given by some populations where no malaria has been found
but hemoglobinopathies occur with relatively high frequency (i.e.
Polynesia), while there are other malarial regions around the world
where hemoglobinopathies are not common (i.e. South-America). The
foregoing could be explained by the presence of random fluctuations
in the genetic frequency of some hemoglobinopathies (i.e. α+-
thalassemia). It has been observed that in regions where there is no
malaria negative selection does not act to eliminate the relatively
benign mutation (hemoglobinopathy) from a particular population
(such regions lack of the parasite's selective pressure for raising and
maintaining high frequencies).

Several research groups have also shown that mutations conferring
protection againstmalaria differ amongdifferent populations. However,
studies carried out on the Pacific Island of Vanuatu (Ganczakowski et al.,
1995) have revealed that similar mutation patterns are found between
some neighboring islands, including those where malaria has not been
found. This strange pattern fits in with current opinions about how and
when humans colonized these islands since colonization took place in
two stages (according to anthropological studies). The first stage took
place during the Pleistocene age (N29,000 years ago) in New Guinea–
Australia and the second began during the Holocene age (b3500 years
ago) in the Bismarck Archipelago in islands of the far western Pacific. It
has thus been suggested that the time during whichman has inhabited
these islands is proportional to the diversity and distribution of both
mosquito and malaria (Lum et al., 2004), bearing in mind that each
island was colonized by a small number of people thereby disturbing
gene frequencies and that some groups of colonists could have had high
allele frequencies while others had low ones. This has happened with
α+-thalassemiawhere it has been observed that such populations could
present a variation in the frequencies of this disorder.

Most of the traits conferring protection againstmalaria havenot been
studied in depth. However, they do present important common
characteristics such as the presence of mutations, genetic traits
associatedwithmalaria's geographicaldistribution, inhibition of parasite
growth and increased phagocytosis (Roberts andWilliams, 2003).

Although P. falciparum and P. vivax, the two most prevalent
malarial parasite species co-exist in most parts of the world,
distinctive parasite localization associated with specific host geneti-
cally-based protective mechanisms has been observed. P. vivax is not
very common in western Africa as most of the population is negative
for the Duffy blood group (Miller et al., 1976; Chitnis and Miller,
1994); a similar behavior can be observed on the northern coasts of
South-America where there are descendants of slave populations
brought fromwestern Africa carrying P. vivax resistancewith them. By
contrast, P. falciparum presents a different geographical distribution
(mainly in tropical areas of western Africa) that correlates with the
distribution of some genetically-based resistance mechanisms (such
as hemoglobinopathies, erythrocyte polymorphism, HLA alleles and
NOS2 promoter polymorphism) presenting a protection-inducing
effect against this parasite species in both severe and non-severe cases
of malaria and in homozygotic or heterozygotic individuals (Hill et al.,
1991, 1992; Allen et al., 1997; Burgner et al., 1998; Kun et al., 1998;
Stirnadel et al., 1999).

The distinct geographical localization of the genetically-based
alterations conferring protection against malaria has led to
proposing that the various human populations have been co-
evolving with the malarial parasites rather evolving differently. This
co-evolutionary process has resulted in mutual benefits for both
organisms; on one hand, it confers relative protection against
parasite infection to the host and, on the other hand, it limits
parasite virulence allowing it to remain within the host for longer
periods of time.
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