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Abstract

Cerebral malaria is a major, life-threatening complication of Plasmodium falciparum malaria, and has very high mortality rate.
In murine malaria models, natural killer (NK) cell responses have been shown to play a crucial role in the pathogenesis of
cerebral malaria. To investigate the role of NK cells in the developmental process of human cerebral malaria, we conducted
a case-control study examining genotypes for killer immunoglobulin-like receptors (KIR) and their human leukocyte antigen
(HLA) class I ligands in 477 malaria patients. We found that the combination of KIR2DL3 and its cognate HLA-C1 ligand was
significantly associated with the development of cerebral malaria when compared with non-cerebral malaria (odds ratio
3.14, 95% confidence interval 1.52–6.48, P = 0.00079, corrected P = 0.02). In contrast, no other KIR-HLA pairs showed a
significant association with cerebral malaria, suggesting that the NK cell repertoire shaped by the KIR2DL3-HLA-C1
interaction shows certain functional responses that facilitate development of cerebral malaria. Furthermore, the frequency
of the KIR2DL3-HLA-C1 combination was found to be significantly lower in malaria high-endemic populations. These results
suggest that natural selection has reduced the frequency of the KIR2DL3-HLA-C1 combination in malaria high-endemic
populations because of the propensity of interaction between KIR2DL3 and C1 to favor development of cerebral malaria.
Our findings provide one possible explanation for KIR-HLA co-evolution driven by a microbial pathogen, and its effect on
the global distribution of malaria, KIR and HLA.
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Introduction

Malaria is a serious infectious disease, affecting over 300 million

people and causing more than 1 million deaths annually

worldwide [1]. Cerebral malaria is a major, life-threatening

complication of Plasmodium falciparum malaria, and has a high

mortality rate [2]. Host immune system and genetic factors have

been considered to play a crucial role in the pathogenesis of

cerebral malaria. In experimental models, the polymorphic loci

responsible for susceptibility to cerebral malaria were shown to

map to the natural killer (NK) complex region on mouse

chromosome 6, which contains clustered genes encoding NK cell

receptors [3]. Furthermore, NK cell depletion resulted in

significant protection against cerebral malaria, suggesting the

involvement of NK activity in its pathogenesis [4]. In humans, NK

cells are an early source of IFN-c in response to malaria infection

[5,6], and this cytokine is known to be potentially involved in the

pathogenesis of cerebral malaria [7–9]. NK cells also show

differences in responsiveness to P. falciparum-infected erythrocytes

among malaria-naive donors [6,10,11], suggesting the presence of

a genetic determinant for heterogeneous NK responsiveness.

These observations have suggested that the genes encoding NK

receptors and their ligands have critical roles in the development

of cerebral malaria in humans.

Killer immunoglobulin-like receptors (KIR) are a diverse family

of activating and inhibitory receptors expressed on human NK

cells, and a subset of T cells. Seventeen different KIR genes have

been identified to date [12]. The KIR loci exhibit high levels of
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genetic polymorphism in terms of gene content (e.g., presence or

absence of a gene) and allelic diversity, which are considered to

have been shaped by natural selection [13–15]. Some inhibitory

KIRs recognize human leukocyte antigen (HLA) class I molecules

as their ligands. KIR2DL1 recognizes HLA-C group 2 (HLA-C2)

allotypes having asparagine at amino acid position 80, whereas

KIR2DL2 and KIR2DL3 recognize HLA-C group 1 (HLA-C1)

allotypes having lysine at amino acid position 80 [16]. KIR2DL2

and KIR2DL3 also recognize HLA-B*4601, which acquired the

C1 epitope by gene conversion [17]. KIR3DL1 recognizes HLA-A

and HLA-B allotypes having the Bw4 epitope determined by

amino acid positions 77–83 [18,19]. Because both HLA and KIR

genes are located on different chromosomes and segregate

independently, some individuals lack particular KIR-HLA recep-

tor-ligand pairs. Numerous studies have shown that certain KIR-

HLA receptor-ligand combinations are associated with suscepti-

bility to infectious and autoimmune diseases, such as clearance of

HCV, microscopic polyangiitis, type 1 diabetes and HIV disease

progression [20–23].

Based on the above observations, we hypothesized that KIR-

HLA receptor-ligand combinations are associated with cerebral

malaria, and KIR-HLA receptor-ligand diversity has been shaped

by fatal malaria as a selective pressure in malaria-high endemic

regions. To test this hypothesis, we first examined the possible

association between KIR-HLA receptor-ligand combinations and

cerebral malaria in Thailand. We show herein that the KIR2DL3-

HLAC1 receptor-ligand pair is significantly associated with the

development of cerebral malaria. In addition, comparison of both

the KIR2DL3 and HLA-C1 gene frequencies between malaria high-

endemic and low-endemic populations suggest that natural selection

has acted on both KIR2DL3 and HLA-C1. To our knowledge, this is

the first genetic association study to suggest an influence of NK cells

in the pathogenesis of cerebral malaria on KIR and HLA frequencies

in human populations where malaria is endemic.

