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Polymorphisms in host genes encoding NOSII, C-reactive protein,
and adhesion molecules thrombospondin and E-selectin are risk
factors for Plasmodium falciparum malaria in India
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Abstract Cytoadherence of Plasmodium falciparum-infected
red blood cells (RBCs) in host microvasculature and complex
regulation of the immune response are important contributors
to the clinical outcome of disease. We tested the association of
23 single nucleotide polymorphisms (SNPs) and a microsat-
ellite repeat in adhesion molecule genes THBS1 and ESEL,
and immune regulatory molecule genes NOSII, CRP, and
MBL2 with falciparum malaria in populations residing in a
malaria-endemic and a non-endemic region of India. The
THBS1 haplotype CCCCA (rs1478604, rs7170682,
rs2664141, rs12912082, rs3743125) was a risk factor in the
endemic region (relative risk=3.78) and an ESEL SNP
(rs5368, His468Tyr) associated with cerebral malaria (CM)
[CM vs. non-cerebral malaria (NCM), odds ratio (OR)=
2.23, p=0.03]. In the non-endemic region, an ESEL 3′UTR
SNP (rs5359) associated with enhanced risk of disease (OR=
3.62, p=1×10−4) and the CT genotype of the CRP promoter
SNP (C/T/A) strongly associated with protection (severe vs.
control, OR=0.29, p=6×10−5). Long repeat alleles of the
NOSII promoter microsatellite (CCTTT)n exhibited strong as-
sociation with protection and the NOSII ATG haplotype
(rs3729508, rs2297520, rs9282801) was strongly protective

against severe malaria in both regions (endemic, severe vs.
control, OR=0.05, p=0.0001; non-endemic, severe vs. con-
trol, OR=0.3, p=1×10−5). Our results suggest differential
contribution of variants of the investigated genes in determin-
ing the outcome of malaria in Indian populations.

Introduction

Plasmodium falciparum infection in humans is often charac-
terized by severe clinical outcomes which have been associ-
ated with cytokine imbalance, high parasitemia, acidosis, and
respiratory distress, as well as cerebral and non-cerebral
cytoadherence of infected red blood cells (iRBCs) in the mi-
crovasculature. Cytoadherence is mediated by specific inter-
actions between parasite ligands on the surface of iRBCs and
host endothelial receptors, and helps the parasite evade im-
mune clearance in the spleen [1]. iRBCs express cytoadherent
ligands such as PfEMP1, clag, rifin, surfin, sequestrin, and
modified band 3 protein, which play an important role in par-
asite–host interactions [2]. Human endothelial receptors im-
plicated in cytoadherence are ICAM-1, PECAM-1, VCAM-1,
CD36, selectins, thrombospondin (THBS), and glycosamino-
glycans [2]. iRBCs also interact with a variety of immune cells
[2], and immune responses to malaria are regulated by both
the innate and adaptive immune system. These are critical for
controlling Plasmodium infection by the stimulation of path-
wayswhich are mediated by inflammatory cytokines. Immune
response pathways also involve downstream mediators
known as immune regulatory molecules, such as cell surface
receptors, soluble proteins, and signaling molecules. Genetic
variations in genes encoding immune regulatory molecules
influence disease outcome and severity of malaria [3]. Addi-
tionally, polymorphisms in genes encoding adhesion mole-
cules ICAM-1, PECAM-1, CD36, and the Brosetting^ factor
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CR1 have shown differential patterns of susceptibility/
resistance to malaria in world populations [3, 4].

THBS is a receptor of P. falciparum parasitized erythro-
cytes; it binds iRBCs in static assays and iRBCs interact with
endothelial cells via THBS under flow conditions [5]. How-
ever, the iRBC ligand for THBS is controversial, with Pf-
EMP1, erythrocyte-derived phosphatidylserine (PS), and
modified band 3 protein as possible candidates [2]. THBS1
is a matricellular glycoprotein of the thrombospondin family.
Polymorphisms of THBS1 have not been extensively studied.
However, a non-synonymous mutation (Asn700Ser) of
THBS1 has been linked to increased risk of premature coro-
nary artery disease [6]. E-selectin (CD62E) is a transmem-
brane glycoprotein expressed on activated endothelium and
is also found as soluble protein in plasma or serum [7]. The
results with a P. falciparum laboratory strain showed static
adhesion to E-selectin, although adhesion of field isolates to
E-selectin was either undetectable or very low [2], suggesting
only a minor role of E-selectin in cytoadherence. However,
markedly elevated levels of plasma E-selectin during the
course of severe cerebral P. falciparum malaria have been
reported [8]. Although a clear physiological role for E-
selectin in malaria has not been defined, its elevated levels
during infection suggest association with disease. The associ-
ation of ESEL variants with malaria has not been investigated
in detail. Only a single study on Nigerian children reported
ESEL single nucleotide polymorphism (SNP) (rs1805193
G/T) to be strongly associated with both uncomplicated and
severe malaria [9].