Results

To test our hypothesis that shaping of KIR-HLA receptor-

ligand diversity in human populations has been affected by

cerebral malaria, a life-threatening complication of malaria, we

first searched for specific KIR-HLA receptor-ligand combinations

associated with cerebral malaria. To this end, we analyzed 477

malaria patients living in Northwest Thailand. Because other

ethnic groups such as Karen and Burmese also resided in this area,

we recruited only those patients who self-identified as Thai,

excluding others from the analyses. Since the primary interest of

this study was the development of cerebral malaria after infection,

we selected mild (n = 203) and non-cerebral severe (n = 165)

malaria patient groups as controls to compare with the study

group of cerebral malaria patients (n = 109). Figure 1 and Table 1

show the KIR genotypes and the frequency of KIR-HLA receptor-

ligand combinations in the three groups. Among the six inhibitory

KIR-HLA receptor-ligand pairs, the KIR2DL3-HLA-C1 pair was

significantly more frequent in the cerebral malaria group when

compared with non-cerebral severe (odds ratio (OR) 3.44, 95%

confidence interval (95%CI) 1.59–7.43, P = 0.0010, corrected P

(Pc) = 0.03) and mild malaria (OR 2.90, 95%CI 1.35–6.21,

P = 0.004, Pc = 0.12) groups. In contrast, other KIR-HLA pairs

showed no significant associations with cerebral malaria. When

non-cerebral severe and mild malaria were merged into one group

as non-cerebral malaria, the most significant association was

obtained with the combination of KIR2DL3 and HLA-C1 and

cerebral malaria, as compared to the non-cerebral malaria group

(OR 3.14, 95%CI 1.52–6.48, P = 0.00079, Pc = 0.02). For

comparison, we also examined the HLA-C1, C2 and Bw4

frequencies within our Thai malaria patient groups with those of

other populations in Thailand that were HLA typed to four digit

resolution, and obtained from the Allele Frequency Net Database

(population: Thailand) [24]. Although there were no significant

differences in the frequencies of HLA-C1, C2, Bw4 and each

individual HLA-C allele between these populations (Table 2 and

supplementary table S1), the genotype frequencies of HLA-C1 and

C2 showed statistically significant difference between cerebral and

non-cerebral severe malaria (P = 0.008), and between cerebral and

mild malaria groups (P = 0.002). These associations are presum-

ably due to HLA-C1, because the carrier frequencies of HLA-C1

were significantly higher in the cerebral malaria group, compared

with the non-cerebral malaria group (OR 7.08, 95%CI 1.69–29.7,

P = 0.001, Table 2), but those of HLA-C2 were not significantly

low (Table 2). In addition, a significant association of the HLA-C1

positivity with cerebral malaria might be secondary resulting from

the combinatory effect of KIR2DL3-HLA-C1, because the

combination of KIR2DL3 and HLA-C1 was more significantly

associated with cerebral malaria than HLA-C1 alone (P = 0.00079

vs. P = 0.001). This is also supported by the observations that

HLA-C1 in combination with KIR2DL2, another HLA-C1

receptor, showed no significant association with cerebral malaria,

and in HLA-C1 positive individuals, KIR2DL3 positivity showed

a trend for association with cerebral malaria (Table 2), although

this failed to reach statistical significance (OR = 1.89,

95%CI = 0.82–4.37, P = 0.15). In this regard, however, the result

should be interpreted with caution because we could not evaluate

the independent effect of HLA-C1 alone and in combination with

KIR2DL3 by logistic regression analysis (data not shown), because

most cerebral malaria patients (100 of 109 patients) had both

HLA-C1 and KIR2DL3. Therefore, we cannot rule out the

possibility of the independent effect of HLA-C1 on the deve-

lopment of cerebral malaria. To further investigate potentially

functional combinations of KIR2DL3 and each HLA-C1 allele,

we compared the frequencies of the combinations of KIR2DL3

and each HLA-C1 allele (C*01, C*03, C*07, C*08, C*12, and

C*14) between malaria patient groups. However, there were no

significant differences (supplementary table S2), suggesting that the

present association does not come from a specific HLA-C1 allele.

Author Summary

NK cells play an important role in early defense against
pathogens. Killer immunoglobulin-like receptors (KIR) are a
diverse family of activating and inhibitory receptors
expressed on human NK cells. Some inhibitory KIRs
recognize human leukocyte antigen (HLA) class I mole-
cules as their ligands. The KIR loci exhibit presence or
absence polymorphism, and thus, some individuals lack
particular KIR-HLA receptor-ligand pairs, which affects their
NK cell responses. We herein show that presence of both
KIR2DL3 and its cognate HLA-C1 ligand in malaria patients
was strongly associated with the development of human
cerebral malaria. This result suggests that NK cells from the
patients carrying both KIR2DL3 and HLA-C1 exhibit
functional responses that facilitate development of cere-
bral malaria. In addition, the gene frequency of the
KIR2DL3 and HLA-C1 combination was found to be
significantly lower in populations with high-endemic
malaria. These observations suggest that the combination
of KIR2DL3 and HLA-C1 has decreased in malaria high-
endemic populations under selection from cerebral
malaria, a major life-threatening complication of Plasmo-
dium falciparum malaria.

KIR2DL3-HLA-C1 Association with Cerebral Malaria
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Some activating KIRs are also reported to bind to particular

HLA class I molecules, although some of these claims are

controversial. The combination of KIR3DS1 and HLA-Bw4 is

associated with slower progression of HIV infection [25], and

under some condition, KIR3DS1 is thought to recognize HLA-

Bw4. KIR2DS1 recognizes HLA-C2, depending on the presented

peptide [26]. KIR2DS4 binds to HLA-A11, and some HLA-C

alleles (C*16:01, C*01:02, C*14:02, C*05:01, C*02:02, and

C*04:01) [27]. When we examined the possible association of

these combinations between three malaria patient groups, we

observed no significant association except for KIR2DS1-HLA-C2,

which was significantly associated with non-cerebral severe

malaria (Table 1).

Since strong linkage disequilibrium (LD) is a prominent feature

of KIR region, KIR gene profiles were classified based on the

centromeric and telomeric regions of the KIR A and B haplotypes

(Cen-A/B and Tel-A/B) as described previously (Figure 1) [28–

30]. When we compared the Cen-A/B and Tel-A/B frequencies

between our malaria patient groups, there were no significant

differences (Table 3). Since KIR2DL3 is on the centromeric KIR A

haplotype, the presence of both centromeric KIR A haplotype and

HLA-C1 was also significantly associated with cerebral malaria

when compared with non-cerebral malaria (OR 3.14, 95%CI

1.52–6.48, P = 0.00079). Because the presence or absence of

KIR2DL1 is a simple distinction of two centromeric KIR B regions

and KIR2DL1 is in positive linkage disequilibrium with KIR2DL3,

we also examined whether the presence or absence of KIR2DL1

in combination with HLA-C1 was associated with cerebral

malaria. However, this did not reach statistical significance

(P.0.01). We also compared our malaria patient groups with a

Thai population from Bangkok, which was genotyped for all of the

KIR loci, and available from the Allele Frequency Net Database

(population: Thailand Bangkok KIR pop 2) [24]. KIR genotype

frequencies showed significant difference between the Thai

Figure 1. KIR gene profiles in our study populations. KIR genotyping was performed in 203 mild malaria (M), 165 non-cerebral severe malaria
(NCS) and 109 cerebral malaria (C) patients in Thailand. A total of 38 KIR gene profiles were identified. The presence of KIR genes is indicated by grey
shading. KIR gene profiles of the Thai population in Bangkok available from the Allele Frequency Net Database (population: Thailand Bangkok KIR
pop 2) are shown.
doi:10.1371/journal.ppat.1002565.g001

KIR2DL3-HLA-C1 Association with Cerebral Malaria
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population (Bangkok) and malaria patient groups (Table 3).

Because there is no information available about exposure to P.

falciparum in these data on Bangkok Thais, we cannot distinguish at

present whether the significant difference between the Bangkok

population and our malaria patient groups results from different

genetic backgrounds or susceptibility to infection. These observa-

tions suggest that KIR2DL3 in combination with HLA-C1 is

primarily associated with the development of cerebral malaria. For

comparison, we also analyzed KIR carrier, profiles, the KIR AA

and Bx genotype frequencies, between the pairs of malaria patient

groups in this study. However, none of them showed significant

differences (Figure 1 and Table 3).

In order to rule out the possibility of spurious associations

resulting from population stratification, association analyses

between cerebral and non-cerebral malaria were applied to

random combinations of two single nucleotide polymorphisms

(SNPs), which exhibit no LD and are independent of KIR and

HLA. To this end, we used a total of 18 SNPs, which were

previously genotyped [31–36], or additionally genotyped in this

study as candidate SNPs for susceptibility to cerebral malaria.

Those 18 SNPs were divided into 11 neutral and 7 non-neutral

SNPs, as evaluated by heterozygosity, FST and iHS statistics using

the Human Evolution Database (supplementary table S3 and

supplementary table S4) [37]. We defined the SNPs as non-neutral

when one of the three statistics reached statistical significance. We

analyzed neutral and non-neutral SNPs separately. A total of 220

and 84 random combinations of two SNPs from neutral and non-

neutral SNPs were obtained, respectively. When we performed

association analyses using those SNPs on cerebral and non-

cerebral malaria patients, neither distribution of p values was

biased toward false positive association (supplementary Figure S1,

P.0.01, df = 19), indicating that cerebral and non-cerebral

malaria groups have no significant population structure. There-

fore, these data suggest that the significant association of the

KIR2DL3-HLA-C1 combination with cerebral malaria observed

in this study is not due to the population stratification.

Malaria is one of the strongest selective pressures acting on the

human genome. This is evident from the similarity in the global

distributions of endemic malaria and the red blood cell disorders

that confer protection against malaria [38]. Thus variants

providing resistance to malaria were driven to high frequency in

Table 1. Frequencies of KIR-HLA receptor-ligand pairs in malaria patient groups.

KIR-HLA receptor-ligand pair Cerebral (n = 109) Non-cerebral severe (n = 165) Mild (n = 203)

KIR2DL1-HLA-C2 0.367 0.485 0.379

KIR2DL2-HLA-C1 0.431 0.412 0.419

KIR2DL2-B*4601 0.128 0.067 0.103

KIR2DL3-HLA-C1a 0.917 0.764 0.793

KIR2DL3-B*4601 0.229 0.109 0.158

KIR3DL1-HLA-Bw4b 0.780 0.715 0.690

KIR2DS1-HLA-C2c 0.174 0.321 0.212

KIR2DS4-HLA-Cd 0.385 0.303 0.320

KIR2DS4-HLA-A11 0.440 0.479 0.399

KIR3DS1-HLA-Bw4b 0.358 0.442 0.389

aOR (95%CI) = 3.44 (1.59–7.43), P = 0.001, Pc = 0.03(Cerebral vs. Non-cerebral severe).
OR (95%CI) = 2.90 (1.35–6.21), P = 0.004, Pc = 0.12 (Cerebral vs. Mild).
bHLA-Bw4 epitope of either HLA-A or HLA-B, or both.
cOR (95%CI) = 2.24 (1.24–4.06), P = 0.008, Pc = 0.24 (Non-cerebral severe vs. Cerebral), OR (95%CI) = 1.76 (1.10–2.81), P = 0.02, Pc = 0.69 (Non-cerebral severe vs. Mild).
dPutative HLA-C ligands for KIR2DS4 include C*16:01, C*01:02, C*14:02, C*05:01, C*02:02, and C*04:01.
doi:10.1371/journal.ppat.1002565.t001

Table 2. Frequencies of the HLA-C1, C2 and Bw4 in malaria
patient groups and the Thai population.