In humans, nitric oxide (NO) is produced by three NOS
enzymes: an inducible type (iNOS or NOSII), and two con-
stitutive types, neuronal cNOS (ncNOS or NOSI) and en-
dothelial cNOS (ecNOS or NOSIII). NOSII is induced by
the action of inflammatory cytokines, such as IFNγ, IL1β,
and TNFα, and endotoxins [10]. A larger quantity of NO is
produced by the induction of NOSII and may play a role in
host defense against bacterial and parasitic infections. The
role of NO during human malaria is not clearly understood,
as some studies have described its role as protective, while
others have described it as a contributor to severe disease
pathology. Experimental evidence from rodent models of
malaria and in vitro studies have demonstrated that NO
has a protective role against P. falciparum malaria [11].
Studies on human subjects have also demonstrated that
NO exerts its protective effects during malarial infection
by maintaining endothelial function and microvascular per-
fusion, preventing the activation of endothelial cells, reduc-
ing cytoadherence, and enhancing the production of inflam-
matory cytokines [12]. On the other hand, higher levels of
NO are also associated with manifestation of severe malar-
ia, particularly cerebral malaria. Several NOSII gene pro-
moter polymorphisms, rs9282799 (C/T), rs1800482 (G/C),
and microsatellite repeat (CCTTT)n, have been studied in

the context of malaria severity in African and South-East
Asian populations [13–15].

Mannose-binding lectin (MBL) is a serum protein of the C-
type lectin superfamily and acts as a soluble pattern recogni-
tion receptor during the innate immune response. After bind-
ing to carbohydrates of infectious agents, it activates the lectin
pathway of the complement system via interaction withMBL-
associated serine proteases and kills the pathogen. MBL may
also directly opsonize the microorganism for phagocytosis
and modulate the release of proinflammatory cytokines [16].
During malaria infection, MBL is reported to bind the surface
of infected erythrocytes and merozoites [17], thus contributing
to consequent innate immune response and parasite clearance.
Promoter and exonic SNPs of MBL2 have a major effect on
MBL protein structure and serum concentration [18, 19]. C-
reactive protein (CRP) is an acute-phase protein found in
blood plasma, and its levels are markedly increased in circu-
lation during infection and/or inflammation. The severity of
malarial infection and parasite density have been correlated
with high circulating levels of CRP [20], and a low plasma
level of CRP has been reported in individuals having asymp-
tomatic P. falciparum infection [21]. CRP plays a role in
complement-mediated hemolysis of infected erythrocytes
and subsequent anemia, and has also been implicated in de-
fense against pre-erythrocytic stages of malaria [22]. CRP
induces the anti-inflammatory interleukin (IL)-10, which
could affect the early immune response seen in malaria infec-
tions. An upstream triallelic CRP SNP (rs3091244, C/T/A)
influences CRP levels and has been reported to be a contrib-
uting factor to increased susceptibility to uncomplicated
P. falciparum malaria in African populations [23, 24].

We analyzed the association of selected THBS, ESEL,
NOSII, MBL2, and CRP gene polymorphisms in populations
drawn from a disease-endemic and a non-endemic region of
India in a case–control study, and report the association of
specific variants and haplotypes with severity/protection from
P. falciparum malaria.

Methods

Populations and study subjects

Analysis of the frequency distribution of selected SNPs and
haplotypes of the THBS1 gene was carried out in the existing
Indian Genome Variation Consortium (IGVC) panel II [25].
This panel consisted of 552 samples from 24 ethnically and
linguistically diverse populations representing tribal, caste,
and religious groups from different geographical regions of
India. Panel II was derived from the initial IGVC sample set
(panel I) of 1871 individuals from 55 diverse populations [26].
The population descriptors included linguistic affiliation
(Indo-European, IE; Dravidian, DR; Tibeto-Burman, TB;
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Austro-Asiatic, AA), followed by geographical zone (North,
N; North-East, NE; South, S; East, E; West, W; Central, C)
and ethnicity (caste, LP; tribe, IP; religious group, SP). A
population of known African descent was included as an
outgroup population (OG-W-IP) in panel II.