Cerebral
Non-cerebral
severe Mild Thailandf

Allele

Bw4 0.404 0.415 0.399 0.409

C1 0.798 0.700 0.741 0.785

C2 0.202 0.300 0.259 0.216

Genotypea

C1/C1 0.615 0.509 0.606 N/A

C1/C2 0.367 0.382 0.271 N/A

C2/C2 0.018 0.109 0.123 N/A

C1 Carrierd

C1+ 0.982 0.891b 0.877c N/A

C12 0.018 0.109 0.123 N/A

C2 Carrier

C2+ 0.385 0.491 0.394 N/A

C22 0.615 0.509 0.606 N/A

C1+e

2DL2/2DL2 0.065 0.143 0.096 N/A

2DL2/2DL3 0.374 0.320 0.382 N/A

2DL3/2DL3 0.561 0.537 0.522 N/A

aP = 0.008 (Cerebral vs non-cerebral severe malaria, Pc = 0.41), P = 0.002
(Cerebral vs mild malaria, Pc = 0.10).
bOR (95%CI) = 7.51 (1.74–32.4), P = 0.004 (Cerebral vs non-cerebral severe
malaria, Pc = 0.20).
cOR (95%CI) = 6.55 (1.49–28.8), P = 0.001 (Cerebral vs mild malaria, Pc = 0.05).
dOR (95%CI) = 7.08 (1.69–29.7), P = 0.001 (Cerebral vs non-cerebral malaria,
Pc = 0.05).
eOR (95%CI) = 1.89 (0.82–4.37), P = 0.15 for 2DL3 positivity (Cerebral vs non-
cerebral malaria).
fHLA-C allele frequencies in Thailand are available from the Allele Frequency Net
Database (population: Thailand).
N/A: not available.
doi:10.1371/journal.ppat.1002565.t002
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malaria-endemic areas. As cerebral malaria is a life-threatening

disease and a potential selective force, it is possible to detect the

signature of natural selection acting on the genes associated with

cerebral malaria by comparing the allele frequencies of genes

between malaria high-endemic and low-endemic populations.

Thus, we tested the hypothesis that the frequency of the

KIR2DL3-HLA-C1 combination is lower in malaria high-

endemic populations due to natural selection by fatal malaria.

To this end, a total of 29 worldwide populations, for which both

KIR2DL3 and HLA-C1 gene frequencies were available from an

earlier study [15], were analyzed.

Table 4 and Figure 2 show the gene frequencies of KIR and

HLA, and the location of the 29 populations plotted on a world

map of estimated percentage of malaria cases due to P. falciparum,

respectively. We used the product of KIR2DL3 and HLA-C1 gene

frequencies in a population as a measure, which we call the

GF*GF index, of the frequency of KIR2DL3-HLA-C1 combina-

tion in that population.

The 29 populations were classified into either P. falciparum

malaria high-endemic or low-endemic populations as described in

the methods section, and their GF*GF indices for KIR2DL3 and

HLA-C1 were compared using the Wilcoxon rank sum test

(Figure 3). The GF*GF index was significantly lower in malaria

high-endemic than in malaria low-endemic populations

(P = 0.00045, and supplementary Figure S2). The GF*GF index

for the mild malaria group also showed a lower value of 0.52 than

that of malaria low-endemic Northeast Asians. In contrast, the

GF*GF indices for the combinations of KIR2DL1 with its HLA-

C2 ligand and KIR2DL2 with its HLA-C1 ligand showed no

significant differences between malaria high-endemic and low-

endemic populations. Although the GF*GF index for the

combination of KIR3DL1 with HLA-Bw4 was significantly higher

in malaria high-endemic than in malaria low-endemic populations

(P = 0.0042), this is most likely due to a significant negative

correlation between HLA-C1 and HLA-Bw4 gene frequencies in

these 29 populations (r = 20.42, P = 0.023, Figure 4), which is

explained by strong linkage disequilibrium between HLA-C and

HLA-B [39].

These results suggest that either or both of the KIR2DL3 and

HLA-C1 gene frequencies have decreased due to the potentially

fatal interaction of KIR2DL3-HLA-C1 in cerebral malaria. In this

regard, however, it cannot be ruled out that this observation was

confounded by population demographic history of malaria high-

endemic and low-endemic regions. Thus, to distinguish between

natural selection and the confounding effects of population

demographic history, an empirical distribution of the Wilcoxon

rank sum test statistics were used to compare the GF*GF indices

for 1,051 genome-wide SNPs between malaria high-endemic and

low-endemic populations as described in the methods section. On

empirical distribution, the GF*GF index of KIR2DL3 and HLA-C1

also showed significant difference between malaria high-endemic

and low-endemic populations (above the 98th percentile, Figure 5).

Taken together, these results suggest that natural selection by

cerebral malaria has operated to avoid KIR2DL3-HLA-C1

interaction in malaria high-endemic populations.

Discussion

Although HLA class I is not expressed on erythrocytes,

KIR2DL3-expressing NK cells can respond to inflamed tissues

during blood-stage malaria. Artavanis-Tsakonas et al found a

significant association between a KIR3DL2 allele expressed by

individual donors and the likelihood of making a strong NK

response to P. falciparum-infected red blood cells [40]. However,

the presence or absence of HLA ligand was unknown, and the

KIR3DL2 allele could not explain all of the NK responses in their

study. In addition, NK activation induced by P. falciparum-infected

red blood cells required myeloid accessory cells [11,41],

interactions described in a ‘‘ménage à trois model’’ [42]. Because

myeloid accessory cells express HLA class I, KIR2DL3-expressing

NK cells might be able to respond in these conditions. KIR2DL3

binds to HLA-C1 with weaker affinity than does KIR2DL2, an

allelic form of KIR2DL3 [20,43,44], and therefore HLA-C1-

mediated inhibition of NK cells might be weaker in KIR2DL3-

expressing NK cells. Alternatively, the association observed in this

study might also be explained by a process, described as

‘‘licensing’’, ’’disarming’’ or ‘‘education’’, in which the presence

of the particular KIR-HLA receptor-ligand pair confers functional

competence on NK cells and influences differences in NK cell

functional responses among individuals [45–50]. Given this

observation, the NK cell repertoire shaped by the KIR2DL3-

HLA-C1 interaction could exhibit unhelpful responses that

increase susceptibility to cerebral malaria. In addition, NK cells

were shown to stimulate recruitment of T cells to the brain during

Table 3. Frequencies of centromeric and telomeric KIR genotypes in malaria patient groups and the Thai population.

Cerebral (n = 109) Non-cerebral severe (n = 165) Mild (n = 203) Thai (Bangkok)b (n = 100)

Genotypea

AA 0.367 0.279 0.246 0.480

Bx 0.633 0.721 0.754 0.520

Cen motif

AA 0.560 0.521 0.512 0.640

AB 0.376 0.345 0.384 0.310

BB 0.064 0.133 0.103 0.050

Tel motif

AA 0.532 0.448 0.468 0.610

AB 0.404 0.412 0.419 0.320

BB 0.064 0.139 0.113 0.070

aP = 0.12 (Cerebral vs. Thai), P = 0.001 (Non-cerebral severe vs. Thai), P,0.001 (Mild vs. Thai).
bKIR data in Bangkok was obtained from the Allele Frequency Net Database (population: Thailand Bangkok KIR pop 2).
doi:10.1371/journal.ppat.1002565.t003
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Plasmodium berghei-mediated cerebral malaria [4]. Thus, NK cells

might not directly engage in the pathogenesis of cerebral malaria,

but regulate the activation of other immune system cells, which

then cause the pathology.

Taniguchi et al reported that Plasmodium-positive individuals

showed a higher frequency of KIR3DL1/KIR3DS1 heterozygos-

ity than Plasmodium-negative individuals [51]. However,

KIR3DL1/KIR3DS1 heterozygosity showed no significant asso-

ciation with cerebral malaria in our study (Figure 1). The two

studies are different in terms of the outcomes analyzed (infection

vs. cerebral malaria), and the Plasmodium species analyzed (all four

human Plasmodium spp. vs. P. falciparum). In our study design, which

focused on the analysis of cerebral malaria after infection, the

effect of the HLA-C1 and KIR2DL3 combination on susceptibility

to infection could not be analyzed. To make that possible, it would

have been necessary to collect information on the exposure of the

subjects to P. falciparum.

We previously reported that the allele frequencies of HLA-B46

were statistically different between non-cerebral severe malaria

and cerebral malaria using the same cohort [52]. All the

individuals carrying HLA-B46 at the HLA-B locus also had

HLA-C1 bearing HLA-C owing to the strong linkage disequilib-

rium in our study population between HLA-B46 and HLA-C1

(D9 = 1), suggesting HLA-B46 as a potential confounder. We also

reported that the frequency of some TNF alleles were significantly

greater in patients with cerebral malaria than in patients with non-

cerebral malaria [35]. Although the TNF gene is located near HLA

region, the associated TNF alleles were not in linkage disequilib-

rium with HLA-C1 (D9 = 0.07). The combination of HLA-C1 and

KIR2DL3 remained significantly associated with cerebral malaria

after adjustment for the HLA-B46 and TNF alleles (OR = 2.94,

95%CI 1.47–6.58, P = 0.004) by logistic regression analysis,

indicating that the combination of HLA-C1 with KIR2DL3 is

an independent risk factor for cerebral malaria.

Unexpectedly, the combination of KIR2DS1 and HLA-C2

showed significant association with non-cerebral severe malaria.

KIR2DS1 was reported to interact with up-regulated peptide-

HLA-C2 complexes on Epstein-Barr virus-infected cells [26].

Table 4. Gene frequencies of KIR and HLA in 29 worldwide populations.

Gene frequency

No. of
locationa Population Continent Malaria endemicity n C1 C2 Bw4 2DL1 2DL2 2DL3 3DL1

1 Biaka Africa high 69 0.48 0.52 0.54 0.83 0.39 0.61 0.99

2 Ethiopian Africa high 31 0.48 0.52 0.55 0.69 0.52 0.48 0.87

3 Hausa Africa high 37 0.39 0.61 0.54 1.00 0.20 0.80 0.98

4 Ibo Africa high 48 0.40 0.60 0.53 0.79 0.42 0.58 0.97

5 Mbuti Africa high 38 0.49 0.51 0.48 0.76 0.52 0.48 0.93

6 Yoruba Africa high 75 0.41 0.59 0.41 1.00 0.23 0.77 0.93

7 Adygei Europe low 54 0.46 0.54 0.53 1.00 0.29 0.71 0.81

8 Danish Europe low 50 0.61 0.39 0.29 0.86 0.28 0.72 0.80

9 European Europe low 91 0.58 0.42 0.34 0.85 0.27 0.73 0.77

10 Finns Europe low 35 0.57 0.43 0.30 1.00 0.21 0.79 0.69

11 Irish Europe low 94 0.65 0.35 0.41 0.90 0.30 0.70 0.82

12 Russian Europe low 47 0.62 0.38 0.43 0.75 0.29 0.71 0.88

13 Yemenites Asia high 43 0.52 0.48 0.44 0.85 0.26 0.74 0.81

14 Cambodian Asia high 22 0.64 0.36 0.44 0.70 0.30 0.70 0.74

15 Druze Asia low 116 0.47 0.53 0.44 0.81 0.47 0.53 0.83

16 Ami Asia low 40 0.83 0.18 0.03 0.72 0.39 0.61 0.84

17 Atayal Asia low 42 0.95 0.05 0.00 1.00 0.00 1.00 0.83

18 Hakka Asia low 40 0.85 0.15 0.33 1.00 0.18 0.82 0.73

19 Han_SF Asia low 59 0.81 0.19 0.44 1.00 0.07 0.93 0.81

20 Han_Taiwan Asia low 48 0.81 0.19 0.54 0.86 0.13 0.87 0.80

21 Japan Asia low 49 0.89 0.11 0.36 1.00 0.04 0.96 0.73

22 Nasioi Australia/Oceania high 22 0.86 0.14 0.13 0.70 0.68 0.32 0.43

23 Micronesia Australia/Oceania low 36 0.32 0.68 0.04 0.83 0.23 0.77 0.73

24 Yakut Asia low 51 0.58 0.42 0.65 0.86 0.18 0.82 0.77

25 Maya North America low 50 0.76 0.24 0.04 0.76 0.22 0.78 0.69

26 Pima North America low 99 0.67 0.34 0.12 0.65 0.38 0.62 0.53

27 Karitiana South America low 55 0.64 0.36 0.00 0.62 0.41 0.59 0.51

28 Surui South America low 46 0.68 0.32 0.04 0.85 0.14 0.86 0.80

29 Ticuna South America low 65 0.69 0.31 0.17 0.75 0.23 0.77 0.74

aNo. of locations is plotted in Figure 2. Data for the 29 populations were obtained from an earlier report (Single et al., 2007) [15].
doi:10.1371/journal.ppat.1002565.t004
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Therefore, KIR2DS1 might recognize the peptide-HLA-C2

complexes up-regulated by inflammatory conditions during

blood-stage malaria.