The case–control panel comprised existing patient and con-
trol samples collected from a P. falciparum hyper- to
mesoendemic region (Antagarh, Chhattisgarh and Sundargarh,
Orissa) and a non-endemic region (Lucknow and surrounding
areas of Uttar Pradesh) of India, as described previously [4, 25,
27]. The control panel comprised individuals ethnically
matched with the patient group; these belonged to the Bhumij,
Munda, Oraon, and Gond tribal populations in the endemic
region and the Aggarwal, Brahmin, Kayastha, Pasi, Thakur,
Yadav, Shia, and Sunni caste and religious groups in the non-
endemic region. Patient samples comprised 221 P. falciparum
malaria patients (101 from endemic and 120 from non-endemic
regions), comparedwith 192 control samples (102 from endem-
ic and 90 from non-endemic regions) from ethnically matched
and unrelated individuals [25]. World Health Organization
(WHO) guidelines [28] were followed to categorize severe
and non-severe malaria, as described previously. Severe pa-
tients were further categorized as those with cerebral malaria
(CM) and severe non-cerebral malaria (NCM). CM was char-
acterized by impaired consciousness (coma) with fever. Any
one of the following symptoms indicated severe NCM: severe
anemia, acidotic breathing, pulmonary edema, hypoglycemia,
and increased serum creatinine levels [25].

Genotyping

Genetic marker information was extracted from the dbSNP
database (http://www.ncbi.nlm.nih.gov/SNP). The IGVC
sample set had been genotyped by Sequenom mass
spectroscopy [4]. Genotyping of DNA samples from the
blood of patients and controls was done by either the
Illumina-based genotyping platform or SNaPshot analysis (Ap-
plied Biosystems) on an ABI 3130xl automated DNA analyzer.

Promoter and intronic THBS SNPs rs1478604, rs7170682,
rs2664141, and rs12912082 were typed on the Illumina plat-
form, while THBS rs2228262 and rs3743125 were genotyped
by SNaPshot. One ESEL SNP rs5361 was typed on Illumina,
while SNPs rs1805193, rs5355, rs5368, and rs5359 were ge-
notyped by multiplex SNaPshot. NOSII SNPs rs3729508 and
rs9282801 were genotyped by multiplex SNaPshot,
rs9282799 by Illumina, and rs1800482 and rs2297520 by re-
striction fragment length polymorphism (RFLP) using BsaI
and NgoMIV restriction enzymes, respectively. MBL2 SNPs
rs11003125, rs7096206, and rs1800450 were genotyped by
multiplex SNaPshot and rs7095891, rs5030737, rs1800451,
and rs4647964 were genotyped by Sanger DNA sequencing.
The CRP trialleleic SNP rs3091244 was genotyped by the
SNaPshot method.

Genotyping of the microsatellite repeat lying in the promoter
of NOSIIwas done by polymerase chain reaction (PCR) ampli-
fication followed by capillary electrophoresis on the ABI
3130xl analyzer. Primer pairs as described by Gómez et al.
[29] (forward: 5′-ACCCCTGGAAGCCTACAACTGCAT-3′;
reverse: 5′- GCCACTGCACCCTAGCCTGTCTCA-3′) were
usedwith the forward primer taggedwith the NED fluorophore.
Genomic DNA (50 ng) was amplified in a reaction mixture
containing 0.33 μM of each primer, 25 μM of each dNTP,
2.5 mM MgCl2, 1× standard PCR buffer, and 0.6 U of GoTaq
Flexi DNA polymerase (Promega). The initial denaturation
(95 °C for 10 min) was followed by 40 cycles of 30 s at
95 °C, 30 s at 60 °C, and 30 s at 72 °C, followed by a final
extension at 72 °C for 45 min. PCR fragments, together with
the GeneScan LIZ-500 internal size standard (Applied
Biosystems), were loaded onto the ABI 3130xl analyzer.
GeneMapper analysis software v.3.7 (Applied Biosystems)
was used to determine the size of individual fragments of the
(CCTTT)n microsatellite repeat.

Statistical analysis

Genotype and allele frequencies of SNPs were determined by
direct counting. Hardy–Weinberg equilibrium (HWE) was
assessed by Chi-square analysis (df=1) for each SNP. Average
heterozygosity (Ho) and Fst values for SNPs were calculated
by Fst_win_vii software [30]. The odds ratio (OR) and rela-
tive risk (RR) for risk assessment were estimated using Epi
Info™ version 3.4 software that calculates p-values by Fish-
er’s exact or the Mantel–Haenszel test. Haplotypes and link-
age disequilibrium (LD) plots were generated using PHASE
and HaploView software, respectively. Haplotype frequencies
from genotype data were calculated by direct counting, and
association of haplotypes with disease was also estimated by
Epi Info™ version 3.4. A p-value <0.05 was considered sta-
tistically significant for all analyses. For multiple testing,
Bonferroni correction was applied by multiplying the ob-
served (uncorrected) p-value by the number of comparisons,
and the resultant adjusted p-value was considered significant
if it was <0.05. The prediction of transcription factor binding
sites was done by using the online tool PROMO version 3.0.2.