The Thai patient cohort in this study consisted of residents of

Suan Phung. Because other ethnic groups such as Karen and

Burmese also resided in this area, we recruited only the patients

who were self-identified as Thai. In addition, to exclude a possible

spurious association by the population stratification owing to

mixture of different ethnic populations, we selected 11 neutral and

7 non-neutral SNPs, which are independent of KIR and HLA,

and not in LD with each other, and then, performed association

analyses using those SNPs on cerebral and non-cerebral malaria

patients. Those analyses suggested that the significant association

of KIR2DL3-HLA-C1 combination with cerebral malaria ob-

served in this study is not due to population stratification.

The mean ages for the malaria patients in this study were higher

than the mean age of 4.3 years reported for Gambian patients with

cerebral malaria [53]. This might be explained by the intensity of

malaria transmission. In low and medium transmission settings,

cerebral malaria occurs both in adults and children, whereas in

high malaria transmission settings, cerebral malaria occurs almost

exclusively in infants and young children [54]. The combination of

HLA-C1 and KIR2DL3 remained significant even after adjust-

ment for age (OR 3.46, 95%CI 1.63–8.08, P = 0.0021).

Malaria was historically common in the Mediterranean littoral,

and could therefore have affected the KIR and HLA-C genotype

distributions in Europe. However, since malaria endemicity is

thought to have been lower in the Mediterranean littoral than in

Africa, we classified Europe as ‘‘low-endemic region’’, assuming

that the current relative malaria endemicity is similar to that in the

past.

A number of studies have suggested that KIR has co-evolved

with HLA [14,15,55,56]. However, little is known about candidate

pathogens acting as strong selective pressures on KIR and HLA.

Our data indicate how selection by malaria could have

contributed to the relative frequencies of KIR2DL3 and HLA-

C1 in human populations. A recent study showed that natural

selection to reduce the frequency and avidity of the KIR2DL3-

HLA-C1 interaction has operated in the Yucpa Amerindian tribe

living at the border between Venezuela and Colombia [56]. This

observation might be partly explained by the selective pressure of

malaria, as Colombia is a malaria high-endemic region.

Previous study showed that the KIR2DL3-HLA-C1 conferred a

protection against HCV [20]. In contrast, KIR2DL3-HLA-C1

was significantly associated with susceptibility to cerebral malaria

in this study. An opposite effect was reported for HIV and HPV,

where specific KIR-HLA combinations giving strong NK

responses were implicated in resistance to AIDS progression [25]

and in susceptibility to HPV-related cervical carcinoma [57].

These observations suggest that a stronger activating KIR-HLA

combination is advantageous for clearance of pathogen, but is

more likely to cause the severity of disease owing to excessive

response.

Taken together, the present results show a significant association

between the KIR2DL3-HLA-C1 receptor-ligand pair and cerebral

malaria, and the signature of natural selection acting on both

KIR2DL3 and HLA-C1 due to cerebral malaria. It has been

reported that NK cells are required for vaccine-induced protective

immunity [58], indicating that understanding the roles of NK cells

in malaria is useful for a new vaccine design and a new therapy

focused on NK cells. Therefore, our results could have

implications for malaria control strategies.

Figure 2. Geographical distribution of P. falciparum malaria cases, and the location of the 29 populations. Data for the 29 populations
were obtained from an earlier report (Single et al., 2007). Plotted numbers correspond to the populations in Table 4.
doi:10.1371/journal.ppat.1002565.g002

KIR2DL3-HLA-C1 Association with Cerebral Malaria

PLoS Pathogens | www.plospathogens.org 7 March 2012 | Volume 8 | Issue 3 | e1002565



Materials and Methods

Ethics Statement
This study was approved by the institutional review board of the

Faculty of Tropical Medicine, Mahidol University (Approval

reference number: TM-IRB 39), and the Research Ethics

Committee of the Graduate School of Comprehensive Human

Sciences, University of Tsukuba (Approval reference number: 148-

1). Written informed consent was obtained from all patients.

Patients
A case-control study was conducted of 477 malaria patients (203

mild malaria, 165 non-cerebral severe malaria, and 109 cerebral

malaria patients) living in Suan Phung, Ratchaburi-Province,

Northwest Thailand. This cohort was designed for the analysis of

genetic factors associated with cerebral or severe malaria after

infection and DNA samples of these patients were previously

collected [59]. We recruited only the patients who were self-

identified Thai, and excluded Karen and Burmese. A normal

healthy control population from the same area was not included in

this study because the primary interest of this study was the

development of cerebral malaria after infection. All patients

underwent treatment at the Hospital for Tropical Diseases,

Faculty of Tropical Medicine, Mahidol University. Clinical

manifestations of malaria were classified according to the

definitions and associated criteria published by world health

organization (WHO) 2000. Cerebral malaria was defined as

unrousable coma (Glasgow coma scale of 9 or less), positive blood

smear for the asexual form of P. falciparum and exclusion of other

causes of coma. Non-cerebral severe malaria was defined as

having a positive blood smear and fever in addition to one of the

following signs: high parasitemia (.100,000 parasites/mL),

hypoglycemia (glucose level ,2.2 mmol/L), severe anemia

(hematocrit ,20% or hemoglobin level ,7.0 g/dL), and

increased serum levels of creatinine (.3.0 mg/dL). Mild malaria

was characterized by a positive blood smear and fever without

other causes of infections and had no manifestations of severe

malaria as described above. Patients aged 13 years or older were

analyzed in this study, and the mean ages for patients with mild,

non-cerebral severe, and cerebral malaria were 25.5, 23.7 and

28.6 years, respectively. Genomic DNA was extracted from

peripheral blood leukocytes using a QIAamp blood kit (Qiagen).

HLA and KIR Genotyping
Alleles at the HLA-A, HLA-B and -C loci were determined using

a Luminex Multi-Analyte Profiling system (xMAP) with a WAK-

Figure 3. Comparison of GF*GF indices for receptor-ligand pairs between P. falciparum malaria high- and low-endemic populations.
(A) KIR2DL3-HLA-C1, (B) KIR2DL1-HLA-C2, (C) KIR2DL2-HLA-C1 and (D) KIR3DL1-HLA-Bw4 receptor-ligand pairs were analysed. GF indicates gene
frequency. The GF*GF index is defined as the product of two different gene frequencies. Vertical and horizontal axes indicate the GF*GF index of KIR-
HLA receptor-ligand pair, and malaria endemicity for the 29 populations, respectively. P values were calculated using the Wilcoxon rank sum test.
Data for the 29 populations were obtained from an earlier report (Single et al., 2007) [15].
doi:10.1371/journal.ppat.1002565.g003
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Flow HLA typing kit (Wakunaga, Hiroshima, Japan), which is

based on polymerase chain reaction-reverse sequence-specific

oligonucleotide probes (PCR-rSSOP), according to the manufac-

turer’s instructions. The number of probes for HLA-A, HLA-B and

HLA-C was 72, 92 and 48, respectively. HLA-Bw4, HLA-C1 and

HLA-C2 KIR ligands were assigned based on the amino acid

residues of the HLA-A, HLA-B and HLA-C alleles, as described

previously [25,60]. KIR genotyping was performed using xMAP

with KIR SSO Genotyping Test, lot #002 (One Lambda, Canoga

Park, CA), according to the manufacturer’s instructions. The

presence or absence of the following 16 KIR genes was identified:

KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4, KIR2DL5, KIR2DS1,

KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DL1, KIR3DL2,

KIR3DL3, KIR3DS1, KIR2DP1 and KIR3DP1. KIR2DL5A and

KIR2DL5B genes could not be distinguished using this typing

system. KIR gene profiles were determined by the presence or

absence of each KIR gene in a given individual. The genotypes of

KIR AA or Bx, centromeric (Cen-A/B) or telomeric (Tel-A/B)

parts of the KIR genes were deduced from the KIR profiles as

defined previously [28,29,30]. Cen-B1 and Cen-B2 were grouped

together as Cen-B in this study. KIR gene profiles are shown in

Figure 1. One individual in the non-cerebral severe malaria group

was negative for the KIR2DL4 gene, which is considered to be

present in virtually all individuals and is termed a framework KIR

gene. KIR profile #38 of this individual was identical to that of one

Bubi individual in an earlier study [61].

Statistical Analysis
Carrier frequencies for each KIR-HLA receptor-ligand pair

were compared between the cerebral malaria patient group and

the group of non-cerebral malaria or mild malaria patients using

the Fisher’s exact test based on a 262 contingency table. To

further assess the effects of the KIR-HLA receptor-ligand pair of

interest on cerebral malaria, a logistic regression analysis was

performed after adjustment for age, in which the presence or

absence of the specific KIR-HLA receptor-ligand pair, and age

(linear) were independent variables. OR and 95%CI were

estimated in order to examine the effect size of the association.

P values of ,0.01 were regarded as statistically significant.

Bonferroni correction for multiple testing was applied to our data

of KIR-HLA combinations using the number of comparisons

performed by our primary factors of interest in Table 1 (i.e. 30

tests = 10 combinations 63 comparisons between two groups).

Bonferroni correction for multiple testing was also applied to the

additional analysis of HLA using the additional number of

comparisons in Table 2 (i.e. 30 tests +7 additional factors 63

comparisons between two groups = 51 tests).

In order to exclude the possibility of population stratification,

distribution of P values obtained from the SNPs, which are

independent of KIR and HLA, was constructed to examine

whether P values were not biased toward false positive association.

A total of 18 SNPs, some of which were genotyped previously, or

additionally genotyped in this study, were used. These 18 SNPs

were divided into 11 neutral and 7 non-neutral SNPs, as evaluated

by heterozygosity, FST and iHS statistics using Human Evolution

Database (http://124.16.129.22/db/table.php) [37]. The proce-

dure was performed as follows; two SNPs were randomly selected

from 11 neutral or 7 non-neutral SNPs, resulting in a total of 220

or 84 combinations, respectively, and then, carrier frequencies for

one allele in one SNP and one allele in another SNP were

compared between cerebral and non-cerebral malaria groups by

chi-square test with one degree of freedom. We tested for

uniformity of P-value distributions using the chi-square test of

goodness-of-fit.