Results and discussion

Selection of genetic variants for disease association

Genetic variants to be analyzed were selected depending upon
their reported functional relevance in falciparum malaria, as
well as other infectious diseases in other world populations.
Minor allele frequencies (MAFs) of a total of 23 SNPs, six
from THBS1, five from ESEL, five from NOSII, six from
MBL2, and one from CRP, and a pentanucleotide repeat from
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NOSII promoter were estimated in controls (C) as well as non-
severe (NS) and severe (S) falciparum malaria patients from
both a malaria-endemic region and a non-endemic region of
India (Table 1).

Since there is no information available in the context of
THBS1 polymorphisms and their association with malaria,
we selected SNPs from the entire gene depending upon
their reported frequency in IGVC panel II [4, 25] and other
Asian populations. Five THBS SNPs (rs1478604,
rs7170682, rs2664141, rs12912082, rs3743125) with a
mean MAF >20 % in IGVC panel II and Han Chinese and
Japanese populations were genotyped. The five THBS1
SNPs from IGVC panel II showed a wide range of MAF
distributions in the 24 populations (Fig. 1). High heterozy-
gosity (Ho) and low Fst values (rs1478604, Ho=0.384, Fst=
0.028; rs7170682, Ho=0.333, Fst=0.005; rs266414, Ho=
0.386, Fst=0.006; rs12912082, Ho=0.323, Fst=0.015; and
rs3743125, Ho=0.325, Fst=0.001) of these SNPs may be
indicative of balancing selection. A possible functional

non-synonymous polymorphism in THBS1 exon 13
(rs2228262, A/G, Asn700Ser) in the most N-terminal cal-
cium-binding repeat of THBS1 [6] was also included
(Table 1). SNPs of the ESEL gene were selected on the basis
of their reported functional relevance in other diseases. E-
selectin consists of an N-terminal domain, epidermal
growth factor (EGF)-like domain, lectin (ligand-binding)
domain, variable short consensus repeats, and transmem-
brane domain, and recognizes its ligands through the car-
bohydrate recognition domain (CRD) (Fig. 2). ESEL exon 4
rs5361 (A/C, Ser/Arg) lies in the EGF-like domain and may
cause altered ligand binding, exon 9 rs5368 (C/T, His/Tyr)
is located in the fifth short consensus repeat domain, and
exon 11 SNP rs5355 (C/T, Leu/Phe) lies in the transmem-
brane domain. Two regulatory SNPs from the 5′ and 3′UTR
of ESEL were also genotyped (Table 1). Exon 13 SNP of
THBS1 had a very low MAF (2 %) in control samples from
both the endemic and non-endemic regions (Table 1), and
was not considered further.

Table 1 Minor allele frequency (MAF) of THBS1, ESEL, NOSII, MBL2, and CRP polymorphisms in the malaria-endemic region (ER) and non-
endemic region (NER) of India

rsID DNA change Position MAF (%), ER MAF (%), NER

C, n=101 NS, n=76 S, n=25 C, n=90 NS, n=14 S, n=106

THBS1

rs1478604 C/T Promoter 39 48 40 50 33 61

rs7170682 C/T Intron 5 40 27 39 24 32 20

rs2664141 C/T Intron 7 49 46 48 46 39 39

rs2228262 A/G Exon 13 2 – – 2 – –

rs12912082 C/T Intron 13 41 29 36 22 27 22

rs3743125 G/A 3′UTR 24 35 38 14 21 13

ESEL

rs1805193 G/T Exon 2/5′UTR 9 15 19 7 21 11

rs5361 A/C Exon 4 8 9 7 7 11 4

rs5368 C/T Exon 9 13 7 19 15 8 11

rs5355 C/T Exon 11 14 21 12 11 8 14

rs5359 A/G Exon 14/3′UTR 28 35 24 15 36 39

NOSII

(CCTTT)n Promoter 31 5 3 45 29 23

rs3729508 G/A Intron 7 32 41 35 35 46 35

rs2297520 T/C Intron 8 23 52 63 41 57 61

rs9282801 G/T Intron 16 29 28 22 33 25 28

MBL2

rs11003125 C/G Promoter 26 25 28 28 38 28

rs7096206 C/G Promoter 20 17 14 21 17 18

rs1800450 G/A Exon 1 14 14 10 11 18 16

CRP

rs3091244 C/T/A Promoter T 19 27 36 35 13 32

A 3 3 5 3 17 12

C controls; NS non-severe patients; S severe patients
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Of the NOSII SNPs, distal promoter SNPs rs9282799 and
rs1800482 were found to be monomorphic in the control pan-
el and were, thus, excluded from the study. For SNPs from the
intergenic region of NOSII, we inspected IGVC panel I data
from 53 endogamous populations of India [26] and identified
three intronic SNPs with high mean frequency of the minor
allele (mean MAFs of 0.29, 0.29, and 0.33 for rs3729508,
rs2297520, and rs9282801, respectively) for inclusion in the
case–control study.