Figure 4. Negative correlation between HLA-C1 and HLA-Bw4 gene frequencies in 29 populations. Vertical and horizontal axes indicate
HLA-Bw4 and HLA-C1 gene frequencies in the 29 populations, respectively. Pearson’s product-moment correlation coefficient was applied to these
data. Data for the 29 populations were obtained from an earlier report (Single et al., 2007) [15].
doi:10.1371/journal.ppat.1002565.g004
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In order to test our hypothesis that the KIR2DL3 and HLA-C1

pair, which showed a significant association with cerebral malaria

in this study, has been under natural selection in malaria high-

endemic regions, we compared the frequency of the KIR2DL3-

HLA-C1 combination between malaria high-endemic and low-

endemic populations using KIR2DL3 and HLA-C1 gene frequen-

cies. The KIR carrier frequency (CF) data for 29 populations were

obtained from an earlier report [15]. Gene frequencies (GF) of

HLA-C1, HLA-C2, KIR2DL2, KIR2DL3, and KIR3DL1 were

calculated from the carrier frequencies, assuming that HLA-C1,

KIR2DL3, and KIR3DL1 are allelic to HLA-C2, KIR2DL2, and

KIR3DS1, respectively. Gene frequencies of HLA-Bw4 and KIR2

DL1 were estimated according to the formula, GF~1{
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1{CF
p

,

as described previously [15], since information about another

allele of the same locus were not available for these two loci.

We used the product of KIR2DL3 and HLA-C1 gene frequencies

in a population as a measure, which we call the GF*GF index, of

the frequency of the KIR2DL3-HLA-C1 combination in that

population. The GF*GF index is defined as the product of two

different gene frequencies. To compare the frequencies of

KIR2DL3-HLA-C1 combination between malaria high-endemic

and low-endemic groups, the GF*GF index of KIR2DL3 and HLA-

C1 was calculated for 29 populations that were classified as either

malaria high-endemic or low-endemic groups, and assessed using

Wilcoxon rank sum test. Malaria high-endemic areas in this study

were defined as areas where more than 25% of malaria cases are

due to P. falciparum as described in the WHO report [62] (Figure 2).

This analysis is based on the relative malaria endemicity, assuming

that current relative malaria endemicity is similar to the past.

In order to distinguish between natural selection and the

confounding effects of population demographic history, an

empirical genome-wide distribution of Wilcoxon rank sum test

statistics was constructed using the following procedures. First, a

total of 1,051 genome-wide SNPs in 29 populations were obtained

from the Allele Frequency Database (ALFRED) [63], a web-based

freely accessible compilation of allele frequency data on DNA

sequence polymorphisms in anthropologically defined human

populations (http://alfred.med.yale.edu). Second, as both

KIR2DL3 and HLA-C1 are ancestral alleles [64], ancestral allele

frequencies were selected from these 1,051 SNPs. The ancestral

allele of a SNP was determined by the comparison of human DNA

to chimpanzee DNA, and available at dbSNP FTP site (ftp://ftp.

ncbi.nih.gov/snp). Third, as both KIR2DL3 and HLA-C1 are

located on different chromosomes, the GF*GF index of two

ancestral alleles on different chromosomes was calculated for each

population. Consequently, a total of 429,281 GF*GF indices per

population were obtained and compared between malaria high-

endemic and low-endemic groups using the Wilcoxon rank sum

Figure 5. Empirical distribution of the Wilcoxon rank sum test statistics. A total of 429,281 GF*GF indices per population were obtained
from 1,051 genome-wide SNPs and compared between malaria high-endemic and low-endemic populations. Horizontal and vertical axes indicate
Wilcoxon rank sum test statistics and frequencies, respectively. Data for the 29 populations were obtained from an earlier report (Single et al., 2007)
[15].
doi:10.1371/journal.ppat.1002565.g005
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test. Values beyond the 95th percentile were regarded as

significantly lower. To assess the significance of the correlation

between HLA-C1 and HLA-Bw4 gene frequencies in the 29

populations, Pearson’s product-moment correlation coefficient was

used.

Supporting Information

Figure S1 Distributions of p values obtained from association

analyses using SNPs independent of KIR and HLA. Distributions of

p values obtained from 11 neutral (A), and 7 non-neutral (B) SNPs

corresponding to supplementary Table 3 and supplementary

Table 4, respectively, were shown. Neither distribution of p values

was biased toward false positive association.

(TIF)

Figure S2 Worldwide frequencies of HLA-C1, KIR2DL3 and

combination of HLA-C1 and 2DL3. The location of the pie chart

corresponds to the 29 worldwide populations in Figure 2. The

frequencies of HLA-C1 (A), KIR2DL3 (B), and combination of

HLA-C1 and KIR2DL3 (C) are indicated by red, light blue, and

pink, respectively. The frequency of combination of HLA-C1 and

KIR2DL3 represents the GF*GF index in Figure 3A. The

frequencies of HLA-C1 and KIR2DL3 were obtained from an

earlier report (Single et al., 2007) [15].

(TIF)

Table S1 Frequencies of the HLA-C alleles in malaria patient

groups and Thai population. There were no significant differences

in the frequencies of each individual HLA-C allele between our

malaria patients and Thai population that were HLA typed to four

digit resolution, and obtained from the Allele Frequency Net

Database (population: Thailand) [24].

(DOC)

Table S2 Frequencies of the combinations of KIR2DL3 and

each HLA-C1 allele in malaria patient groups. There were no

significant differences in the frequencies of the combinations of

KIR2DL3 and each HLA-C1 allele (C*01, C*03, C*07, C*08,

C*12, and C*14) between malaria patient groups. This observa-

tion suggests that the significant association of KIR2DL3-HLA-C1

combination with cerebral malaria does not come from a specific

HLA-C1 allele.

(DOC)

Table S3 Detailed information on 11 neutral SNPs used for

distribution of p values in supplementary Figure 1A. These 11

SNPs exhibit no LD and are independent of KIR and HLA. For

comparison, the HapMap data (JPT+CHB, CEU, and YRI) are

shown.

(DOC)

Table S4 Detailed information on 7 non-neutral SNPs used for

distribution of p values in supplementary Figure 1B. These 7 SNPs

exhibit no LD and are independent of KIR and HLA. These were

regarded as non-neutral because one of the three statistics,

heterozygosity, FST and iHS, reached statistical significance. For

comparison, the HapMap data (JPT+CHB, CEU, and YRI) are

shown.

(DOC)
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