All six SNPs selected forMBL2 have been reported to have
a major effect onMBL levels or protein structure [31]. Among
these, rs7095891 was found to be monomorphic in our sam-
ples. Two non-synonymous SNPs, rs5030737 (Arg/Cys) and
rs1800451 (Gly/Glu), also had a very low frequency (<5 %)
among control groups and were not considered further. Of the
threeMBL2 SNPs (Table 1) that were analyzed for association
with malaria susceptibility/resistance, none showed associa-
tion with disease in either the endemic or the non-endemic
region. Studies examining the relationship between malaria
andMBL2 variants in African populations have produced con-
flicting results [18, 31–33]. Although the two missense muta-
tions of exon 1, Gly54Asp (rs1800450) and Gly57Glu
(rs1800451), are associated with risk of severe malaria in
Gabonese [33] and Ghanaian populations [31], the former
did not exhibit disease association in our study and the latter
had very low frequency. The single triallelic SNP selected for

the CRP gene is known to effect CRP plasma levels and has
been associated with malaria [23, 24].

Association of THBS1 polymorphisms with susceptibility
to falciparum malaria

Out of the five THBS1 SNPs investigated for disease associa-
tion, the 3′UTR SNP rs3743125 G/A exhibited association
with malaria in the endemic region. Genotypes with the mu-
tant A allele were significantly associated with manifestation
of disease [AG+AA and GG, severe vs. control, OR=3.06,
95 % confidence interval (CI) = 1.13–8.65, p=0.01; non-
severe vs. control, OR=3.37, 95 % CI = 1.66–6.87, p=2×
10−4; severe vs. non-severe, OR=0.91, 95 % CI = 0.32–
2.74, p=0.84], with no correlation with disease observed in
the non-endemic region. The p-value in the endemic region
was significant after Bonferroni correction. Interestingly, this
SNP deviates from HWE in the endemic region (p-value=
0.008), although it is in HWE in the non-endemic region,
suggesting that the locus is under selection pressure in the
malaria-endemic region. No significant association with dis-
ease was observed for the other individual THBS1 SNPs.

The 3′UTR region often contains specific transcription fac-
tor binding sites contributing to the regulation of gene expres-
sion. Sequence analysis of the THBS1 3′UTR region around
rs3743125 revealed the presence of DNA sequences

Fig. 1 Minor allele frequency (MAF) of THBS1 single nucleotide polymorphisms (SNPs) across 24 populations of India [Indian Genome Variation
Consortium (IGVC) panel II]

Fig. 2 Diagrammatic
representation of domains of E-
selectin and position of the rs5368
SNP
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homologous to the binding sites of several regulatory proteins.
Binding sites for three factors, c-ETS-1 (tG/Aggaag), ELK-1
(gttG/Aggaag), and c-MyB (ttcagttG/A), were common in
both variants. Perfectly matched binding sites for five addi-
tional transcription factors- C/EBP-beta, NF-1, NFκB,
FOXP3, and NF1/CTF were found in the G variant, and the
A variant was predicted to have binding sites for four other
transcription factors- GR-alpha, c-ETS-2, HNF-1C, and HNF-
1B. Although small nucleotide changes in a regulatory region
may not have dramatic effects on gene expression, they may
fine tune regulatory functions, thus resulting in differences.
The change in binding sites for transcription factors due to
the THBS1 3′UTR SNP might have a broad range of pheno-
typic consequences.

Genotype data of five THBS1 SNPs from IGVC panel II
populations generated 32 haplotypes among which 11 haplo-
types had a frequency >0.01 (Fig. 3a). The wild-type haplotype
CCCCG (−27 rs1478604 T/C, +3064 rs7170682 C/T, +6169
rs2664141 C/T, +9142 rs12912082 C/T, +14500 rs3743125
G/A) was not the predominant haplotype in all IGVC popula-
tions; TCCCG and CTTTA were the other major haplotypes.
Haplotypes and pairwise LD plots for the five THBS1 SNPs
were generated from genotype data of controls and patient
groups in the endemic and non-endemic regions (Fig. 3b, c).
The three intronic SNPs (rs7170682 C/T, rs2664141 C/T, and
rs12912082 C/T) and the 3′UTRSNP (rs3743125 G/A) were in
strong LD and formed a haplotype block of ~11 kb (Fig. 3b) in
the endemic region, whereas a haplotype block of ~8 kb was
formed by rs266414, rs12912082, and rs3743125 in the non-
endemic region (Fig. 3c). Haplotypes with a frequency >5 % in

either controls or patients were analyzed for association with
malaria. The distribution of the CCCCA haplotype which
carries the risk allele A at the 3′UTR SNP was significantly
different between control and patient categories in the endemic
region (severe vs. control, χ2=21.85, p=3×10−6; non-severe
vs. control, χ2=26.5, p=3×10−7) and had a relative risk value
of 3.91 for severe and 3.78 for non-severemalaria. The p-values
were significant after Bonferroni correction. The CCCCG hap-
lotype with the protective G allele at the 3′UTR SNP also ex-
hibited differential distribution in the control and patient cate-
gories (severe vs. control, χ2=8.99, p=0.002; non-severe vs.
control, χ2=3.71, p=0.05), although the non-severe vs. control
comparison was not significant after Bonferroni correction;
none of the severe patients in the endemic region carried this
haplotype (Fig. 3b). These results are in agreement with the
result of individual SNP genotype association of rs3743125
with disease manifestation. The CTTTG haplotype containing
the three intronic SNP mutants was also differentially distribut-
ed in patients and controls (severe vs. control, χ2=24.46, p=8×
10−7; non-severe vs. control, χ2=18.92, p=1.3×10−6) and con-
ferred a relative risk of 4.0 for severe malaria and 3.18 for non-
severe malaria. This suggests that, although intronic SNPs do
not show any association individually, they have a combined
effect in influencing disease outcome. Additionally, the CTTTA
haplotype, which had mutant T allele at all three intronic SNPs
together with the mutant A allele at the 3′UTR SNP, conferred
protection from malaria (severe vs. control, χ2=10.38, p=
0.001; non-severe vs. control, χ2=29.68, p=1×10−7); none of
the non-severe patients in the endemic region carried this hap-
lotype. Comparisons for the above haplotypes were significant

Fig. 3 a Distribution of THBS1
haplotypes for the SNPs
rs1478604, rs7170682, rs266414,
rs12912082, and rs3743125
across 24 Indian populations. The
wild-type haplotype is encircled.
b Comparison of THBS1
haplotype frequencies among
control, non-severe, and severe
patient groups of the endemic
region, together with r2 linkage
disequilibrium (LD) plots for
controls of the region. c THBS1
haplotype frequencies among the
control and severe patient groups
of the non-endemic region. The
insets show r2 LD plots for
controls of the region. The value
in each cell is percent D’ between
SNP pairs
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after Bonferroni correction. This suggests that even though the
3′UTRA allele is a risk factor for disease individually as well as
in combination with some other SNPs, its effect may change
dramatically in combination with Talleles of the intronic SNPs.
No THBS1 haplotype–disease correlation was found in the non-
endemic region (Fig. 3c).

A regulatory region ESEL SNP is strongly associated
with severe disease in the non-endemic region

Among the five SNPs investigated for the ESEL gene, rs5368
(exon 9, C/T) and rs5359 (3′UTR, A/G) showed association
with disease in the endemic and non-endemic regions, respec-
tively. Since patient samples in the non-endemic region were
collected from a tertiary hospital setting, the number of non-
severe patients was low. All comparisons were, thus, made
between controls and severe patients for this region. The T
allele of rs5368 was associated with susceptibility to cerebral
malaria in the endemic region (CM vs. control, OR=2.23,
95 % CI=1.01–5.09, p=0.03; CM vs. non-severe, OR=
4.43, 95 % CI=1.73–12.72, p=5×10−4; CM vs. NCM,
OR=2.23, 95 % CI=1.01–5.09, p=0.03; NCM vs. control,
OR=1, 95 % CI=0.4–2.49, p=1; non-severe vs. control,
OR=0.5, 95 % CI=0.16–1.44, p=0.15; NCM vs. non-severe,
OR=1.99, 95 % CI=0.7–6.14, p=0.15). However, the p-
values for the CM vs. control and CM vs. NCM comparisons
were not significant after Bonferroni correction. No associa-
tion of this locus was found with cerebral malaria in the non-
endemic region. The G allele of 3′UTR SNP rs5359 was as-
sociated with disease in the non-endemic region (severe vs.
control, OR=3.62, 95 % CI=1.76–7.69, p=1×10−4). This
association was even more pronounced when analysis was
done with genotype count (severe vs. control, GG+AG and
AA, OR=7.0, 95 % CI=3.53–13.96, p=1×10−7). p-Values
for all comparisons for this SNP were significant after
Bonferroni correction.

Association of the exon 9 rs5368 SNP of ESEL has been
previously reported with hypertension in males in a Chinese
population [34] and with immunoglobulin A nephropathy in
Japan [35]. The SNP lies in the fifth short consensus repeat
(sushi repeat) domain of the extracellular region of the pro-
tein (Fig. 2) and the His468Tyr variant may alter protein
conformation, thus affecting its interactions with other pro-
teins/ligands. However, this hypothesis remains to be vali-
dated. Association of the ESEL 3′UTR rs5359 SNP has not
been reported previously for any disease. Analysis of the
DNA sequence around rs5359 showed the presence of two
overlapping GATA-1 transcription factor binding sites in the
A variant. Interestingly, the core motif of the first GATA-1
site is altered by the A to G change (cagatA to cagatG),
resulting in abolition of the first GATA-1 site in the G var-
iant. The polymorphism is, thus, predicted to cause a change
in the regulation of ESEL expression.

NOSII large (CCTTT)n microsatellite repeats are
associated with protection from disease manifestation

Genotyping of the microsatellite repeat in the promoter
of NOSII revealed the presence of ten alleles,
(CCTTT)7–17, in both the endemic and non-endemic re-
gions. The frequency of each microsatellite allele in the
control and patient groups is shown in Fig. 4a, b.
(CCTTT)12 was the predominant allele in the controls
of both regions. We, thus, categorized the repeats into
small repeats of ≤12 (SR, CCTTT7–12) and large repeats
of ≥13 (LR, CCTTT13–17) to analyze the association of
the repeat polymorphism with disease susceptibility/re-
sistance. Large repeats CCTTT13–17 exhibited associa-
tion with protection from disease manifestation in both
the endemic (p<1×10−5) and non-endemic regions
(p<1×10−3) (Fig. 4c). The p-values were significant af-
ter Bonferroni correction.

Conflicting results have been reported in previous
in vivo and in vitro studies of the (CCTTT)n polymor-
phism, with shorter repeats (<11 repeats) being associated
with fatal cerebral malaria in Gambian children [15] and
longer forms (≥15 repeats) associated with severe malaria
in Thai adults [36]. No association was observed between
(CCTTT)n repeat alleles and malaria disease severity in
Kenyan children [14] and with malaria severity or NO
production in Tanzanian or Gabonese children [37]. A
case-only study on patients from India reported an asso-
ciation of longer forms of (CCTTT)n (>13 repeats) with
severe malaria [38]. Apart from population-specific fac-
tors, the apparent differences in the above results may
partly be explained by the inconsistency in the classifica-
tion of long/short repeats. We selected 12 as the cut-off
length as the repeat copy number of 12 was maximally
represented in the controls of both regions. Although Af-
rican populations have a bimodal distribution of repeat
length [15], (CCTTT)12 has the highest frequency in Cau-
casian and Thai populations [15, 36]. Our results indicate
that longer repeats (≥13) have a significant protective ef-
fect in populations residing in both a malaria-endemic and
a non-endemic region of India.

The number of microsatellite repeats in the NOSII pro-
moter region affects the level of iNOS transcripts and
(CCTTT)14, 15, 17 microsatellite repeat alleles are strong
enhancers of promoter activity, with enhancement being
significantly greater than that with (CCTTT)12, 9 [39]. This
would imply higher production of NO when the NOSII pro-
moter carries long repeats. Since NO is toxic to malaria
parasites in vitro and mediates host-protective effects in
rodent models of malaria [11, 40], higher NO levels
resulting from high copy number repeats offers an explana-
tion for the association of large (CCTTT)n repeats with
protection against P. falciparum malaria observed by us.
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Association of NOSII rs2297520 C allele and haplotypes
with susceptibility to malaria

Of the three NOSII SNPs analyzed for disease association, the
minor allele C of the intron 8 SNP (rs2297520, T/C) exhibited
strong association with disease manifestation in both the en-
demic (severe vs. control, OR=5.7, 95 % CI=2.96–11.12, p=
1×10−8; non-severe vs. control, OR=3.63, 95 % CI=1.89–
7.01, p=2×10−5; severe vs. non-severe, OR=1.57, 95 % CI=
0.86–2.88, p=0.11) and non-endemic region (severe vs. con-
trol, OR=2.25, 95 % CI=1.23–4.12, p=0.004). p-Values for
both regions were significant after Bonferroni correction, al-
though stronger disease association was observed in the en-
demic region. Sequence analysis of the NOSII intron 8 region
flanking the rs2297520 SNP revealed the presence of DNA
sequences homologous to the binding site of the transcription
factor ENKTF-1. The ancestral T variant of rs2297520 is pre-
dicted to contain two overlapping binding sites for ENKTF-1.
However, one binding site is abolished in the C variant, sug-
gesting that the SNP would alter transcription levels ofNOSII.
However, this hypothesis needs to be validated.

We next investigated the association of haplotypes gener-
ated from the three intronic NOSII SNPs (+23526 rs3729508
G/A, +24516 rs2297520 T/C, and +36083 rs9282801 G/T)
with P. falciparum susceptibility/resistance. Of the eight hap-
lotypes found, those with a frequency >5% in either control or
patient groups were analyzed for disease association. The hap-
lotype bearing ancestral alleles (GTG) was the predominant

haplotype in the controls of the endemic region (Fig. 5a),
while ATG was the predominant haplotype in the controls of
the non-endemic region (Fig. 5b). In the endemic region, the
GCG haplotype bearing the risk allele C of rs2297520 was
associated with disease manifestation (severe vs. control,
OR=2.25, p=0.05; non-severe vs. control, OR=2.64, p=
0.003) (Fig. 5a); this is in agreement with the results of indi-
vidual SNP association analysis. Interestingly, the haplotype
ACG with mutant allele A at rs3729508 and C at rs2297520
also showed very strong association with disease manifesta-
tion (severe vs. control, OR=8.11, p=2×10−7; non-severe vs.
control, OR=11.41, p=8×10−5). This suggests that, even
though the intron 7 SNP rs3729508 does not show association
individually, it may have a combined effect with rs2297520 in
influencing disease outcome. On the other hand, the ATG
haplotype with ancestral Tallele for rs2297520 was associated
with protection from disease severity (severe vs. control, OR=
0.05, p=0.0001; severe vs. non-severe, OR=0.05, p=0.0001)
(Fig. 5a). p-Values were significant after Bonferroni
correction.

In the non-endemic region as well, the GCG and ACG
haplotypes were associated with severe disease (Fig. 5b), al-
though the p-value for ACG was not significant after
Bonferroni correction. Additionally, the ATT haplotype,
which consists of mutant alleles at rs3729508 and
rs9282801, also showed a strong association with disease
manifestation in the non-endemic region (severe vs. control,
OR=7.43, p=0.0002). As in the endemic region, the ATG

Fig. 4 Frequency distribution of NOSII (CCTTT)n microsatellite repeat alleles in patient and control sets of the (a) endemic and (b) non-endemic
regions. c Association analysis of short and long repeats with malaria susceptibility
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haplotype was associated with protection from disease sever-
ity in the non-endemic region as well (severe vs. control, OR=
0.3, p=1×10−5).

The T allele of the CRP SNP rs3091244 (C/T/A) is a risk
factor for disease in the non-endemic region

The T allele of the triallelic promoter SNP rs3091244 of the
CRP gene exhibited association with severe disease in the
non-endemic region, with no association found in the endemic
region. Although association was not inferred from allele fre-
quency, the OR calculated on the basis of genotype count
indicated association of the TT genotype with disease mani-
festation in the non-endemic region (severe vs. control, TT
and CC, OR=4.17, 95 % CI=0.77–41.73, p=0.05; TT and
CT, OR=9.22, 95% CI=1.81–88.71, p=0.001). Interestingly,
the CT genotype strongly associated with protection from dis-
ease in this region [severe vs. control, CT and all other geno-
types (CC, TT, AA, AT, AC), OR=0.29, 95 % CI=0.15–0.56,
p=6×10−5]. Although the endemic region population was in
HWE for this SNP, the locus was not under HWE in the non-
endemic region (p=0.0001), suggesting the possibility of the
locus being under selection pressure in the latter.

The distribution of CRP rs3091244 (C/T/A) alleles and
genotypes varies across world populations. The A allele is
more common in African-American than in European

populations, and a marked difference in genotype frequencies
of the SNP has been found between two sympatric ethnic
groups, Fulani and non-Fulani, from Mali and Sudan [23].
The available frequency data from 55 endogamous popula-
tions in IGVC panel I revealed a low mean MAF (0.07) of
the A allele in India [26]. The T allele was the predominant
mutant allele in IGVC populations, with a wide range (0.10–
0.47) of frequency distribution and a mean MAF of 0.23 [26].
The rs3091244 A allele has been reported to be associated
with increased plasma levels of CRP and was also associated
with increased susceptibility to uncomplicated P. falciparum
malaria in a Sudanese population [24]. The frequency of the A
allele was low in our sample set (Table 1) and no disease
association was observed for genotypes (AA/AT/AC) carrying
this allele. Instead, the mutant TT genotype was weakly asso-
ciated with severe disease in the non-endemic region, whereas
the CT genotype had a strong protective effect against malaria.

To our knowledge, this is the first report identifying a
THBS1 polymorphism and its specific haplotypes as risk fac-
tors for falciparum malaria and demonstrating association of
an ESEL SNP with cerebral malaria in a disease-endemic re-
gion. Additionally, gene variants of two important immune
regulatory molecules, NOSII and CRP, are associated with
malaria disease outcome in Indian populations with differen-
tial association of a CRP promoter triallelic SNP observed in
the endemic versus non-endemic regions. Although alteration

Fig. 5 Distribution of NOSII haplotypes in patient and control samples and their association analysis in the (a) endemic and (b) non-endemic region
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of transcription factor binding sites and protein conformation-
al changes are predicted to result from some of these polymor-
phisms, their actual functional consequences remain to be
validated.
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